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Background: The impact of transcatheter aortic valve replacement (TAVR) leaflet design on long-term device performance is still unknown. This study sought to compare the clinical and hemodynamic outcomes of intra- (IA) versus supra-annular (SA) TAVR designs up-to 10-years following implantation.

Methods: Consecutive patients with at least 5-years follow-up following TAVR for severe symptomatic aortic stenosis from June 2007 to December 2016 were included. Bioprosthetic valve failure (BVF) and hemodynamic valve deterioration (HVD) were defined according to VARC-3 updated definitions and estimated using cumulative incidence function to account for the competing risk of death.

Results: A total of 604 patients (82 years; 53% female) were analyzed and divided into IA (482) and SA (122) groups. Overall survival rates at 10-years were similar (IA 15%, 95%CI: 10–22; SA 11%, 95%CI: 6–20; p = 0.21). Compared to the SA TAVR, mean transaortic gradients were significantly higher and increased over time in the IA group. IA TAVRs showed higher 10-year cumulative incidences of BVF (IA 8% vs. SA 1%, p = 0.02) and severe HVD (IA 5% vs. SA 1%, p = 0.05). The occurrence of BVF and HVD in the IA group occurred primarily in the smallest TAVR devices (20–23-mm). After excluding these sizes, the cumulative incidences of BVF (IA 5% vs. SA 1%, p = 0.40) and severe HVD (IA 2% vs. SA 1%, p = 0.11) were similar.

Conclusion: In this study, TAVR leaflet design had no impact on survival at 10-years. IA devices showed higher transaortic gradients and cumulative incidences of HVD and BVF predominantly occurring in the smallest valve sizes.

Keywords: transcatheter aortic valve replacement, intra-annular, supra-annular, bioprosthetic valve failure, hemodynamic valve deterioration
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GRAPHICAL ABSTRACT. 10-year outcomes and hemodynamic performance of intra-annular vs. supra-annular TAVR. HVD, hemodynamic valve deterioration; TAVR, transcatheter aortic valve replacement; VARC, valve academic research consortium.
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INTRODUCTION

Transcatheter aortic valve replacement (TAVR) is an established treatment option for patients with symptomatic severe aortic stenosis. Given that TAVR is now being considered as a valid alternative to surgery even for low-risk patients, its indication is rapidly extending to younger patients having longer life expectancy (1, 2). Then, understanding TAVR durability and lifetime management is becoming a key aspect of patient care (3).

Transcatheter aortic valve replacement technologies can be broadly classified by the location of the leaflets into intra-annular (IA) or supra-annular (SA) designs. Randomized controlled trials have shown comparable outcomes and hemodynamic performance of these two designs compared to surgical bioprostheses up to 5 years (4–6). Clinical data suggest that surgical bioprostheses failure starts to occur and continues to increase after 5 years post-procedure (7). TAVR data beyond 5 years is limited by small sample sizes, and do not examine the impact of design in clinical outcomes and hemodynamic performance.

In this study, we aimed to determine the frequency of bioprosthetic valve failure (BVF) and hemodynamic valve deterioration (HVD) in IA vs. SA devices up to 10 years after TAVR, defined according to the new Valve Academic Research Consortium (VARC) 3 criteria (8).



MATERIALS AND METHODS


Study Population

The study population consisted of consecutive patients undergoing TAVR, whose data were prospectively collected since June 2007 in the Padua University REVALVing Experience (PUREVALVE) registry. For the purpose of this analysis, we excluded patients with (a) less than 5-year of follow-up (inclusion period: June 2007–December 2016; n = 33), (b) not meeting the VARC-3 technical success criterion (alive, Successful access and delivery of the device, successful retrieval of the delivery system, correct positioning of a single prosthetic heart valve into the proper anatomical location, and freedom from surgery or intervention related to the device or to a major vascular or access-related, or cardiac structural complication; n = 5), (c) those treated for bicuspid aortic stenosis (n = 7), and (d) patients undergoing valve-in-valve procedures for degenerated surgical or transcatheter bioprostheses (n = 8). As such, 604 patients were deemed eligible to be included in this study. Indications for TAVR and vascular approach were based on Heart Team decision. All patients provided written informed consent for the procedure and data collection. The study was approved by the institutional Ethics Committee and conforms to the principles outlined in the Declaration of Helsinki.



Device and Procedure

Four types of TAVR devices were implanted in this cohort of patients. The IA devices were the balloon-expandable Sapien/-XT/-3 (Edwards Lifesciences, Irvine, CA, United States), and the mechanically expandable LOTUS (Boston Scientifics, Marlborough, MA, United States). The SA devices were the self-expanding CoreValve/Evolut R (Medtronic, Minneapolis, MN, United States), and the self-expanding Acurate (Boston Scientifics, Marlborough, MA, United States). The choice and sizing of the bioprosthesis were based on multidetector computed tomography evaluation or, when this was not available (28 patients, years: 2007–2008), by integration of echocardiography, angiography, and/or simultaneous aortography during balloon valvuloplasty. In the absence of recent coronary intervention, discharge therapy consisted of 3–6 months of dual antiplatelet therapy, or the combination of oral anticoagulant and aspirin if anticoagulation was clinically indicated. Clinical and echocardiographic follow-up was routinely performed at 30 days, 6 months, 1 year, and yearly thereafter.



Endpoints

The primary endpoints of the study were the incidences of BVF, moderate and severe hemodynamic valve deterioration (HVD), and all-cause mortality.

The new VARC-3 criteria were adopted for event adjudication (8). Moderate HVD was defined with an increase in mean transvalvular gradient ≥ 10 mmHg resulting in mean gradient ≥ 20 mmHg with concomitant decrease in effective orifice area ≥ 0.3 cm2 or ≥ 25% and/or decrease in Doppler velocity index ≥ 0.1 or ≥ 20% compared with echocardiographic assessment performed 1–3 months post-procedure, OR new occurrence or increase of ≥ 1 grade of intra-prosthetic aortic regurgitation (AR) resulting in ≥ moderate AR. Severe HVD was defined as an increase in mean transvalvular gradient ≥ 20 mmHg resulting in mean gradient ≥ 30 mmHg with concomitant decrease in effective orifice area ≥ 0.6 cm2 or ≥ 50% and/or decrease in Doppler velocity index ≥ 0.2 or ≥ 40% compared with echocardiographic assessment performed 1–3 months post-procedure, OR new occurrence, or increase of ≥ 2 grades, of intra-prosthetic AR resulting in severe AR. BVF was adjudicated in case of valve-related death, aortic valve re-operation or reintervention, and/or any bioprosthetic valve dysfunction associated with clinically expressive criteria (new-onset or worsening symptoms, left ventricular dilation/hypertrophy/dysfunction, or pulmonary hypertension) or irreversible severe HVD.



Statistical Analysis

Descriptive statistics of continuous variables are reported as mean ± standard deviation or median [interquartile range (IQR)] and compared with the Student’s unpaired t-test (parametric test) or the Wilcoxon rank-sum test (non-parametric test), according to their distribution. Categorical variables were reported as absolute and relative frequencies and compared with the χ2 test with Yates’ correction for continuity or the Fisher exact test as appropriate. Survival curves with their 95% confidence interval (CI) were plotted using the Kaplan Meier estimator and compared with the log-rank test. The incidences of HVD and BVF were estimated using the cumulative incidence function (CIF) accounting for death as a competing risk. Mean transaortic gradients collected throughout the overall follow-up have been reported as means and medians [IQR] per each time point and displayed with the appropriate graphical presentations. Pairwise comparisons between IA and SA TAVRs, were adjusted using the Bonferroni multiple testing correction method. Paired analyses between every time point and the post-procedural echocardiographic evaluation were performed using the Wilcoxon signed rank-sum test. As a sensitivity analysis, the same comparison is provided with the use of the Student’s paired t-test. To avoid bias due to complete case analyses, missing data in baseline characteristics were handled with Multivariate Imputation via Chained Equations using the mice package (v3.13.0; van Buuren & Groothuis-Oudshoorn, 2011). For all analyses, a two-sided p < 0.05 was considered to be significant. Statistical analyses were performed using R, version 4.0.2 (R Foundation), packages cmprsk, survival.




RESULTS


Baseline and Procedural Characteristics

A total of 604 TAVR patients from the PUREVALVE registry with a minimum follow-up of at least 5 years were eligible for the study. The population was stratified according to the IA (n = 482) or SA (n = 122) leaflet design, whose models and sizes are reported in Supplementary Table 1. In the IA group, all the valves were either Sapien/-XT/-3 (88%) or Lotus (12%). In the SA group, implanted valves were either CoreValve/Evolut R (81%) or Acurate (19%). Baseline clinical, echocardiographic, and procedural characteristics of the study population are summarized in Table 1. The overall cohort presented a median age of 82 years, 53% were females, and the median STS score was 4.8 [IQR: 3.1, 10.2]. Patients receiving SA TAVR had a more frequent history of previous myocardial infarction (26% vs. 16%, p = 0.018), coronary artery bypass surgery (18% vs. 11%, p = 0.05), chronic kidney disease (60% vs. 46%, p = 0.009), and presented a slightly lower left ventricular ejection fraction (53 ± 13 vs. 56 ± 12, p = 0.029). The majority of procedures were performed under local anesthesia and through femoral access, with increased use of pre- (81% vs. 67%, p = 0.003) and post-dilatation (36% vs. 8%, p < 0.001) of the bioprosthetic valve in the SA cohort.


TABLE 1. Baseline characteristics.

[image: Table 1]


Mortality

Clinical follow-up was available for all the patients with a median duration of 4.9 years [IQR: 2.5–6.2] up to a maximum of 12.4 years. Sixty patients (10%) were lost after the 5-year follow-up. Four hundred and nine deaths were observed through the overall follow-up period with a median survival time of 3.8 years [IQR: 1.6–5.6]. Kaplan Meier estimates of overall survival at 2, 4, 6, 8, and 10 years were 80% (95%CI: 77–83), 62% (95%CI: 58–66), 42% (95%CI: 38–46), 23% (95%CI: 19–28), and 13% (95%CI: 9–18), respectively, Figure 1A. Stratifying the study population per TAVR leaflet design, there was no significant difference in 10-year survival between the IA (15%, 95%CI: 10–22) and the SA group (11%, 95%CI: 6–20, log rank p = 0.21) up to 10 years of follow-up, Figure 1B.
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FIGURE 1. Overall survival with Kaplan Meier estimates for the entire study population (A) and the comparison between intra-annular and supra-annular devices (B). TAVR, transcatheter aortic valve replacement.




Echocardiographic Findings

All the collected echocardiographic data were grouped in the corresponding time points after TAVR. Each of these was individually analyzed stratifying for the IA and the SA group. At 30 days, there was an overall prevalence of 1.3% (IA 1.6%, SA 0%) for severe and 16% (IA 17.7%, SA 8.9%) for moderate prosthesis-patient mismatch. Pairwise comparisons showed significantly higher mean aortic gradients for the IA TAVRs at each time point assessed after TAVR (all p < 0.05). This finding was tested under different distribution assumptions and remained consistent whether pairwise analyses were performed using the Student’s t test (Supplementary Figure 1) or the Wilcoxon rank sum test (Figure 2).
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FIGURE 2. Pairwise analysis of intra-annular versus supra-annular transaortic mean gradients at each follow-up time; p values were adjusted using the Bonferroni multiple testing correction method and obtained with Wilcoxon rank sum test. IQR, interquartile range; SD, standard deviation.


Diverging trends in the evolution of mean transaortic gradients can be visually assessed in Supplementary Figures 1, 2. To better investigate these potential differences emerging over time, the 1-month post-TAVR echocardiographic evaluation was compared with every other time point using paired analyses. While the hemodynamic performance of SA devices was preserved throughout the entire follow-up period (p > 0.05), IA bioprostheses showed increasing transaortic gradients starting from the 1-year assessment post-TAVR (p < 0.05), Table 2 and Supplementary Table 2.


TABLE 2. Paired analysis of mean aortic gradients.
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Valve Durability at 10 Years

Assuming death as a competing risk that can prevent the investigated outcome to happen, the 10-year CIF of BVF was 6% (n = 25) and was significantly higher in the IA compared to the SA group (8% [n = 24] vs. 1% [n = 1], Gray’s test p = 0.02), Figures 3A,B. The overall 10-year CIFs of moderate and severe HVD were 7% (n = 27) and 4% (n = 15), respectively, with the same trend for increased risk of the IA vs. the SA cohort (moderate HVD: 7% [n = 25] vs. 2% [n = 2], Gray’s test p = 0.03; severe HVD: 5% [n = 14] vs. 1% [n = 1], Gray’s test p = 0.05), Figures 3C,D.
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FIGURE 3. Cumulative incidence function of bioprosthetic valve failure (A,B) and hemodynamic valve deterioration (C,D) accounting for death as competing risk; p values are obtained with the Gray’s test and refer to the comparison between the intra-annular and the supra-annular group. BVF, bioprosthetic valve failure; HVD, hemodynamic valve deterioration.


Further details of the BVF events adjudicated throughout the overall follow-up period are described in Table 3. Of the 26 patients meeting the criteria for BVF, only 2 received a SA TAVR and experienced the event at 8.2 and 12.4 years after TAVR. In the IA group, 21 were balloon-expandable and 3 mechanically expandable devices; most common defining criteria for BVF were severe HVD (n = 20, 15 aortic stenosis, 4 aortic regurgitation, 1 combined aortic stenosis and regurgitation) and valve-related death (n = 10). The majority of valve failures were found in those patients who received the smallest bioprosthesis sizes (≤23-mm) and all of them experienced HVD. Two patients were re-intervened: one with a successful transcatheter valve-in-valve procedure, and the other with open heart surgery complicated by in-hospital death; one patient died during pre-procedural evaluation for re-intervention; three patients refused or were deemed not suitable for further procedures due to their poor functional status.


TABLE 3. Bioprosthetic valve failure.

[image: Table 3]
As sensitivity analysis, CIF of BVF was assessed after exclusion of the LOTUS devices with similar results compared to the main analysis on the overall population (BVF IA 7% vs. SA 1%, Gray’s test p = 0.03), Supplementary Figure 2. Also, CIF of BVF and HVD were assessed in the IA group comparing the ≤ 23 mm vs. >23 mm devices. In the IA group, CIF of BVF (IA < 23 mm 12% vs. IA > 23 mm 5%, Gray’s test p = 0.04), moderate HVD (IA < 23 mm 14% vs. IA > 23 mm 2%, Gray’s test p < 0.01), and severe HVD (IA < 23 mm 8% vs. IA > 23 mm 2%, Gray’s test p = 0.05) were mainly driven by the smallest (≤23 mm) valve sizes, Figures 4A–C. After excluding the IA ≤ 23 mm valves, CIF of BVF (IA 5% vs. SA 1%, Gray’s test p = 0.11), moderate HVD (IA 2% vs. SA 2%, Gray’s test p = 0.38), and severe HVD (2% vs. 1%, Gray’s test p = 0.40) showed a similar trend compared to the analyses performed on the overall population with no significant differences in each of these VARC-3 outcomes per TAVR leaflet design, Figures 4B–D.
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FIGURE 4. Cumulative incidence function of bioprosthetic valve failure (A,C) and hemodynamic valve deterioration (B,D) accounting for death as competing risk; p values are obtained with the Gray’s test and refer to the comparison between IA ≤ 23 mm vs. IA > 23 mm (A,B) and IA > 23 mm vs. SA group (C,D). BVF, bioprosthetic valve failure; HVD, hemodynamic valve deterioration; IA, intra-annular; SA, supra-annular; TAVR, transcatheter aortic valve replacement.





DISCUSSION

As TAVR indication continues to expand to a population with longer life expectancy, device durability and management of long-term device failures are taking central stage in clinical research and training. The present study provides the largest head-to-head comparison of IA versus SA TAVRs beyond the landmark time of 5 years post-procedure. The main findings of this 10-year analysis can be summarized as follows: (1) overall survival was not affected by TAVR leaflet design; (2) IA leaflet design results in higher mean aortic gradients and cumulative incidence of BVF and HVD; and (3) no significant differences in BVF and HVD were evident after exclusion of the ≤ 23-mm IA valve sizes, Graphical Abstract.

In terms of all-cause mortality, we found no significant differences between the IA and the SA group. This finding is consistent with previous publications reporting a survival after TAVR of 23.2% at 7 years (9), and 22–27% at 8 years (10, 11). Our results extend the 5-year analysis of the CHOICE randomized trial (4), suggesting that long-term mortality is largely determined by advanced age and comorbid conditions rather than the TAVR leaflet design. Accordingly, it is not surprising to observe an overall survival as low as 23 and 13%, at 8 and 10 years, respectively.

With regards to hemodynamic performance, a SA design was associated with more stable forward-flow hemodynamics throughout the follow-up period, consistent with previous long-term analysis investigating the CoreValve device (10, 11). On the contrary, previous studies on IA TAVRs showed conflicting results, some reporting stable (12, 13), other increasing (4, 14) transaortic gradients following TAVR. The findings of this study are in agreement with those by Abbas et al. that reported significantly higher gradients for IA devices by both invasive and echocardiographic measurements (14). In our study, transaortic gradients continued to increase progressively up to 10-years following initial TAVR implantation. Whether this trend might differ between the small vs. large sizes of IA valves needs further long-term analyses (14, 15).

Although the study period allowed us to investigate the performance of previous-generation devices in high/intermediate-risk patients, we can speculate that the observed hemodynamic differences might be similar with the current generation valves and/or in younger patients. In fact, data from the low-risk TAVR trials show that while new-generation SA devices continue to outperform surgical valves (16), novel IA bioprostheses were found to be inferior to surgical bioprostheses in terms of effective orifice area (17). The 10-year follow-up data of low-risk TAVR trials are eagerly awaited to provide us with definitive evidence on this topic.

The unclear impact of worsening hemodynamic performance on clinical outcomes led the European and American task forces to define standardized criteria for valve failure (8, 18). Our study is one of the first available analyses adopting the recently updated VARC-3 criteria. We found a 10-year cumulative incidence of BVF, moderate HVD, and severe HVD of 6, 7, and 4%, respectively. Despite a direct comparison with the historical surgical data being inappropriate due to heterogeneities in patients and outcome definitions, these low rates are reassuring and do not show safety concerns for TAVR candidates (19, 20). Reviewing previous studies in TAVR populations there are similar BVF rates at 6-year (7.5%) (21) and 8-year follow-up (4.5%, 2.5%) (10, 11, 22).

It is important to note that adverse outcomes were more commonly observed in the IA cohort. One SA device experienced a BVF in the 10-year period, with the majority of events observed for IA TAVRs and mainly driven by HVD. This finding is in line with their increased transaortic gradients leading to the occurrence of more moderate/severe HVDs. Although several factors can play a role in valve function (mode of crimping, mechanism of deployment, post-dilatation, frame expansion, and anti-calcification treatment), our data suggest that hemodynamic performance is a major determinant of long-term durability. SA TAVR results in higher indexed effective orifice area and lower mean aortic gradients compared to IA devices (23). Given that the majority of BVF in our series were caused by a stenotic HVD, the hemodynamic properties of a SA design might confer an advantage in terms of long-term valve durability. In the CHOICE randomized trial, the 5-year cumulative incidences of BVF were similar between IA (4.3%) and SA (3.4%) devices, while the transaortic gradients and the rates of HVD were clearly in favor of SA TAVRs (0% vs. 6.6%, Gray’s test p = 0.018) (4). Interestingly, the curves of aortic gradients and HVD started diverging just before the 5 years. Even though a longer follow-up seems unfeasible due to the limited numbers of CHOICE patients alive at 5 years (IA = 46, SA = 42), we believe that by extending this observation time, the reported differences would have been even broader with direct consequences on the “harder” endpoint of BVF. Indeed, similarly to surgical bioprostheses, the CIF curves of the present study show that the critical period when most valve failure occur ranges from 5 to 10 years following TAVR. Besides TAVR leaflet design, patient-related factors have been suggested to increase (24) the incidence of BVF, particularly conditions leading to dysregulation of phosphocalcic metabolism, such chronic kidney disease. To note, in our study population baseline patient characteristics were well balanced between SA and IA group, with renal insufficiency being more present in the SA group.

Post hoc analysis of the pivotal trials comparing surgical and transcatheter therapies (namely PARTNER [Placement of Aortic Trans- catheter Valves] and the U.S. CoreValve High Risk Study) have shown lower rates of prosthesis-patient mismatch with TAVR than with surgical replacement (25, 26), regardless of the use of stentless or stented surgical valves (27). This improved hemodynamic performance seems to be even more pronounced in small anatomies (26). However, the degree of such benefit is not equivalent among all the TAVRs, and the hemodynamic outperformance of SA valves has been proved to be even more pronounced in small anatomies compared to IA devices (14, 15). A detailed look at our series of BVFs supports this concept, as a significant part of these patients received the smallest sizes of the IA bioprostheses (≤23 mm) and all of them experienced HVD. Excluding the smallest IA device sizes (≤23 mm), the differences in BVF and HVD per TAVR leaflet design were no longer evident. This finding is reassuring and underlines the importance of assessing the valve size in combination with its leaflet design when anticipating TAVR valve durability.

The choice of the most appropriate TAVR device for each type of patient is complex and requires the assessment of several factors. Amongst them, future coronary access, the need for subsequent percutaneous procedures (28), the risk of coronary obstruction in case of TAVR-in-TAVR (29, 30), and the risk for new pacemaker implantation (31, 32) are some important considerations to keep in mind that can favor one device over another. This study highlights the role of forward-flow hemodynamic on long-term valve durability and provides further insights on this multifactorial and patient-centered approach when choosing the TAVR device.


Study Limitations

It has to be acknowledged that the study inclusion period (2007–2016) entails an initial learning curve and the use of old-generation TAVR devices. However, similar long-term analyses using modern implantation techniques and new-generation bioprostheses will not be available for several years. When analyzing a high-risk and old cohort of patients, such as those treated in the study period, it must be recognized that death represents an important competing risk. To limit this effect, we reported actual estimates of BVF and HVD using the CIF, as recommended by the European and American consensus statements (8, 18). The finding of a higher incidence of valve degeneration of IA vs. SA TAVRs and the absence of significant differences excluding the smallest IA valve sizes have to be considered hypothesis generating and needs to be confirmed by larger, randomized studies with long-term follow up. Unfortunately, such analyses will not be available in the near future.




CONCLUSION

At 10 years after TAVR, survival was not affected by TAVR leaflet design. The hemodynamic performance of SA valves was maintained long term. Mean transaortic gradients of IA devices were significantly higher with a progressive increase over time. Cumulative incidences of HVD and BFV were low, with higher rates in the IA compared to the SA TAVRs. No differences in BVF and HVD were evident after exclusion of the smallest IA valve sizes. These rates of long-term degeneration of SA and IA devices need to be confirmed by larger randomized studies with long-term follow up.
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Introduction: High-power short-duration (HPSD) radiofrequency ablation has been proposed to produce rapid and effective lesions for pulmonary vein isolation (PVI). We aimed to evaluate the procedural characteristics and the first-pass isolation (FPI) rate of HPSD and very high-power short-duration (vHPSD) ablation compared to the low-power long-duration (LPLD) ablation technique.

Methods: One hundred fifty-six patients with atrial fibrillation (AF) were enrolled and assigned to LPLD, HPSD, or vHPSD PVI. The energy setting was 30, 50, and 90 W in the LPLD, HPSD, and vHPSD groups, respectively. In the vHPSD group, 90 W/4 s energy delivery was used in the QMODE+ setting. In the other groups, ablation index-guided applications were delivered with 30 W (LPLD) or 50 W (HPSD).

Results: Bilateral PVI was achieved in all cases. Compared to the LPLD group, the HPSD and vHPSD groups had shorter procedure time [85 (75–101) min, 79 (65–91) min, and 70 (53–83) min], left atrial dwelling time [61 (55–70) min, 53 (41–56) min, and 45 (34–52) min], total RF time [1,567 (1,366–1,761) s, 1,398 (1,021–1,711) s, and 336 (247–386) s], but higher bilateral FPI rate (57, 78, and 80%) (all p-values < 0.01). The use of HPSD (OR = 2.72, 95% CI 1.15–6.44, p = 0.023) and vHPSD (OR = 2.90, 95% CI 1.24–6.44, p = 0.014) ablation techniques were associated with a higher probability of bilateral FPI. The 9-month AF-recurrence rate was lower in case of HPSD and vHPSD compared to LPLD ablation (10, 8, and 36%, p = 0.0001). Moreover, the presence of FPI was associated with a lower AF-recurrence rate at 9-month (OR = 0.09, 95% CI 0.04–0.24, p = 0.0001).

Conclusion: Our prospective, observational cohort study showed that both HPSD and vHPSD RF ablation shortens procedure and RF time and results in a higher rate of FPI compared to LPLD ablation. Moreover, the use of HPSD and vHPSD ablation increased the acute and mid-term success rate. No safety concerns were raised for HPSD or vHPSD ablation in our study.

Keywords: high-power short-duration, very high-power short-duration, ablation, pulmonary vein isolation, atrial fibrillation, first-pass isolation


INTRODUCTION

Since Haïssaguerre et al. (1) discovered that triggers of atrial fibrillation (AF) originate from the pulmonary veins (PVs), the non-pharmacological treatment for AF has evolved dramatically. Pulmonary vein isolation (PVI) became the backbone of the invasive treatment of AF (2, 3). Creating contiguous and durable ablation lesion set is essential to achieve favorable long-term results (3). Durable isolation of the PVs remains challenging, however, (4–6) adopting new techniques and technologies help us to achieve better results year by year (7). According to previous studies, ablation index (AI) is a valuable marker to reach a durable PVI, minimizing AF recurrence after ablation (8). AI-guided ablation enables higher energy settings by providing reliable feedback to the operator on lesion creation. The use of high-power (HP) radiofrequency (RF) applications can reduce procedural time while maintaining efficacy and safety (9–12). After creating the circumferential ablation line around the PVs with a contiguous lesion set, the presence or absence of first-pass isolation (FPI) has been evaluated in multiple studies. The presence of FPI at least one PV side was associated with a better ablation outcome, possibly due to the better durability of PVI (13–15).

We aimed to evaluate the procedural characteristics and the FPI rate of high-power and very high-power short-duration (HPSD and vHPSD) compared to low-power long-duration (LPLD) ablation techniques.



METHODS


Patient Population

In this single-center, prospective, observational cohort study, 156 patients with symptomatic drug-refractory AF were enrolled and underwent initial PVI between January 2019 and June 2021. First, consecutive ablations were performed with the LPLD method, then patients were ablated consecutively with the HPSD, then with the vHPSD ablation settings, after the QDot Micro™ (Biosense Webster, Diamond Bar, United States) ablation catheter became available at our center. We use multiple electroanatomical mapping systems in our Institute; therefore, only PVIs performed with CARTO® 3 (Biosense Webster, Diamond Bar, United States) systems were included in the study population. Patients with long-standing persistent AF or previous AF ablation were also excluded from this study.

All patients agreed to the pre-procedural imaging and the ablation procedure. For the data retrieval and analysis, the study protocol was approved by the Semmelweis University Regional and Institutional Committee of Science and Research Ethics (No.: 134/2020) and was in accordance with the Declarations of Helsinki.



Ablation Procedure


Preprocedural Considerations

Indications for AF ablation were in accordance with the current guidelines (16, 17). Vitamin-K antagonists were not interrupted before the procedure; the target INR for the day of the ablation was between 2.0 and 2.5. In patients taking direct oral anticoagulants, a single dose was withheld on the morning of the procedure, and administration was resumed 4 h after the ablation unless major bleeding events occurred. All patients underwent transesophageal echocardiography (TEE) or computed tomography (CT) angiography within 48 h of the ablation procedure to exclude left atrial appendage thrombus.



Intraprocedural Management

The catheter ablation was carried out under local anesthesia and conscious sedation with midazolam, propofol, and fentanyl. Procedures were performed by experienced investigators (>100 PVI/year). Vascular access was obtained via the right femoral vein. A 6 Fr decapolar, steerable catheter (Inquiry™, St. Jude Medical, United States or Dynamic XT™, Boston Scientific, United States) was inserted into the coronary sinus. Subsequently, the transseptal puncture was performed using a Swartz™ SL0™ sheath (Abbott, United States) and a BRK XS transseptal needle (Abbott, United States) with fluoroscopy and pressure guidance and/or intracardiac echocardiography (ACUSON AcuNav™ Ultrasound Catheter Johnson and Johnson, United States). A second steerable sheath (Agilis NxT, Abbott, United States) was introduced via the first transseptal puncture site into the left atrium. After transseptal puncture heparin boluses were administered targeting an activated clotting time of > 300 s. Three-dimensional electroanatomic left atrial reconstruction (CARTO 3®, Biosense Webster, Diamond Bar, United States) was performed via fast anatomical mapping (FAM) with a multi-electrode mapping catheter (Lasso™, Biosense Webster, Diamond Bar, United States). Then, point-by-point RF ablation of each ipsilateral pair of the PVs was performed. During the RF ablation, the Lasso™ catheter was placed in the contralateral PVs to blind the operator to the presence or absence of FPI (Figure 1).
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FIGURE 1. Fast anatomical map of the left atrium with CARTO® 3 system (postero-anterior view). During the ablation, the Lasso™ catheter was placed in the contralateral pulmonary veins to blind the operator to the presence or absence of first-pass isolation.




The Low-Power Long-Duration and High-Power Short-Duration Ablation Groups

In these patients, conventional AI-guided ablation was used. Ablation was performed in power-controlled mode with an open-irrigated tip catheter (ThermoCool SmartTouch®, Biosense Webster, Diamond Bar, United States). All PVIs were performed according to the CLOSE protocol (18): interlesion distance (ILD) of <6.0 mm was used (19). The target contact force was between 10 and 20 g, and the target AI was 500 on the anterior and 400 on the posterior LA wall. The VisiTag™ settings were as follows: for location stability, the minimum time was 3 s, and the maximum range was 2.5 mm; force over time was 30% with a minimum force of 3 g. The radius of the lesion tags was 3.0 mm. The RF power was set to 30 W in the LPLD group, and 50 W in the HPSD group (20). No power adjustment was made according to the LA walls. The irrigation pump setting was 30 mL/min in the HPSD group and 17 mL/min in the LPLD group.



The Very High-Power Short-Duration Ablation Group

In the vHPSD ablation group, the QDot Micro™ (Biosense Webster, Diamond Bar, United States) open-irrigated tip catheter was utilized. All RF applications were performed in QMODE+ mode (90 W, 4 s), in a temperature-controlled manner (21). An ILD of <5.0 mm, and a target contact force of 10–20 g was used as described previously.



Evaluation After Ablation

After the completion of the circumferential PVI, the Lasso™ catheter was introduced into the ablated PVs to assess FPI (Figure 2). Entrance block was confirmed by the absence of sharp local PV potentials inside the PV, while the PV to left atrium conduction block was confirmed by pacing at 20 mA output with 2.0 ms pulse width from the ablation catheter placed at multiple positions in the ostia of the PV. FPI was defined as the presence of both entrance and exit block after completion of the first-pass circumferential ablation lesion set. When a residual conduction gap was found, RF applications were added to complete the PVI. The latter case was defined as FPI absent. The endpoint of the procedure was PVI as determined by entrance and exit block in all PVs after a 20-min waiting period. Adenosine was not administered (22).
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FIGURE 2. Fast anatomical map of the left atrium with CARTO® 3 system (postero-anterior view). After the completion of the circumferential pulmonary vein isolation, the Lasso™ catheter was introduced into the ablated pulmonary veins to assess first-pass isolation. The Lasso™ catheter is in the right superior pulmonary vein.




Postprocedural Care

The patients were discharged on the day after the procedure after the evaluation of the vascular puncture site, vital functions, and echocardiography. Antiarrhythmic drugs were continued after the procedure for at least 3 months. Long-term anticoagulation therapy was managed according to the Guidelines of the European Society of Cardiology (16, 17). All patients were treated with proton-pump inhibitors for 4 weeks after ablation.



Follow-Up

The patient follow-ups were carried out by regular visits to our outpatient clinic at 3, 6, 9, and thereafter every 6 months, including general assessment and ECGs (12 lead, 24 h Holter).




Statistical Analysis

The majority of the variables showed non-parametric distribution after performing the Shapiro-Wilk test. The continuous variables are presented as median with interquartile range [first quartile (Q1), third quartile (Q3)], while the categorical variables are presented as percentages with event numbers. Continuous variables were compared with the Mann-Whitney or Kruskal-Wallis tests, while categorical variables were compared with the Chi-square or Fisher’s exact test. Univariate logistic regression analysis was performed to determine the predictive value of HPSD and vHPSD ablation on the presence of FPI and success rate. Statistical analyses were performed using IBM SPSS 25 (Apache Software Foundation, United States) and GraphPad Prism 8 (GraphPad Softwares Inc., United States), software products. A two-tailed p-value of < 0.05 was considered statistically significant.




RESULTS

Overall, 156 patients were enrolled in the analysis. Table 1 summarizes the baseline characteristics. The majority of the patients had paroxysmal AF (n = 97, 62%); the rest presented with the persistent form. Baseline patient characteristics were balanced among the two groups. Prior stroke or transient ischemic attack was more frequent in the LPLD group, and there was a significant difference in the CHA2DS2-VASc score between the HPSD and vHPSD ablation groups.


TABLE 1. Baseline characteristics of the study patients.
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Procedural Characteristics

Bilateral PVI was achieved in all cases. Procedural characteristics are shown in Table 2. The procedure time was 85 (75–101) min, 79 (65–91) min, and 70 (53–83) min in the LPLD, HPSD, and vHPSD groups, respectively (p < 0.0001). The LA dwelling times were also decreased significantly with the increase of RF energy [61 (55–70) min, 53 (41–56) min, and 45 (34–52) min, in the LPLD, HPSD, and vHPSD groups, respectively, p < 0.0001]. The total RF ablation time was 1,398 (1,021–1,711) s, 1,567 (1,366–1,761) s, and 336 (247–386) s in the LPLD, HPSD, and vHPSD groups, respectively (p < 0.0001) (Figure 3). The total RF energy that was delivered during the procedures was 47,010 (40,980–52,830) Joules, 69,900 (51,050–85,538) Joules, and 30,240 (22,095–34,875) Joules in the LPLD, HPSD, and vHPSD ablation groups, respectively (<0.0001). The number of the RF applications were 61 (52–69), 56 (44–65), and 85 (63–99) in the LPLD, HPSD, and vHPSD ablation groups, respectively, (<0.0001). Bilateral FPI was obtained in 30 (57%) patients in the LPLD, 39 (78%) patients in the HPSD, and 43 (80%) patients in the vHPSD group (p = 0.0097). On the left side, FPI was achieved in 35 (66%), 46 (92%), and 46 (85%) patients in the LPLD, HPSD, and vHPSD ablation groups, respectively, (p = 0.0015). FPI on the right side was achieved in 38 (72%), 44 (88%), and 48 (88%) patients in the LPLD, HPSD, and vHPSD ablation groups, respectively (p = 0.0188). Both-sided (p = 0.021), left-sided (p = 0.0015) and right-sided (p = 0.0401) FPI rates were significantly higher in the HPSD group compared to the LPLD group. There was no further increase in the both-sided (p = 0.8080), left-sided (p = 0.5275), and right-sided (p = 0.7561) sided FPI when comparing HPSD and vHPSD (Figure 4).


TABLE 2. Procedural characteristics.
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FIGURE 3. Procedure time (A), left atrial dwelling time (B), and radiofrequency ablation time (C) in the different ablation groups. Abbreviations: LDLD, low-power long-duration; HPSD, high-power short-duration; vHPSD, very high-power short-duration; LA, left atrial. *p < 0.05, ****p < 0.0001, nsp ≥ 0.05.



[image: image]

FIGURE 4. First pass isolation results in the different ablation groups (A: both sides; B: left side; C: right side). FPI, first-pass isolation; LDLD, low-power long-duration; HPSD, high-power short-duration; vHPSD, very high-power short-duration. *p < 0.05, **p < 0.01, nsp ≥ 0.05.


Univariate analysis revealed that the use of HPSD (both sides: OR = 2.72, 95% CI 1.15–6.44, p = 0.023; right side: OR = 2.90, 95% CI 1.02–8.20, p = 0.045; left side: OR = 5.91, 95% CI 1.84–19.04, p = 0.003) and vHPSD (both sides: OR = 2.90, 95% CI 1.24–6.44, p = 0.014; right side: OR = 3.09, 95% CI 1.09–8.74, p = 0.045; left side: OR = 2.89, 95% CI 1.13–7.43, p = 0.027) ablation techniques were associated with a higher probability of FPI.



Follow-Up Results

All patients from the study reached the 9-month follow-up period. At this time, there was a significant difference in the AF recurrence between the three groups (36, 10, and 8% in the LPLD, HPSD, and vHPSD groups, respectively, p = 0.0001). Based on the univariate analysis, the use of HPSD (OR = 0.19, 95% CI 0.07–0.57, p = 0.003) and vHPSD (OR = 0.14, 95% CI 0.04–0.46, p = 0.001) ablation techniques were associated with a lower probability of AF-recurrence at 9-month. According to our findings, both-sided, right- and left-sided FPI (both sides: OR = 0.09, 95% CI 0.04–0.24, p = 0.0001; right side: OR = 0.09, 95% CI 0.04–0.23, p = 0.0001; left side: OR = 0.11, 95% CI 0.04–0.27, p = 0.0001) was associated with a lower probability of AF-recurrence at 9 month.



Procedural Safety Profile

As per institutional protocol, no esophageal temperature probe was utilized during the procedures. Post-procedurally all patients received proton pump inhibitors for at least 1 month.

No steam pop occurred. We observed two groin hematomas in the LPLD group requiring no additional intervention, which resolved without sequel. There was no death, tamponade, atrio-esophageal fistula, procedural pulmonary vein stenosis/occlusion, phrenic nerve injury, stroke, thromboembolic events, myocardial infarction, or major bleeding. No complications were observed during the 9-month follow-up period.




DISCUSSION


Main Results

We have shown that both HPSD and vHPSD ablation techniques are associated with a lower LA dwelling time, procedure time, and RF time than LPLD ablation. Moreover, both high-power ablation groups presented a higher FPI rate and higher 9-month AF-free survival compared to the LPLD group.



Procedural Characteristics With High-Power Short-Duration Ablation

In the current study, the complete PVI was achieved in all patients. In addition, no complication related to RF lesion creation was observed.

In the HPSD group, both uni- and bilateral FPI rates were significantly higher than in the LPLD group; however, no significant difference was observed between the HPSD vs. vHPSD ablation settings. Furthermore, procedure time, LA dwelling time, and RF ablation time were also decreased significantly by increasing the RF power. Data are conflicting on the necessity of power adjustment on the posterior wall. We did not use any power adjustment; still, no major complications occurred (7, 20, 23).

We know from previous studies that FPI is an important predictor of long-term success rate (13–15). Vassallo et al. (24) investigated patients who underwent AF ablation with HP (50 W on the anterior wall and 45 W elsewhere in the left atrium) or LP (20 W on the posterior wall, 30 W elsewhere) RF ablation power settings. Bilateral FPI was increased significantly with HPSD ablation compared to the LPLD patients (87.32 vs. 23.29%, p < 0.00001), which also resulted in a higher success rate at 12 months (87.32 vs. 67.12%, p < 0.0039).

The PVI procedure time was also decreased significantly with HP (50 W) ablation in a study by Bunch et al. compared to conventional LP (30 W) ablation settings (104.3 ± 63.6 min vs. 170.8 ± 59.2 min; p < 0.0001) (25). Another study conducted by Wielandts et al. (26) randomized 96 patients to HPSD (45 W) or LPLD (35 W) ablation groups showed lower fluoroscopy dosage in the case of HPSD PVI [DAP of 1,915 (938–3,654) mGycm2 and 1,804 (1,225–3,176) mGycm2; p = 0.69]. In addition, this group also found that RF application time was lower in the HPSD group [16 (14–18) min vs. 26 (22–30) min; p < 0.001].

The vHPSD ablation technique (90 W, 4 s) was evaluated first in the QDOT-Fast clinical trial, resulting in a substantially shorter total procedure, ablation, and RF application times compared with previous studies (27). The fast and furious—AF study provided further data about the vHPSD ablation method and the QDot Micro™ (Biosense Webster, Diamond Bar, United States) ablation catheter. Twenty-eight consecutive patients underwent vHPSD PVI and were compared to 28 consecutive patients treated with conventional CF-sensing catheters utilizing the AI. All PVs were successfully isolated using vHPSD. The median RF ablation time was 338 (286–367) s vs. 1,580 (1,350–1,848) s, (p < 0.0001), the median procedure duration was 55 (48–60) min vs. control 105 (92–120) min, (p < 0.0001) in the vHPSD vs. control group, respectively. No differences in periprocedural complications were observed (21). These results are congruent with our current findings.



Lesion Creation With High-Power Ablation

Ablation index is calculated by a weighted formula including CF, RF time, and power so that a higher power application can reach the target AI with a shorter duration. Even with high-energy RF applications, lesion creation can be properly monitored in real-time. The decrease in RF time per application makes it easier to maintain a stable catheter position, resulting in a reduced time to complete the circumferential ablation line around the PVs. Different power levels are presented in the literature for HPSD ablation, ranging from 40 to 90 W.(28). The AI was originally validated for a maximum of 45 W; however, multiple studies have been published using 50 W power and AI guidance, with great safety and efficacy profile (20).

According to our data and the literature (15, 29), ablations with higher power were more likely to be successful in the left atrium, which is in accordance with the results of previous experimental studies (30, 31). It is well-known that HPSD ablation results in a different lesion geometry (e.g., larger diameters but smaller depth) compared to conventional lower power ablation. Still, the depth of the HP applications is sufficient to create transmural lesions in the atria (31, 32). Our results comparing LPLD (30 W) and HPSD (50 W) ablation complement the findings of Hoffmann et al., who investigated the desirable target ILD during PVI (the power setting was 30 W throughout the study). Their results indicated that an ILD of 3.0–4.0 mm is associated with a better 1-year outcome compared to an ILD of 5.0–6.0 mm during CLOSE-protocol guided PVI. FPI was achieved in 35.0% in the “5–6 mm” group and 90.9% in the “3–4 mm” group (p < 0.0001) (19). In our present study, we used ILD < 6 mm both in LPLD and HPSD (50 W) groups, and according to our findings, HPSD ablation improves the chance of creating a contiguous lesion set, probably due to wider RF ablation lesions, which seem to increase the FPI rate by boosting the continuity of the circumferential lesions (33). Of note, lesion size might be smaller in case of vHPSD (34). For this reason, we decided to use more closely spaced ablation points in case of vHPSD (ILD < 5 mm), which resulted in a higher number of RF applications in the vHPSD group compared to the HPSD group. The legitimacy of this modification in the protocol is validated by the similar FPI rate. The overall delivered RF energy was the lowest in the vHPSD, followed by the LPLD, and the highest in the HPSD ablation group in our study. With the conventional LPLD ablation, we used higher contact force, while in cases of HPSD ablations, we aimed for lower contact force values in the target range (10–20 g) to increase the procedural safety. This may be the reason that there is no enormous difference in RF energy at 30 vs. 50 W. Of note, the target AI was the same in these two ablation groups. Limited data are available regarding the total energy delivery in case of LPLD, HPSD, and vHPSD. Nakagawa et al. reported that lesion diameter might be the largest with LPLD ablations, which was associated with an increased energy delivery (34). However, in that experimental study, the LPLD and HPSD lesions were not created with AI guidance but simply guided by the RF application duration. Thus, data on the total energy delivery cannot be transferred directly from their results to clinical AI-guided ablations.




LIMITATIONS

This was an observational, relatively small sampled, but prospective study involving consecutive patients. Another limitation is the non-randomized nature of the study. As we did not perform redo procedures, we are not able to present data regarding potential PV reconnections. Moreover, because the efficacy of the procedures was not evaluated with continuous rhythm monitoring but with periodical Holter ECG recordings, there is a chance that some AF recurrences were not detected.



CONCLUSION

Our prospective, observational cohort study showed that both HPSD and vHPSD RF ablation shortens procedure time and RF time, and results in a higher rate of FPI compared to LPLD ablation. Moreover, using HPSD and vHPSD ablation techniques increased the acute and mid-term success rates. No safety concerns were raised for HPSD or vHPSD ablation in our study.
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Introduction: Pulmonary vein isolation is the cornerstone of rhythm-control therapy for atrial fibrillation (AF). The very high-power, short-duration (vHPSD) radiofrequency (RF) ablation is a novel technology that favors resistive heating while decreasing the role of conductive heating. Our study aimed to evaluate the correlations between contact force (CF), power, impedance drop (ID), and temperature; and to assess their role in lesion formation with the vHPSD technique.

Methods: Consecutive patients who underwent initial point-by-point RF catheter ablation for AF were enrolled in the study. The vHPSD ablation was performed applying 90 W for 4 s with an 8 ml/min irrigation rate.

Results: Data from 85 patients [median age 65 (59–71) years, 34% female] were collected. The median procedure time, left atrial dwelling time, and fluoroscopy time were 70 (60–90) min, 49 (42–58) min, and 7 (5–11) min, respectively. The median RF time was 312 (237-365) sec. No steam pop nor major complications occurred. A total of 6,551 vHPSD RF points were analyzed. The median of CF, maximum temperature, and ID were 14 (10–21) g, 47.6 (45.1–50.4) °C, and 8 (6–10) Ohms, respectively. CF correlated significantly with the maximum temperature (p < 0.0001). A CF of 5 g and above was associated with a significantly higher temperature compared to those lesions with a CF below 5 grams (p < 0.0001). Bilateral first-pass isolation rate was 84%. The 6-month AF-recurrence rate was 7%.

Conclusion: The maximum temperature and CF significantly correlate with each other during vHPSD applications. A CF ≥ 5 g leads to better tissue heating and thus might be more likely to result in good lesion formation, although this clinical study was unable to assess actual lesion sizes.

Keywords: atrial fibrillation, ablation, very high power, short duration, pulmonary vein isolation


INTRODUCTION

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia worldwide (1). Pulmonary vein isolation (PVI) is the most effective treatment for AF (2). However, the success rate of catheter ablation shows great variability (3, 4). Therefore, several predictors of AF recurrence have been described, such as hypertension, left atrial enlargement, and certain anatomical variations of pulmonary veins (PVs) and the left atrial ridge (5–8). In addition, numerous technological innovations in catheter ablation are also being sought to reduce recurrence, including the CLOSE protocol and the measurement of local impedance (9–14). Still, AF recurrence remained a critical issue (15, 16). The QDOT Micro ablation catheter (Biosense Webster, Inc., Irvine, CA, USA) is a novel contact force-sensing catheter developed for very high-power, short-duration (vHPSD) temperature-controlled radiofrequency (RF) ablation. In such cases, ablation is applied with 90 W for 4 s. The aim of vHPSD ablation is to favor resistive heating while decreasing the role of conductive heating (17). Thus, lesion geometry will be different compared to conventional low-power long-duration ablation. Still, the shallower lesions are thought to be transmural in the left atrium (LA) (18, 19). The use of vHPSD ablation shows remarkable initial results (20, 21). However, limited data are available regarding lesion creation with this novel technology. Understanding the details of vHPSD ablation are essential as we apply such a high energy (i.e., 90 W) for the first time in clinical practice. The necessity of analyzing the vHPSD lesion creation is also underlined by the fact that vHPSD ablation works in an innovative, quickly regulated temperature-controlled mode, as opposed to the power-controlled mode of traditional RF ablation techniques. Our study aimed to evaluate the correlations between contact force (CF), power, impedance drop (ID), and temperature; and to assess their role in lesion formation with the vHPSD technique.



METHODS


Patient Population

Consecutive patients were enrolled in our prospective study undergoing first RF catheter ablation for AF at the Heart and Vascular Center of Semmelweis University, Budapest, Hungary. All patients agreed to the ablation procedure and provided written informed consent to data retrieval and analysis. Ethics approval was waived by Semmelweis University Regional and Institutional Committee of Science and Research Ethics (No.: 278/2020.) and was in accordance with the declarations of Helsinki.



Catheter Ablation Procedure

Procedures were performed under conscious sedation and by experienced operators (>100 AF ablations/year). Femoral venous access was used for all procedures. Double transseptal puncture was conducted to access the LA under fluoroscopy guidance and pressure monitoring. First, a fast anatomical map of the LA was obtained with the CARTO mapping system (CARTO3, Biosense Webster, Inc., Irvine, CA, USA) and a multipolar mapping catheter (Lasso® NAV Eco, Biosense Webster, Inc., Irvine, CA, USA, or PentaRay Nav Eco, Biosense Webster, Inc., Irvine, CA, USA). Subsequently, vHPSD ablation was performed using the QDOT Micro ablation catheter (Biosense Webster, Inc., Irvine, CA, USA) with Agilis NxT steerable introducer (Abbott). Point-by-point RF applications were delivered around the antra of the ipsilateral PVs to achieve complete electrical isolation of all PVs from the LA (Figure 1). Such vHPSD ablation was performed applying 90 W for 4 s with an 8 ml/min irrigation rate. Besides being capable of contact force-sensing, the QDOT Micro ablation catheter incorporates six thermocouples embedded in the catheter tip, used for highly accurate local temperature measurement covering the whole distal electrode. The three distal thermocouples are positioned at a distance of 25 μm from the tip, while the proximal ones are positioned 3 mm proximally (Figures 2A,B). Accurate and reliable temperature measurement at the tip-tissue interface was not previously possible due to the interfering effect of the cold irrigation fluid used during ablation. To overcome this limitation, an algorithm was developed and then validated to determine the actual tip-tissue interface temperature based on the temperature measured by the thermocouples. The arrangement of electrodes is optimized to record the temperature at both perpendicular and parallel catheter orientations; thus providing the basis of a susceptible feedback system of catheter-tissue interface temperature and thereby catheter stability during ablation (17, 20). When the operator starts the RF application, a 2-s period with an irrigation rate of 8 ml/min begins to cool the tissue surface prior to high power RF delivery. Following this 2-s delay, RF delivery is started, and the power rapidly increases up to 90 W. During RF delivery, the vHPSD algorithm continuously modulates the power based on the hottest surface temperature measured by the thermocouples: the target temperature is set at 55°C, the cut-off temperature is set at 65°C. The 90 W of power is stably delivered throughout the 4 s if the temperature registered by any thermocouples does not reach the target temperature (Figure 3A). If the target temperature is reached, the ablation power is downregulated to prevent overheating of the tissue (Figure 3B). If the cut-off temperature is reached, the RF delivery is immediately stopped. After each RF application, the 8 ml/min irrigation continues for 4 s. The ablation points are registered automatically (Carto VISITAG Module, Biosense Webster, Inc., Irvine, CA, USA). We applied overlapping ablation points; thus, the inter-tag distances were <5 mm between all neighboring points. No additional ablations were performed beyond the pulmonary vein isolation. PV disconnection was carefully examined in all cases, as both entrance and exit blocks were verified. First-pass isolation was defined as the presence of both entrance and exit block after completion of the first-pass circumferential ablation around the antra of the ipsilateral PVs. In the absence of disconnection after completing the circumferential ablation, mapping catheter-guided additional vHPSD ablation was delivered until complete isolation was achieved. All patients without complications were discharged the day after the procedure.


[image: Figure 1]
FIGURE 1. Left atrial voltage map created with CARTO3 electroanatomical mapping system after successful PVI with vHPSD ablation (postero-anterior view). The inter-tag distances are <5 mm between all neighboring points (Heart and Vascular Center, Semmelweis University).



[image: Figure 2]
FIGURE 2. (A,B) QDOT Micro ablation catheter illustration. (A) The ablation catheter incorporates six thermocouples (columns with red disk) symmetrically embedded in the tip for the purpose of highly accurate local temperature measurement. The three distal thermocouples are positioned at a distance of 25 μm from the tip, while the proximal ones are positioned 3 mm proximally. (B) Three microelectrodes (blue dotted circles) are also located in the catheter tip. Each has a surface area of 0.17 mm2 and an interelectrode spacing of 1.5 mm.
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FIGURE 3. (A,B) Regulation of the temperature control mode with the QDOT irrigated catheter and vHPSD algorithm as registered by the CARTO3 electroanatomical mapping system (Heart and Vascular Center, Semmelweis University). (A) The 90 W of power is stably delivered throughout the 4 s when the temperature registered by any thermocouples located distally around the catheter tip does not reach the target temperature (55°C) during lesion formation. (B) When the target temperature is reached, the ablation power is immediately downregulated by the vHPSD algorithm to prevent overheating of the tissue. Yellow line, delivered power; red line, temperature; blue line, contact force; green line, impedance.




Follow-Up and Definition of Recurrence

After the procedure, outpatient clinical follow-up visits were scheduled at 3 and 6 months. Whenever patients experienced symptoms of arrhythmia, additional visits were scheduled. Follow-up visits included clinical assessment of the patients and 24 h Holter ECG monitoring. Recurrence of AF was defined as the occurrence of atrial tachyarrhythmia that lasts for more than 30 s, documented by ECG.



Data Collection

The following data of each vHPSD application was collected: mean delivered power, temperature change, maximum temperature, generator impedance drop (ID), mean contact force (CF), minimum CF, maximum CF. All registered VISITAG points were exported from the system for offline analysis. Hereinafter, all reported CF values indicate the mean CF values unless otherwise stated.



Statistical Analysis

Most of the variables showed non-parametric distributions after performing the Shapiro-Wilk test. Thus, the continuous variables were expressed as medians and interquartile ranges. Continuous variables were compared with the Mann-Whitney test. The Spearman's ρ correlation coefficient was used to assess the correlation between variables. Statistical analyses were performed using IBM SPSS 25 (Apache Software Foundation, USA) and GraphPad Prism 9.1.2 (GraphPad Softwares Inc., USA) software products.




RESULTS


Characteristics of the Study Population and Ablation Points, Procedural Outcomes

Data of 85 consecutive patients [median age 65 (59–71) years, 34% female] were collected. The median BMI was 29 (26–31) kg/m2, and 75% of them had hypertension. Eighteen percent had diabetes, and 21% of them had hyperlipidemia. The median of procedure time, left atrial dwelling time, and fluoroscopy time were 70 (60–90) min, 49 (42–58) min, and 7 (5–11) min, respectively. The median RF time was 312 (237–365) s. Baseline characteristics of the study population and the procedures are shown in Table 1. A total of 6,551 vHPSD RF points were analyzed. The median of CF, maximum temperature, and ID were 14 (10–21) g, 47.6 (45.1–50.4) °C, and 8 (6–10) Ohms, respectively. Detailed parameters of the lesions are presented in Table 2. Bilateral first-pass isolation rate was 84%. The rate of AF-recurrence 6 months after ablation was 7%. No steam pop nor major complications occurred. There was one case of groin hematoma that did not require intervention.


Table 1. Baseline characteristics of the study population and the procedures.
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Table 2. Baseline characteristics of vHPSD lesions, n = 6,551.
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Correlations Between RF Application Parameters

CF correlated significantly with the maximum temperature (Spearman's ρ = 0.4208, p < 0.0001) (Figure 4A), and with temperature change (Spearman's ρ = 0.4562, p < 0.0001) (Figure 4B). There was a negative correlation between CF and the mean delivered power (Spearman's ρ = −0.09272, p < 0.0001) (Figure 4C).


[image: Figure 4]
FIGURE 4. (A–C) Scatter plot diagrams of the correlations between different parameters registered during radiofrequency applications. (A) Correlation between contact force and the maximum temperature. (B) Correlation between contact force and temperature change. (C) Correlation between contact force and the mean delivered power. ρ, correlation coefficient.


There was also a significant correlation between ID and the maximum temperature (Spearman's ρ = 0.373, p < 0.0001) (Supplementary Figure 1A), ID and the mean delivered power (Spearman's ρ = −0.07184, p < 0.0001) (Supplementary Figure 1B), and ID and temperature change (Spearman's ρ = 0.3822, p < 0.0001) (Supplementary Figure 1C). ID showed a significant correlation with CF (Spearman's ρ = 0.1907, p < 0.0001) (Supplementary Figure 1D), too.



Maximum Temperature of Lesions Created With a CF Lower Than 5 g and Those With a CF of 5 g or More

The maximum temperature registered by the thermocouples of the catheter was significantly higher in applications created with a CF of 5 grams and above compared to those with a CF below 5 grams [47.8 (45.3–50.6) and 43.9 (42.3–45.9) °C, p < 0.0001] (Figure 5). Further analysis of the parameters are shown in Supplementary Figures 2, 3.


[image: Figure 5]
FIGURE 5. Difference in the maximum temperature between lesions created with a CF < 5 g and those with a CF ≥ 5 g. **** = p < 0.0001. Median and interquartile ranges.





DISCUSSION


Main Findings

Our main findings are that the maximum temperature and CF significantly correlate with each other during vHPSD RF applications. Moreover, a CF ≥5 g is associated with significantly higher maximum temperatures during RF delivery.



Parameters Used for Assessing Efficacy and Safety of Ablation Lesions

Recently, numerous new parameters have been identified to assess the quality of the ablation lesions in atrial fibrillation ablation, such as ablation index, lesion size index, and changes in local impedance (11, 22, 23). These all provide valuable information regarding proper lesion formation. However, the evaluation of the abovementioned factors is not technically available during vHPSD applications as both time and power are set to a fixed value in the case of vHPSD ablation. In addition, the QDOT Micro ablation catheter is also unable to measure changes in local impedance. Nevertheless, the change in generator impedance is measured by the system. Previously, several studies have examined the ablation-induced drop in generator impedance as an indicator of lesion formation (24, 25). However, it was clearly showed recently that changes in generator impedance show a weak correlation with lesion formation (26).

Gutbrod et al. (13) showed that the local impedance of the tissue is significantly higher when CF is at least 5 g compared to those with an applied CF below 5 g. However, when comparing different CF values above 5 g, they found no significant difference in local impedance. This suggests that once CF reaches a value of 5 g, stable contact with the tissue is achieved, and a further increase in CF does not result in significantly greater stability (13). Consistent with this, we also found that a CF ≥ 5 g results in significantly higher maximum temperatures during ablation (Figure 5). Higher maximum temperatures measured by the electrode correlate with higher tissue heating, which determines the size of the resistive heating zone (18). Therefore, higher maximum electrode temperatures during vHPSD ablation correlate with larger resistive heating zones and a CF ≥ 5 g results in more extensive resistive heating during lesion formation.



Regulation of the Temperature Control Mode With the QDOT Irrigated Catheter

Previously available open-irrigated catheter technologies did not provide adequate temperature feedback to use temperature control mode for power delivery, as the temperature measured by the thermocouples was not appropriate, due to the proximal location of the temperature sensors. Previously, irrigated catheters could only be used in power control mode, which delivers a consistent set of power without being affected by measured temperatures, other than to terminate RF application if the temperature is too high.

The technology in the QDOT Micro Catheter enables temperature feedback with open irrigation. The temperature feedback allowed by this novel technology enables a unique temperature control mode of radiofrequency energy delivery (Figures 3A,B). Three thermocouples are located distally, 25 μm from the catheter tip, and three thermocouples are located 3 mm proximally (Figure 2A). This design places the thermocouples in close proximity to the tip-tissue interface, enabling the determination of accurate surface temperatures during RF energy delivery based on the temperature measured by the thermocouples.

At higher CFs, the maximum temperature might increase quickly and reach the target temperature level (Figures 3B, 6B). In such cases, the algorithm reduces the amount of power delivered to prevent overheating of the tissues (20). Based on our data, Figure 6A shows that there is a tendency for a decreased mean delivered power at higher CF values.


[image: Figure 6]
FIGURE 6. (A,B) The association of the mean delivered power and maximum temperature to the different contact force ranges. Increasing contact force values result in higher temperatures but a lower delivered energy. This is the consequence of the appropriate regulation of the ablation generator. Median and interquartile ranges.


On the other hand, down-regulation of the power does not seem to have a negative influence on lesion creation, as target temperature will be reached in such cases, resulting in an optimal resistively heated area (Figure 6B). Overall, an increasing CF value will result in higher temperatures (and higher ID) but lower delivered energy due to the appropriate and quick regulation of the ablation generator (Figures 6A,B; Supplementary Figure 4).



Role of Contact Force Values in vHPSD AF Ablation

Catheter stability with adequate CF is critical for optimal lesion formation. However, too high CF carries a significantly increased risk of steam pop and cardiac perforation (27). Neuzil et al. (28) showed a target CF of 20 g as the optimal value regarding new lesion formation, with a recommended range of 10–30 g. In a subsequent study, Kautzner et al. (29) further confirmed that keeping CF at such target values leads to more durable lesion formation during PVI. However, the issue of optimal CF for vHPSD ablation has not been extensively studied in the past. In our present work, we have concluded that a CF of 5 g and above leads to optimal tissue heating, which confirms a slightly lower CF range than the previously used clinical practice based on the EFFICAS I and II studies (28, 29).

The manufacturer's recommended CF range when using the QDOT Micro ablation catheter is 5–25 g. In our current real-world study, higher CF values also occurred (e.g., 50 g), which did not lead to steam pops or cardiac perforations, most likely due to the quick real-time regulation of the applications' power according to the actual temperature. Higher than recommended CF values might occur due to the procedures being performed under conscious sedation when sudden changes in the breathing pattern or slight movements of the patient could result in high CF values (30). However, we assume that at higher than recommended CF values, the target temperature is reached sooner, which is compensated by the generator by reducing the energy delivery; thus reducing the possibility of steam pops (Figure 6B). Moreover, we have shown that a CF ≥ 5 g results in significantly higher electrode temperature, thus, tissue temperature will also be higher, yielding a larger resistive heating zone.



Limitations

There are limitations to our work. It was a single-center, single-arm study with relatively low number of patients involved. Nevertheless, the number of RF applications investigated was high enough to yield statistically significant results. Given the clinical nature of the current study, actual lesion sizes could not be assessed. As only mid-term clinical follow-up is reported, the impact of the observed associations on the long-term clinical success is unknown. Thus, further investigation regarding the long-term clinical value of our findings will be necessary in the future. Moreover, the study population is low to draw conclusions regarding the procedure's safety profile. We also mention the fact that vHPSD ablation is currently only possible with one proprietary catheter compatible only with the electrophysiology system of the same vendor.




CONCLUSION

The maximum temperature and CF significantly correlate with each other during vHPSD applications. A CF ≥ 5 g leads to better tissue heating and thus might be more likely to result in good lesion formation in the LA, although this clinical study was unable to assess actual lesion sizes.
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Purpose: Thoracic aortic (TA) dilatation (TAD) is a risk factor for acute aortic syndrome and must therefore be reported in every CT report. However, the complex anatomy of the thoracic aorta impedes TAD detection. We investigated the performance of a deep learning (DL) prototype as a secondary reading tool built to measure TA diameters in a large-scale cohort.

Material and methods: Consecutive contrast-enhanced (CE) and non-CE chest CT exams with “normal” TA diameters according to their radiology reports were included. The DL-prototype (AIRad, Siemens Healthineers, Germany) measured the TA at nine locations according to AHA guidelines. Dilatation was defined as >45 mm at aortic sinus, sinotubular junction (STJ), ascending aorta (AA) and proximal arch and >40 mm from mid arch to abdominal aorta. A cardiovascular radiologist reviewed all cases with TAD according to AIRad. Multivariable logistic regression (MLR) was used to identify factors (demographics and scan parameters) associated with TAD classification by AIRad.

Results: 18,243 CT scans (45.7% female) were successfully analyzed by AIRad. Mean age was 62.3 ± 15.9 years and 12,092 (66.3%) were CE scans. AIRad confirmed normal diameters in 17,239 exams (94.5%) and reported TAD in 1,004/18,243 exams (5.5%). Review confirmed TAD classification in 452/1,004 exams (45.0%, 2.5% total), 552 cases were false-positive but identification was easily possible using visual outputs by AIRad. MLR revealed that the following factors were significantly associated with correct TAD classification by AIRad: TAD reported at AA [odds ratio (OR): 1.12, p < 0.001] and STJ (OR: 1.09, p = 0.002), TAD found at >1 location (OR: 1.42, p = 0.008), in CE exams (OR: 2.1–3.1, p < 0.05), men (OR: 2.4, p = 0.003) and patients presenting with higher BMI (OR: 1.05, p = 0.01). Overall, 17,691/18,243 (97.0%) exams were correctly classified.

Conclusions: AIRad correctly assessed the presence or absence of TAD in 17,691 exams (97%), including 452 cases with previously missed TAD independent from contrast protocol. These findings suggest its usefulness as a secondary reading tool by improving report quality and efficiency.

KEYWORDS
aorta - thoracic, aortic aneurysm (thoracic), deep learning, dilatation, computed tomography, guidelines, diameter measurement, artifical intelligence (AI)


Introduction

Dilatation of the thoracic aorta can lead to aortic aneurysms and ultimately death; thus, more 6,000 people died of aortic aneurysms in the US in 2020 (1–3). Imaging allows diagnosis of thoracic aortic dilatation (TAD) and current guidelines require measurements perpendicular to the blood flow axis for adequate diameter measurements (2, 4). Those measurements are typically performed on ECG-triggered CT angiography when TAD was initially suspected (2, 4, 5). In other scenarios, they are not systematically performed in clinical routine. The candy-cane shape of the thoracic aorta, different scan protocols and an overall increased workload may prevent TAD from being diagnosed (6–9). The rate of missed TAD by radiologists has not yet been assessed in a larger cohort.

Deep learning (DL) is an advanced artificial intelligence (AI) technique. Recently, it was successfully applied to perform guideline-compliant diameter measurements of the thoracic aorta in dedicated ECG-triggered CT exams in two small cohorts (10, 11). In this study, we applied this prototype software [AI-Rad Companion (AIRad)] to a large data set of more than 18,000 chest CT exams. In all those exams, which included varying imaging protocols, aortic diameters were previously reported as “normal” in the corresponding reports. Aim of this study was to evaluate the performance of AIRad as a secondary reading tool to detect missed TAD. Furthermore, we investigated imaging- and patient-based parameters associated with correct TAD classification by AIRad.



Materials and methods


Study cohort

This retrospective study was approved by the local Ethics Committee (Ethikkommission Nordwest- und Zentralschweiz, ID: 2019-01053), the need for informed consent was waived. Figure 1 shows the study flow chart. First, we searched our PACS for all chest CT exams using an in-house developed PACS Crawler (12, 13). In a second step, we identified all exams with structured reports available between 01/2016 (when standard reports were introduced at our institution) and 06/2019. Finally, we selected only exams in which the aorta was reported as “normal course and caliber” (standard phrase) and approved by a board-certified radiologist. A total of 19,659 exams were identified for this study. There were no formal exclusion criteria.


[image: Figure 1]
FIGURE 1
 Flow chart. † <45 mm for aortic sinus, sinotubular junction, ascending aorta and proximal arch or <40 mm at mid and distal arch, mid and distal descending aorta and abdominal aorta. AHA, American Heart Association; CV, cardiovascular.




CT scan protocols

CT exams were performed on multiple 64-slice to 128-slice CT systems (SOMATOM Sensation 64, Definition Flash, Definition Edge, Definition AS+; all Siemens Healthineers, Erlangen, Germany). Depending on the initial clinical indication of each scan, our cohort included non-contrast enhanced (non-CE) scans (n = 5,935, 32.5%) as well as contrast enhanced (CE) scans with different contrast phases [venous (n = 4,888, 26.8%), pulmonary-arterial (n = 4,203, 23.0%) and arterial (n = 2,233, 12.2%); of the arterial scans, n = 153 (0.8%) were ECG-triggered]. At our institution, we typically administer between 50 and 100 ml of contrast agent with flow rate between 2 and 5 ml/s depending on the specific scan protocol; this heterogeneity depended mainly on patients' weight and whether bolus tracking was used, for example in pulmonary-arterial phase. The thinnest soft tissue kernel of each exam was used for AIRad analysis (slice thickness = 0.6–1.0 mm, increment = 0.6 mm, resolution = 512 × 512 pixels).



Deep learning algorithm

AIRad measurements were performed by an in-house deployed prototype of AI-Rad Companion Chest CT (version 0.2.9.2, Siemens Healthineers, Forchheim, Germany). Its development was completely independent from this study, no scan analyzed in this study was used for training, validation or testing of AIRad. The underlying principle of AIRad was described elsewhere (10, 11, 14, 15). Briefly, it was trained on more than 10,000 data sets (CT data plus manual labeling of the six landmarks) for detection of aortic landmarks using deep reinforcement learning. Aortic segmentation was trained on more than 1,000 data sets (non-CE scans, different CE scans with and without ECG-triggering) using adversarial deep image-to-image network (14, 15). Training involved data sets from different vendors. AIRad fits a centerline into the segmented aorta which is followed by aortic diameter measurements according to the AHA guidelines (Figure 2) (4). At each location, the maximum in-plane diameter is reported. Visual output series are available in axial orientation as well as on a 3D volume rendering.


[image: Figure 2]
FIGURE 2
 Example case. AIRad produced visual outputs consisting of a sagittal view on the thoracic aorta (A) and a 3D volume rendering (B) with all measured locations (C1–C9). Furthermore, images of the measurements perpendicular to the centerline at each of the nine locations according to the AHA guidelines were also created, as seen in this example of an exam in pulmonary-arterial phase. AHA, American Heart Association.




Analysis workflow

The thinnest soft tissue kernel series per case was sent to the dedicated, on premise AIRad workstation which processed the cases one at a time. AIRad analyzed each case and reported the measurements for the locations as defined by the AHA (4). According to Mansour et al., we defined relevant dilatation as >45 mm for the proximal aorta (aortic sinus – AS, sinotubular junction – STJ, ascending aorta – AA, proximal arch – PA) and >40 mm for the distal aorta (mid arch – MA, distal arch – DA, mid descending aorta – MDA, distal descending aorta – DDA, and abdominal aorta - ABA); these cut-offs represent approximately an aneurysmatic dilatation per location according to the current AHA guidelines (4, 16).

After processing of all cases, a cardiovascular (CV) radiologist with 3 years' experience (MP) analyzed the measurement results regarding whether dilatation was found at least at one location for each case. If all measurements were below the respective cutoffs (classified as AIRad_negative), the case was counted as non-dilated and consistent with the radiologic report.

In case AIRad reported dilatation at least at one location (classified as AIRad_positive), all measurement locations of this case were reviewed in-detail by the radiologist using the visual output series. If dilatation was confirmed, the case was classified as true positive (TP). Otherwise, the case was counted as false positive (FP).



Statistics

Data was organized Python (Python Software Foundation, Wilmington, USA). R (R Foundation for Statistical Computing, Vienna, Austria) was used for statistical analysis.

Discrete and continuous variables were tested for normal distribution and compared using either the student's t-test or Mann–Whitney U-test. Categorial variables were compared using Chi-square or binominal tests.

Two multivariable logistic regression models (MLRM) were created: the first to determine characteristics associated with AIRad_positive vs. AIRad_negative. The second MLRM was set up to determine characteristics associated with true positive (TP, AIRad_positive and dilatation confirmed) vs. FP (AIRad_positive but dilatation not confirmed) classification. In the MLRM, reference levels for categories were: non-CE scans, male sex, ECG-triggering and the numerical value of the diameter for the locations. A p-value <0.05 was defined as statistically significant.




Results


Baseline data

18,243/19,659 exams (92.8%) with normal aortic diameters according to the radiology reports were successfully processed by AIRad. The mean age was 62.3 ± 15.9 years, 8,330 were from female patients (45.7%) and the mean BMI was 25.6 ± 5.4 kg/m2. 13,620 scans were chest CT while the remaining 4,983 covered chest and abdomen. Please see Table 1 for baseline characteristics.


TABLE 1 Baseline characteristics for the entire cohort.
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Classification by AIRad

AIRad classified 17,239 cases (94.5%) as non-dilatated. On opposite, 1,004 cases (5.5%) were AIRad_positive, indicating a discrepancy between AIRad report and radiology report (Table 2). Mean age in this AIRad_positive cohort was 68.2 ± 12.4 years, 868 were male (86.5%). Of those cases, the majority were non-CE scans (n = 598, 59.6%), followed by venous phase (n = 193, 19.2%) and pulmonary-arterial phase (n = 114, 11.4%). The primary locations at which AIRad reported dilatation were the AS (n = 556, 55.4%), AA (n = 414, 41.2%), and STJ (n = 196, 19.5%); in 303 cases dilatation was reported at more than one location. An overview of mean diameters per location can be found in Table 3.


TABLE 2 Reviewed cohort, differences between true positive and false positive cases.
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TABLE 3 Mean diameters per location in the true positive, false positive and non-dilated cohorts.
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Detailed review of discrepant cases

After in-detail review, dilatation was confirmed by the CV radiologists in 452 of 1,004 cases (45.0%) while assessment was FP in 552 cases (55.0%). Typical examples of TP and FP cases are shown in Figures 3, 4, respectively. In the TP subgroup, the mean diameter were high, especially at AA (44.63 ± 3.55 mm vs. FP subgroup: 42.78 ± 3.72 mm; Table 3). On opposite, the mean diameters for non-dilated cases were about 5–10 mm smaller.


[image: Figure 3]
FIGURE 3
 Examples of true positive cases. (A) This case shows dilatation of the AS (49 mm) in venous phase CT of a 57-year-old male patient detected by AIRad. (B) In this non-CE exam, dilatation of the AA (51 mm) was found in a 54-year-old male patient. (C) Similar to B but in pulmonary-arterial phase, AA dilatation (49 mm) in a 66-year-old male was revealed by AIRad. (D) Dilatation of the DA (41 mm) was identified by AIRad in a pulmonary-arterial phase CT of a 56-year-old female patient. AA, ascending aorta; AS, aortic sinus; CE, contrast enhanced; DA, distal arch.



[image: Figure 4]
FIGURE 4
 Examples of false positive cases. (A) Due to an error in centerline placement, the AS plane was tilted and falsely contoured, resulting in a false-high measurement in this pulmonary-arterial scan of a 93-year-old female patient. (B) In this non-CE scan of an 82-year-old female patient, the contouring at the AA location was too wide, resulting in a false-high measurement. (C) The CT in pulmonary-arterial phase of 75-year-old male patient showed an aberrant right subclavian arteria. This caused an error contouring the location of the DA, resulting in a false-high measurement. (D) The last two locations (DDA, ABA) in the pulmonary-arterial phase CT of an 85-year-old female patient were tilted caused by an erroneous centerline placement, resulting in a false-high measurement at DDA (42 mm). AA, ascending aorta; ABA, abdominal aorta; AS, aortic sinus; CE, contrast enhanced; DA, distal arch; DDA, distal descending aorta.


In univariable comparisons, revealed the following factors to be associated with TP classification: male patients (p < 0.001) with a higher BMI (p < 0.001), in CE scans [p < 0.001, especially pulmonary-arterial phase (p < 0.001)], ECG-triggered scans (p < 0.001), dilatation at STJ (p = 0.002) and at AA (p < 0.001) or if TAD was reported at more than one location (p < 0.001). On opposite, dilatation reported at MDA (p < 0.001) and ABA (p < 0.001) was more likely FP. See Table 2.

Overall, AIRad classified 97.0% of all cases (17,691/18,243) correctly.



Multivariable models
 
Characteristics of AIRad_positive vs. AIRad_negative prediction

Multivariable logistic regression models revealed that a higher BMI [Odds ratio (OR) = 1.09, p < 0.001], higher age (OR = 1.04, p < 0.001), and male sex (OR = 10.11, p < 0.001) were independently associated with AIRad_positive classification (Table 4). On opposite, a CE exam in arterial phase (OR = 0.31, p < 0.001), venous phase (OR = 0.43, p < 0.001) or pulmonary-arterial phase (OR = 0.40. p < 0.001) were independently associated with classification as AIRad_negative.


TABLE 4 MLRM Model 1 to differentiate between AIRad_positive vs. AIRad_negative.
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Characteristics of true positive classification

Based on the second MLRM, the following parameters were independently associated with a TP classification by AIRad: dilatation found at STJ (OR = 1.09, p = 0.002) or AA (OR = 1.12, p < 0.001), higher BMI (OR = 1.05, p = 0.01), male sex (OR = 2.36, p = 0.003), any CE exams [mixed contrast phase (OR = 3.07, p < 0.02), pulmonary-arterial phase (OR = 2.92, p < 0.001), and venous phase (OR = 2.48, p = 0.01)], and when dilatation was found at more than one location (OR = 1.42, p = 0.008; Table 5). Of note, a smaller AS diameter was also associated with higher likelihood of TP classification by the AIRad (OR = 0.94, p = 0.02).


TABLE 5 MLRM 2 to differentiate between true positive vs. false positive cases.
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Discussion

In this study, we evaluated the performance of AIRad as a secondary reading tool for detection of TAD in a large cohort of more than 18,000 scans with aortic diameters previously reported as normal in size and caliber. AIRad confirmed 17,239 scans as free of TAD and identified 452 scans with previously missed dilatation, resulting in correct assessment of 97% of all cases. Moreover, MLRM revealed that multiple parameters such as sex, BMI, CT contrast protocol, measurement location as well as number of reported TAD locations were independently associated with correct classification by AIRad.

Detection of TAD is important because it can lead to aortic dissection, rupture and death (17). In general, aortic aneurysms with diameters of >60 mm for the ascending or >70 mm for the descending aortic are associated with a rapid risk increase for a fatal outcome (18). Current guidelines therefore recommend that patients without high risk factors (such as Marfan Syndrome or bicuspid aortic valve) should undergo surgery if the aortic diameter is >55 mm; with risk factors present, the cut-off is even smaller (4). However, only few patients present with such enlarged aortas and since dilatation typically does not cause any symptoms, diagnosis tends to be incidental. In general, CT plays an important role in identifying patients with already dilatated aortas and diameter cut-offs are typically used to determine indication for follow-up imaging. These cut-offs were reduced over the years to currently 45 mm for the ascending and 40 mm for the descending aorta, respectively (16). They account for aortic growth rates between 0.1 and 0.2 mm/year (based on data from a large lung cancer screening cohort) and up to >1 mm/year in patients with underlying conditions (2, 19, 20). Therefore, patients with enlarged aortas should be identified and follow-up imaging for diameter assessment should be initiated.

Workload in the radiology department has dramatically increased over the past 15 years (9). In regards to TAD, a recent study suggested that the number of patients with TAD might actually be a lot higher than suspected (up to 40 times higher) which might lead to even more imaging studies (21). While DL-tools promise to assist radiologists, they actually add to the already increased workload (22). Recently, AIRad was successfully applied to ECG-triggered CT angiographies for the assessment of guideline-compliant, thoracic aortic diameters in small and moderate sized cohorts (up to few hundred exams) (10, 11). In this study, we extended AIRad application to a wider range of exams such as non-CE scans and also scans with different contrast phases. Overall, it correctly classified 17,691/18,243 (97%) of those exams with different protocols. In 1,004 of 18,243 cases, AIRad initially reported TAD of which 452 scans (45%) were confirmed by expert review. While the exact reason for missed diagnosis in these cases remains unknown, multiple types of errors for missed diagnosis are possible according to Kim and Mansfield (23): non-CE or e.g., pulmonary-arterial contrast phases imply that there was another, possibly urgent indication for these exams like infection or pulmonary embolism. This could have led to biases due to satisfaction of search, satisfaction of report and/or imaging technique. The candy-cane shape of the thoracic aorta was likely another source of error; diameter assessment and identification of dilatation at locations like the AS and STJ are more difficult due to their oblique position in regard to the standard multiplanar reformations. This is also relevant for parts of the aortic arch and can be considered an underreading error. Moreover, a technique error can in general be assumed when centerline analysis or double-oblique measurements were not used. This, however, is not feasible for every exam due to the time-consuming character of this task in the range of about 5 min per case (10). This time could potentially be saved using AIRad and highlights an advantage of an automatic DL tool for centerline-based aortic measurements which allows easy review via visual output series (24). While the number of TP findings was not high overall, about 2% of the whole cohort, this would have potentially influenced management of the 452 patients on an individual level, mainly by initiation of follow-up imaging. Therefore, we believe that future use of AIRad in chest CT could improve patient care.

AIRad's performance was further evaluated by MLRM: First, older, male patients with higher BMI were associated with higher likelihood of AIRad_positive classification while AIRad_negative classification was more likely in CE scans. More importantly, after in-detail review, the following factors were associated with correct, true positive classification: male sex, higher BMI, contrast protocol and location-specific characteristics. Men typically have larger aortic diameters than women and also a higher BMI (25, 26). These findings point to the general dilemma of absolute cut-offs which could be addressed by for example size or height adjusted diameter ratios with sex-specific adjustments in the future (27–29). Automatic diameter measurements could facilitate the implementation of such advancements.

Regarding contrast protocol, any type of contrast enhancement compared to non-CE scans was less likely to be labeled as AIRad_positive and also more likely to be TP after expert review. Assessment of the thoracic aorta is in general regarded to be easier after contrast administration for radiologists. This could partially explain why there were fewer cases labeled as AIRad_positive – they were less often missed in the radiology reports than in non-CE exams. However, AIRad still detected 228 CE scans which were TP after review; this highlights another advantage of a secondary reading by AIRad. In regards to non-CE exams, those represented the largest subgroup in our study with more than 5,900 scans total of which 598 were AIRad_positive. Of those 598 cases, 224 TP (37.5%) and 374 (62.5%) were FP after expert review, representing the lowest TP/FP ratio of all contrast subgroups. Diameter assessment in non-CE scans is generally more difficult for radiologists compared to CE scans. Our results suggest that this was true for AIRad as well. While the accuracy of AIRad in non-CE exams was lower compared to CE exams, it still detected 224 TP cases in non-CE exams. FP cases on the other hand could be easily identified by visual output series. In the future, re-training of AIRad with more non-CE training data could possibly hele improve its performance in non-CE exams.

The last important factor was related to TAD location. A larger diameter at STJ or AA was more likely associated with TP finding. This showed that our cohort had a high proportion of dilatation located in the proximal aorta which is the most common location of aortic dilatation in general (30). Interestingly, a smaller AS diameter was also associated with a TP finding. In fact, expert review revealed that TAD classification at the AS by AIRad was FP in more than half of all cases. A recent study performed aortic diameter measurements on non-CE scans using DL and a centerline approach and reported excellent results; but they excluded the locations of AS (and STJ) (31). However, this location is important since the aortic root (in combination of the ascending aorta) represent the primary sides of thoracic aortic aneurysms (30). As mentioned above, visual output series allow for easy assessment of TAD classification by AIRad. Lastly, the number of locations being classified as dilatated by AIRad was also independently associated with a TP finding. Radiologists probably missed those cases less often, therefore only few of these cases were included in our study, but AIRad still reliably detected those.

This is a retrospective, single-center study with limitations. All CT scans included were from one vendor, since AIRad was trained on CT data from multiple vendors, we believe that this should only have a minor effect on the results. Furthermore, a prototype version of AIRad was used in this study. This might explain failure to process 1,317/19,569 scans (6.7%), potentially because of erroneous landmark detection or segmentation which could be solved in future versions. The CT scans included in this study were preselected based on reported as normal aortic diameters; therefore, the study cohort does not represent the full spectrum of daily practice. We based this decision on the fact that we wanted to evaluate AIRad's performance as a secondary reading tool in a large number of scans and also non-ECG-triggered scans. But, this decision might limit the generalizability of our results. The ninth measurement location according to the AHA guidelines is in the abdominal aorta (at the level of the celiac trunk) which in general has lower diameter than the thoracic aorta. We still used the 40 mm cut-off since the DL tool was built to assess diameters in the thoracic aorta normal diameters in the descending aorta at the level of the diaphragm to not differ too much from that measurement location. Lastly, we did not systematically evaluate the more than 17,000 scans which were labeled AIRad_negative but considered them non-dilated. Overall, AIRad-based mean diameters in these cases were in accordance with previously reported normal ranges in a cohort in the same age range (25). However, we might have missed false negative cases with this approach. The immense effort required to verify all these cases and also our experience with AIRad being reliable in non-dilated cases was the basis for this decision.



Conclusion

AIRad was successfully applied as a secondary reading tool for the assessment of TAD in a large cohort of CT chest exam with varying scan protocols. It correctly assessed the presence or absence of TAD in 17,691 (97.0%) of cases, including 452 cases with previously missed TAD. Our result thereby suggest the potential of AIRad to support the workflow by increasing report quality and efficiency.
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Background: Robotic assistance (RA) in the harvesting of internal thoracic artery during minimally invasive direct coronary artery bypass grafting (MIDCAB) provides several potential benefits for surgeon and patient in comparison with conventional MIDCAB. The two technical options have not been thoroughly compared in the literature yet. We aimed to perform this in our cohort with the use of propensity-score matching (PSM).

Methods: This was a retrospective comparison of all consecutive patients undergoing conventional MIDCAB (2005–2021) and RA-MIDCAB (2018–2021) at our institution with the use of PSM with 27 preoperative covariates.

Results: Throughout the study period 603 patients underwent conventional and 132 patients underwent RA-MIDCAB. One hundred and thirty matched pairs were selected for further comparison. PSM successfully eliminated all preoperative differences. Patients after RA-MIDCAB had lower 24 h blood loss post-operatively (300 vs. 450 ml, p = 0.002). They had shorter artificial ventilation time (6 vs. 7 h, p = 0.018) and hospital stay (6 vs. 8 days, p < 0.001). There was no difference in the risk of perioperative complications, short-term and mid-term mortality between the groups.

Conclusions: RA-MIDCAB is an attractive alternative to conventional MIDCAB. It is associated with lower post-operative blood loss and potentially faster rehabilitation after surgery. The mortality and the risk of perioperative complications are comparable among the groups.

KEYWORDS
 coronary artery bypass grafting, minimally invasive surgery, robotic surgery, internal thoracic artery, MIDCAB


Introduction

Surgical myocardial revascularization remains the standard of care in selected patients with coronary artery disease (1–3). As firstly described by Benetti in 1994, a single bypass of LITA to LAD may be safely performed via small left-anterior thoracotomy without the use of cardiopulmonary bypass, i.e., the minimally invasive direct coronary artery bypass grafting (MIDCAB) (4). There is a robust evidence that MIDCAB provides excellent short- and long-term results not only in patients with single-vessel disease, but also as a part of hybrid strategy in combination with percutaneous interventions in patients with multi-vessel disease (5–7).

With an advancement of robotic surgical technologies, the MIDCAB has been increasingly performed with the robotic assistance during LITA harvest (RA-MIDCAB) or even as a totally endoscopic procedure (TECAB) (8, 9). This strategy has been repeatedly compared with standard full sternotomy approach yielding superior short-term results (10–12). With the use of current robotic surgical technology, RA-MIDCAB could provide several potential benefits.

In the conventional MIDCAB, the LITA is harvested under direct vision with the use of special retractor, often with a need of longer skin incision, with an adjacent risk of rib fracture and a limited graft length in the end. In the RA-MIDCAB, the LITA harvest is performed under perfect visual conditions. The telemanipulation allows the surgeon to be more flexible and harvest a longer graft than in conventional settings. The thoracotomy for the distal anastomosis is smaller, there is less damage to the rib cage, leading to eventually faster rehabilitation and lower complication rate. However, a relevant direct comparison of conventional MIDCAB with RA-MIDCAB using the current robotic technology has not been performed yet (13, 14).

MIDCAB has been performed at our department for 25 years now, and since 2005 we have systematically recorded the perioperative data into a computer database. In 2018, a program of robotic cardiac surgery was initiated at our institution, RA-MIDCAB being the most important and the most frequent robotic procedure performed. In this analysis we aimed to provide a direct comparison of the two abovementioned techniques in terms of perioperative outcomes and long-term post-operative survival with the use of propensity-score matching to adjust for eventual confounders.



Materials and methods

This was a retrospective observational single-center study. All consecutive patients undergoing MIDCAB (since 2005) and RA-MIDCAB (since 2018) were included in the study. The learning curve was included. The perioperative data were extracted from patient in-hospital records and the long-term data on survival were provided by the Institute of health information and statistics of the Czech Republic. The closing date for patient inclusion and follow-up in both groups was December 31st, 2021. While the observed long-term outcomes were taken only from the compulsory national registry, we considered the follow-up 100% complete. The study was approved by institutional ethics committee (Ethics Committee at the University Hospital Hradec Kralove, Reference Number: 202202 P03). The patient informed consent was waived. The data underlying this study will be shared upon a reasonable request to the corresponding author. The study flowchart is visualized in Figure 1.


[image: Figure 1]
FIGURE 1
 Study flowchart. MIDCAB, minimally invasive direct coronary artery bypass grafting.



Surgical technique

All patients were prepared in a supine position with their left chest elevated by ~30 degrees. After routine general anesthesia induction, a double-lumen endotracheal tube or bronchial blocker was used to decompress the left lung.


Conventional MIDCAB

A short (7–10 cm) left anterior thoracotomy was made at the fourth intercostal space. Care was taken to avoid injury of the mammary tissue while exposing the operative field. The LITA was harvested completely under direct vision with the help of specialized retractors. A rib spreader was inserted and the pericardium was incised. The target vessel was identified. The anastomosis of the LITA to LAD was performed through the incision with off-pump technique using standard stabilization devices (various brands have been used over the years, not recorded in our database).



RA-MIDCAB

The surgery started with an introduction of 3 ports in the anterior axillary line in the second, fourth, and sixth intercostal space and the da Vinci Xi robot system (Intuitive Surgical, Inc., Sunnyvale, CA, USA) was docked. A camera and 2 lateral arms with surgical instruments were introduced into the left pleural cavity. The LITA was harvested under continuous CO2 insufflation. The full length of LITA graft was harvested using both the low energy monopolar electrocautery spatula and the bipolar cautery forceps applied to the side branches. The LITA was harvested in a semi-skeletonized fashion with accompanying veins. Under endoscopic control, pericardial fat was removed, LAD was found and optimal anastomotic site was identified. An appropriate intercostal space for the construction of anastomosis was determined using a needle inserted through the chest wall. A minithoracotomy (5–6 cm) was performed. The off-pump anastomosis of LITA to LAD was performed on the beating heart under direct vision with the aid of suction stabilizer (Octopus Nuvo Tissue Stabilizer, Medtronic, Minneapolis, USA).




Statistical analysis

All statistical analyses were performed with R (The R Foundation for Statistical Computing, Vienna, Austria, version 4.0.3) in RStudio (RStudio, Inc., Version 1.2.5042). The baseline characteristics of the two cohorts were compared with Wilcoxon rank sum test for continuous variables or with the two-tailed Fisher's exact test or Pearson's Chi-squared test for categorical variables. In Fisher's test for tables larger than 2 × 2 p-value was simulated using the Monte Carlo simulation, in 2 × 2 tables the exact p-value is reported. Multiple comparison correction was carried out using the Bonferroni correction.

Propensity score matching was performed with the MatchIt package version 4.0.0. The input covariates were the baseline characteristics of the cohorts and preoperative findings, total counts of covariates: sex, age, BMI, diabetes, hypertension, smoking status, renal failure, creatinine, dyslipidemia, heart rhythm, cerebral atherosclerosis (radiologically proven), peripheral atherosclerosis (radiologically proven), chronic obstructive pulmonary disease, history of stroke, Canadian Cardiovascular Society (CCS) angina class, New York Heart Association (NYHA) dyspnea class, history of infarction, previous cardiac surgery, history of percutaneous intervention, left-ventricular ejection fraction, severe heart valve disease, need of intravenous nitrates preoperatively, need of intravenous inotropes preoperatively, aspirin intake, intake of other antiaggregants, anticoagulants intake, and urgency of surgery.

Missing data were detected in the following covariates: hypertension, CCS class, NYHA class, previous cardiac surgery. The missingness of data was considered to be random and the amount of missing data was very low. Thus, cases containing missing data were removed before propensity matching and only complete cases were used for the analysis. The method used for matching was 1:1 matching of nearest neighbors without replacement. The outcomes of the treatment in the propensity score-matched cohorts were estimated using the two-tailed Mann–Whitney U-test for continuous variables or with the two-tailed Fisher's exact test or Pearson's Chi-squared test for categorical variables as described above, both with the Bonferroni correction. In all analyses, two-tailed p-values <0.05 were considered statistically significant.

The Kaplan-Meier survival analysis was performed using the R packages survival version 3.2-7 and survminer version 0.4.8. Statistical significance of differences between survival curves was determined with log-rank test. The survival estimates at pre-specified time-points were calculated together with their 95% confidence intervals (CI).




Results

Throughout the study period, 603 patients underwent conventional MIDCAB and 132 patients underwent RA-MIDCAB at our institution (see Figure 1). Six patients (4 from MIDCAB group and 2 from RA-MIDCAB group) were excluded from the study pre-analysis due to incomplete dataset. Using the propensity-score matching, 130 pairs were found and compared. The matching successfully eliminated all preoperative differences between the groups (see Table 1). There was no 30-day or in-hospital post-operative mortality in either group post-matching. We observed no difference in the operation times between the groups despite including the learning curve of RA-MIDCAB. There were two conversions to median sternotomy in conventional group. The reason for conversion was extreme obesity in first patient, and right ventricular injury in second. In RA group there was a single conversion to median sternotomy due to right ventricular injury.


TABLE 1 Preoperative cohort characteristics pre- and post-matching.
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There was no difference in the incidence of perioperative complications among the groups (see Table 2). The RA-MIDCAB group had significantly lower 24-h post-operative blood loss, shorter artificial ventilation time and shorter length of hospital stay.


TABLE 2 Perioperative results pre- and post-matching.
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The average post-operative follow-up was 5.6 years in conventional group (up to 15.8 years), and 1.5 years in RA group (up to 3.5 years). There was no difference in all-cause mid-term post-operative mortality among the groups (p = 0.14, see Figure 2). The estimated survival according to Kaplan-Meier analysis was 93.5% (CI 89.2–98.0%) at 2 years, 90.4% (CI 85.0–96.0%) at 5 years and 72.7% (CI 62.0–85.2%) at 10 years post-operatively in the MIDCAB group. For the RA-MIDCAB group, only 2-year estimate was performed and was 97.9% (CI 95.0–100.0%).
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FIGURE 2
 Kaplan-Meier survival analysis of the conventional and robotic MIDCAB groups.




Discussion

Despite constant skepticism in the overall surgical community, a rising number of robotic cardiac surgeries and participating centers has been observed since 2015 (15). The technical development of robotic surgery now provides excellent three-dimensional visualization together with enhanced dexterity of robotic arms, being able to perform whole spectrum of procedures: LITA harvest and total robotic revascularization, complex mitral and tricuspid valve surgery, cardiac tumor resections and others (15). The program of robotic cardiac surgery was initiated in 2018 at our department. It has become a part of our long-established minimally invasive cardiac surgery program (MIDCAB since 1997 and minimally invasive mitral and tricuspid valve surgery since 2012). The RA-MIDCAB using the Da Vinci Xi Surgical system (Intuitive, Sunnyvale, CA, USA) has overtaken many of the indications previously referred for conventional MIDCAB which has been a standard of care for 25 years in a selected patient cohort either with single-vessel LAD disease, as a part of hybrid treatment, or even as a palliative revascularization in polymorbid patients with multi-vessel disease.

Although conventional, non-robotic, MIDCAB represents feasible alternative to sternotomy, robotic technique provides high-definition exposure and 3-dimentional telemanipulation that further minimizes the access trauma of the LITA harvest by avoiding larger incision and eliminating rib spreading, dislocation, and fractures. As compared with conventional MIDCAB, the length of the graft is usually longer with the robotic harvesting technology as long as a better access to the proximal and distal part of the graft is facilitated. Robotic telemanipulation allows removal of the pericardial fat, localization of the LAD, and determination of anatomic suitability for minimally invasive approach, as well as optimal intercostal space determination. In addition, RA-MIDCAB can be used for bilateral mammary artery revascularization, a potential benefit in young patients.

To our knowledge, there is no relevant comparison of the two abovementioned techniques in the pertinent literature. Gong et al. compared the conventional MIDCAB with RA-MIDCAB, probably using an older version of da Vinci system (not specified in the article, we assume this due to the fact that study period ended in 2014 when da Vinci Xi was introduced) (13). The outcomes favored RA-MIDCAB with regard to the shorter intensive care unit (ICU) and hospital stay, faster extubation and lower rate of major adverse events in the mid-term despite marginally longer operative duration. However, the data was analyzed retrospectively without any statistical adjustment and could have been biased. Sabashnikov et al. retrospectively compared conventional MIDCAB with RA-MIDCAB and endoscopically assisted MIDCAB adjusted by the propensity score matching (14). With the use of Zeus surgical system (Computer Motion, US) they reported RA-MIDCAB to have the longest operation times. Conventional and RA-MIDCAB had comparable mid-term incidence of angina and major adverse events, which was, however, significantly higher than the endoscopic group. Our study is to date the first to compare conventional MIDCAB with RA-MIDCAB using the newest generation of surgical robotic technology and with proper statistical adjustment to minimize the risk of bias. With regard to a justified suspicion that the “low risk” patients would be forwarded to the RA group, we performed the propensity score matching using a wide scale of preoperative characteristics to select the best match from both consecutive cohorts for the comparison.

Firstly, and most importantly, we report no short-term post-operative mortality in any of the study groups. This is in accordance with the outcomes of conventional MIDCAB from experienced centers (5, 6) as well as with the outcomes of robotic procedures presented by others (13, 16, 17) where the perioperative mortality was consistently below 1%. Similarly, the risk of all post-operative complications was low and equal in both groups.

In discordance with previous evidence, we did not observe longer operation times in the RA group despite including the learning curve. This could be explained by a sophisticated high-quality virtual and dry/wet lab training of the team that must be completed before the start of the robotic program, followed by a support of experienced mentor physically present in the operating room during the first few cases (8, 9).

Interestingly we recorded a lower 24-h post-operative blood loss in the RA group than in the conventional group. This could be explained by three facts: (i) detailed visualization of the LITA harvest leading to a higher comfort during the harvest and securing the side-branches with better precision; (ii) better bleeding control from the LITA bed after taking the vessel down; (iii) smaller skin incision and minimal need for rib spreading required for the distal anastomosis. This evidence could support the choice of RA-MIDCAB over conventional MIDCAB from the technical point of view. On the other hand, the lower blood loss was not clinically significant as it did not lead to a higher risk of re-exploration for bleeding or a higher need for blood transfusions. These were generally low and comparable to the outcomes reported by others (16, 18).

The robotic technology has been long questioned due to higher procedural costs than conventional surgery (19). However, there is some evidence suggesting that the overall treatment costs could be comparable thanks to lower complication rate and shorter length of stay in the ICU and in hospital (10–12, 20, 21). It must be stressed that this evidence stems from the comparison of robotic surgery with full sternotomy approach. In our study, nevertheless, we observed a shorter artificial ventilation time and hospital stay in RA group compared with the technique that is already considered minimally invasive. This could be partially explained by a higher interest toward “fast track” in this group, which could not be eliminated by statistical adjustment. As suggested by Bonatti et al. (22), another objective measures of the speed of recovery in the first post-operative weeks should be addressed in order to better analyze this (such as time needed to return to work, objective exercise tolerance testing etc.). Moreover, future prospective randomized trials with strict criteria for extubation, transfer from the ICU and ideally a fast-track course keeping the principles of the enhanced recovery after surgery (23) may provide us with better insight into post-operative patient reconvalescence.

The long-term post-operative survival in the MIDCAB group (90.4%) was similar to that of Davierwalla et al. (88%) or Reposini et al. (87%) at the 5-year timepoint (6, 7). At the 10-year timepoint, the survival of our group (72.7%) decreased significantly in comparison to the outcomes of Davierwalla et al. (77.7%) or Reposini et al. (84.3%). This significant difference in outcomes could not be explained only by eventual lower life expectancy in Czech Republic than in Germany or Italy. Although the patient's age at the time of surgery was similar in all mentioned analyses [64 in our cohort vs. 64.5 (Davierwalla et al.) vs. 71 years (Reposini et al.)], our cohort yielded a significantly higher proportion of patients with diabetes (33.3 vs. 22.8 vs. 26.1%), history of myocardial infarction (48 vs. 23.8 vs. 5.8%) or previous PCI (35 vs. 21.5 vs. 4.3%), thus suggesting a generally worse long-term prognosis. The analysis of mid-term post-operative survival was obviously limited with regard to the RA group. At this state, the outcomes did not suggest any significant difference among the groups and we assume that the survival will remain comparable to that of conventional MIDCAB.

For less-invasive revascularization options to become widely adopted, both clinical and angiographic outcomes should be comparable to conventional sternotomy approach. Definitive conclusions are not possible without post-operative angiography data, which were unavailable in this retrospective study. However, some studies report excellent patency results. Giambruno et al. published their experience involving patients who underwent RA-MIDCAB procedure with post-procedural graft patency assessment (16). The patency rate of LITA to LAD anastomoses, according to angiography, was 97.4%. Similar results were reported by Halkos et al. with reported 95% LITA patency in patients at the time of discharge after RA-MIDCAB procedure (24). In addition to clinical and surgical benefits, RA-MIDCAB does not compromise the excellent graft patency.


Limitations

The most important limitation while interpreting the outcomes is the retrospective nature of the study. Despite our maximum effort toward the adjustment of preoperative valuables with propensity-score matching, it is associated with an inherent risk of bias, as for the preoperative patient selection, as for the post-operative patient care.

In this retrospective study we were unable to objectively assess post-operative pain. No strict pain management protocol was utilized in daily routine and a wide scale of additional local/regional infiltration anesthesia strategies have been used over the years.

Finally, the MIDCAB patients were operated over a 15-year period and the RA-MIDCAB patients underwent the surgery mostly in the last 3 years. A constant improvement in perioperative care could eventually lead to relatively worse outcomes of conventional MIDCAB group. Therefore, a shorter artificial ventilation time and hospital stay must be reported with caution. On the other hand, the post-operative blood loss could only hardly be influenced by the recent improvement in perioperative care. We decided to not include the year of surgery as a covariate in the matching for a single reason: most of the patients previously referred for MIDCAB underwent the RA alternative in the last years and the matching could lead to some hidden and unwanted bias in favor of RA-MIDCAB. Moreover, the mortality and the risk of whole spectrum of perioperative complications were generally very low and acceptable in both groups despite the evident limitations.




Conclusion

The RA-MIDCAB is safe, feasible and attractive alternative to the conventional MIDCAB. It provides the surgeon more comfort during the LITA harvest, it is associated with lower post-operative blood loss and eventually faster rehabilitation after surgery. The risk of death and other post-operative complications is generally very low and comparable in both surgical techniques.
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Background: Emerging evidence among adolescents suggests that arterial stiffness temporally precedes elevated blood pressure/hypertension in the casual pathway. It remains unknown whether insulin resistance and body composition mediate this relationship. Therefore, we examined the mediating role of total fat mass, lean mass, and insulin resistance in the association between arterial stiffness and blood pressure among adolescents.

Materials and methods: We studied 3,764 participants, aged 17 years from the Avon Longitudinal Study of Parents and Children (ALSPAC) United Kingdom birth cohort. Arterial stiffness accessed with Vicorder device measured carotid-femoral pulse wave velocity (cfPWV), body composition was measured by dual-energy Xray Absorptiometry, blood pressure by Omron device, and homeostatic model assessment of insulin resistance (HOMA-IR) was computed. Data were analysed with structural equation models mediation path analyses and adjusted for cardiometabolic and lifestyle factors.

Results: Among 1,678 [44.6%] male and 2,086 [55.4%] female participants, higher cfPWV was directly and independently associated with higher systolic and diastolic blood pressure, irrespective of the mediator [Standardized regression coefficient (β) = 0.248–0.370, p for all = 0.002]. Lean mass [β = 0.010; p = 0.026; 3.3% mediation] and HOMA-IR [β = 0.004; p = 0.033; 1.1% mediation] but not total fat mass [β < 0.0001; p = 0.615; 0% mediation] partly mediated the association of cfPWV with systolic blood pressure after full adjustments. Similarly, lean mass [β = –0.004; p = 0.021; 1.4% mediation] and HOMA-IR [β = 0.007; p = 0.039; 2.8% mediation] but not total fat mass [β = –0.002; p = 0.665; 0.7% mediation] partly mediated the association of cfPWV with diastolic blood pressure.

Conclusion: Attenuating insulin resistance may be a potentially valuable strategy in lowering higher blood pressure precipitated by higher arterial stiffness.
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Introduction

The prevalence of elevated blood pressure and hypertension in youth remains high despite interventions targeted at decreasing the global burden (1–4). It has been established among adults that elevated blood pressure and hypertension may be caused by arterial stiffness (5, 6). Recently, this evidence was confirmed in a prospective study conducted among adolescents and young adults (1). In addition, arterial stiffness appears to temporally precede insulin resistance whereas higher arterial stiffness bi-directionally associate with higher fat mass and lean mass (1, 7).

The prevention of elevated blood pressure and hypertension requires further understanding of the mechanistic path through which causative factors such as arterial stiffness exert their influence (1, 4, 6–9). Clinical trials to lower arterial stiffness in order to decrease elevated blood pressure and hypertension have recorded limited success, likely due to the small sample size (6, 10). Since arterial stiffness causally associate with insulin resistance, fat mass, lean mass, and elevated pressure, it remains unknown whether insulin resistance and body composition mediate the effect of arterial stiffness on elevated blood pressure in youth. Therefore, we examined the mediating role of body composition and insulin resistance on the association of arterial stiffness with blood pressure among adolescents using data from the ALSPAC (Avon Longitudinal Study of Parents and Children) birth cohort, England, United Kingdom.



Materials and methods


Study cohort

Data were from the ALSPAC birth cohort, which investigates factors that influence childhood development and growth. Altogether, 14,541 pregnancies from women residing in Avon, southwestern England, United Kingdom, who had a total of 14,676 fetuses, were enrolled between April 1, 1991, and December 31, 1992. When the oldest children were approximately 7 years of age, an attempt was made to bolster the initial sample with eligible cases who had failed to join the study originally resulting in 913 additional pregnancies. The total sample size for analyses using any data collected after 7 years of age is 15,454 pregnancies, resulting in 15,589 fetuses. Of these 14,901 were alive at 1 year of age. Regular clinic visits of the children commenced at 7 years of age and are still ongoing. For our analysis, we included participants who had complete fat mass, lean mass, blood pressure, and carotid-femoral pulse wave velocity (cfPWV) measurements at the age 17-year clinic visit. The demographic characteristics of excluded participants were similar to those included in this study as reported earlier (1). Ethical approval for the study was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees. Informed consent for the use of data collected via questionnaires and clinics was obtained from participants following the recommendations of the ALSPAC Ethics and Law Committee at the time (11–13). Consent for biological samples has been collected in accordance with the Human Tissue Act (2004).



Anthropometry and body composition

Anthropometry (height and weight) at 17 years of age was assessed using a stadiometer (SECA 213, Birmingham, United Kingdom) and body mass (kilogram) using electronic weighing scales (Marsden M-110, Rotherham, United Kingdom) (1, 7). Body composition (total fat mass and lean mass) was assessed using a dual-energy Xray absorptiometry (GE Medical Systems, Madison, WI, United States) scanner as earlier described (1, 7). We calculated body mass index by dividing weight by squared height.



Vascular phenotype

At age 17-year clinic visit, cfPWV arterial measure was recorded three times. A cuff was placed over the right carotid artery in the participant’s neck, while another was located over the femoral artery in their upper right thigh. The distance between the participant’s suprasternal notch and the top of the thigh cuff was measured, as was the distance between their suprasternal notch and the bottom of the neck cuff on the right side. cfPWV and transit time to the nearest 0.01 ms were automatically computed from measurements of pulse transit time and distance traveled by the pulse between two recording sites using Vicorder (Skidmore Medical, Bristol, United Kingdom) portable physiologic vascular testing equipment. All measurements were taken independently by one of two trained vascular technicians (inter-observer mean difference 0⋅2 m/s, SD 0⋅1) (1, 7).



Cardiometabolic and lifestyle factors

Heart rate, systolic and diastolic blood pressure were measured at 17 years of age. Blood pressure was measured twice while the participants were at rest using the appropriate cuff size for the upper arm circumference, and the mean of each was recorded. Blood pressure was measured in the seated position using an Omron 705-IT at the 17-years of age clinic visit (1, 7). Using standard protocols, fasting blood samples at ages 17 years were collected, spun, and frozen at –80°C, and a detailed assessment of glucose, insulin, high sensitivity C-reactive protein, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides, has been reported (coefficient of variation was < 5%) (1, 7). Specifically, fasting insulin was measured using an ultrasensitive automated microparticle enzyme immunoassay (Mercodia), which does not cross-react with proinsulin. The sensitivity of the immunoassay was 0.07 mU/L. We calculated the homeostatic model assessment of insulin resistance (HOMA-IR) from (fasting plasma insulin x fasting plasma glucose/22.5) (14).

A questionnaire to assess smoking behavior was administered at the 17-year clinic visit. The participants were asked whether they smoked in the last 30 days, smoked a whole cigarette, smoked every day, their frequency of use, etc. Moreover, participants were briefly asked about their personal and family (mother, father, and siblings) medical history such as a history of hypertension, diabetes, high cholesterol, and vascular disease. Moderate to vigorous physical activity at ages 15.5 years was assessed with ActiGraphTM accelerometer worn for 7 days. Moderate to vigorous physical activity cut point was > 2,296 counts per minute (15).



Statistical analysis

Participants’ descriptive characteristics were summarized as means and standard deviation, medians and interquartile ranges, or frequencies and percentages. We explored sex differences using Independent t-tests, Mann Whitney-U tests, or Chi-square tests for normally distributed, skewed or dichotomous variables, respectively. We assessed the normality of variables by histogram curve. We conducted a logarithmic transformation of skewed variables and confirmed normality prior to further analysis.

We used structural equation model mediating path analyses to examine the separate mediating role of total fat mass, lean mass, and insulin resistance in the associations of cfPWV, with each systolic and diastolic blood pressure. Analyses were adjusted for age, sex, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglyceride, high-sensitivity C-reactive protein, family history of hypertension and cardiovascular diseases, smoking status, heart rate, and insulin, total fat mass or lean mass depending on the mediator. The path models had three equations per regression analysis: the association of cfPWV with total fat mass, lean mass, or HOMA-IR (Equation 1); the association of total fat mass, lean mass, or HOMA-IR with systolic and diastolic blood pressure (Equation 2); and the association of cfPWV with systolic and diastolic blood pressure (Equation 3), and Equation 3’ accounted for the mediating role of fat mass, lean mass or HOMA-IR. The proportion of mediating roles was estimated as the ratio of the difference between Equation 3 and Equation 3’ or the multiplication of Equations 1 and 2 divided by Equation 3 and expressed in percentage. A mediating or indirect role is confirmed when there are statistically significant associations between (a) the predictor and mediator, (b) the predictor and outcome, (c) the mediator and outcome, and when (d) the association between the predictor and outcome variable was attenuated upon inclusion of the mediator (16, 17). Path analyses were conducted with 1,000 bootstrapped samples.

All covariates were selected based on previous studies (1, 4, 7, 17, 18). We excluded pubertal status/somatic maturation from the model because all participants had reached adult-like maturity status by 17 years of age. We considered differences and associations with a 2-sided p-value < 0.05 as statistically significant and made conclusions based on standardized regression coefficients and p-value. Missing data were accounted for using regression imputations within the structural equation model prior to mediation analysis. Studies involving four thousand ALSPAC children with 0.8 statistical power, 0.05 alpha, and 2-sided p-value would show a minimum detectable effect size of 0.049 standard deviations if they had relevant exposure to a normally distributed quantitative variable (19). All descriptive statistical analyses were performed using SPSS statistics software, Version 27.0 (IBM Corp, Armonk, NY, United States), and structural equation modeling mediating path analyses were conducted using IBM AMOS version 27.0.




Results


Cohort study characteristics

In the ALSPAC birth cohort, 14,901 children were alive at 1 year of age, of whom 5,217 adolescents participated in the follow-up clinic visit. Altogether 3,764 participants who had complete total fat mass, lean mass, blood pressure, and cfPWV measurements at 17 years of age were included in the present study. Females had a lower height, weight, lean mass, systolic blood pressure, and cfPWV but higher body mass index and total fat mass than males. Other participants’ characteristics are shown in Table 1.


TABLE 1    Descriptive characteristics of cohort participants.

[image: Table 1]



Mediating role of total fat mass, lean mass, and insulin resistance on the associations of carotid-femoral pulse wave velocity with systolic and diastolic blood pressure

After adjusting for cardiometabolic and lifestyle factors, total fat mass had no mediating role in the associations of arterial stiffness with systolic and diastolic blood pressure (Figures 1A,B). Lean mass mildly mediated the associations of arterial stiffness with systolic blood pressure and diastolic blood pressure (Figures 2A,B). Insulin resistance had a mild mediating effect on the relationships of arterial stiffness with systolic and diastolic blood pressure (Figures 3A,B).


[image: image]

FIGURE 1
Mediating role of fat mass on the associations of arterial stiffness with systolic blood pressure (A) and diastolic blood pressure (B). Mediating path analyses were adjusted for age, sex, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglyceride, high-sensitivity C reactive protein, family history of hypertension and cardiovascular diseases, smoking status, heart rate, insulin, and lean mass. BP, blood pressure; cfPWV, carotid-femoral pulse wave velocity.
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FIGURE 2
Mediating role of lean mass on the associations of arterial stiffness with systolic blood pressure (A) and diastolic blood pressure (B). Mediating path analyses were adjusted for age, sex, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglyceride, high-sensitivity C reactive protein, family history of hypertension and cardiovascular diseases, smoking status, heart rate, insulin, and fat mass. BP, blood pressure; cfPWV, carotid-femoral pulse wave velocity.
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FIGURE 3
Mediating role of insulin resistance on the associations of arterial stiffness with systolic blood pressure (A) and diastolic blood pressure (B). Mediating path analyses were adjusted for age, sex, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triglyceride, high-sensitivity C reactive protein, family history of hypertension and cardiovascular diseases, smoking status, heart rate, fat mass, and lean mass. BP, blood pressure; cfPWV, carotid-femoral pulse wave velocity; HOMA-IR, homeostatic model assessment of insulin resistance.





Discussion

In a large cohort of apparently healthy adolescents, we present novel findings on the mediating role of body composition and insulin resistance in the associations of arterial stiffness with systolic and diastolic blood pressure. We observed that insulin resistance and lean mass but not fat mass mildly moderated the relationship between higher arterial stiffness and higher blood pressure. These findings suggest that arterial stiffness may influence blood pressure via a higher insulin resistance pathway, rather than an increased fat mass path.

Recent evidence among adolescents and previous reports among adults concluded that arterial stiffness may temporally cause elevated blood pressure and hypertension (1, 5, 6, 8). Interventions to reverse or prevent arterial stiffness in order to lower blood pressure have been limited (10), necessitating further studies on ways to understand the pathological influence of arterial stiffness. The role of obesity or higher fat mass in increasing blood pressure and arterial stiffness has been well-documented in the pediatric population (20–24). However, we observe that arterial stiffness may not exact its influence on blood pressure through a fat mass pathway. Arterial stiffness is bi-directionally associated with fat mass which means that higher fat mass predicts higher arterial stiffness (1, 22) and vice versa (1). It is plausible that higher fat mass increases the likelihood of higher arterial stiffness which in turn directly increases blood pressure (6, 25). Nonetheless, an increase in blood pressure mainly due to a higher arterial stiffness may not be reversed simply by reducing fat mass, particularly among adolescents who are mainly normal weight. Our findings may differ among adolescents who are overweight and obese where higher fat mass may predispose to higher arterial stiffness and subsequently higher blood pressure (25, 26). Controlling for lipids, smoking status, and other cardiometabolic and lifestyle covariates might have dampened the mediating role of fat mass in the relationship between arterial stiffness and blood pressure. These covariates were independently associated with both arterial stiffness and blood pressure in adolescents (6, 25, 26). Further studies are warranted to investigate whether the possible effect of fat mass in the relationship between arterial stiffness and blood pressure could exist via a lipid mediating pathway.

Lean mass appears to have a mild mediating role in the association of arterial stiffness and blood pressure. Higher lean mass has been associated with higher arterial stiffness and blood pressure in adolescents (1, 27, 28). Higher lean mass mediating role may be related to an increase in stroke volume and cardiac output in response to cardiovascular system adaptation (1, 27). Higher arterial stiffness may also trigger increased angiogenesis which may lead to increased muscle growth and higher blood volume, thus raising the blood pressure in adolescents (1). However, among adults lower lean or muscle mass has been associated with higher arterial stiffness (29). Taken together, higher arterial stiffness may lead to higher lean mass which in turn may result in higher blood pressure among healthy adolescents, reflecting a physiologic rather than a pathologic process. Our findings suggest that higher arterial stiffness may elicit an indirect physiologic response via increased lean mass resulting in elevated blood pressure.

We observed that insulin resistance partly mediated the relationship between higher arterial stiffness and increased blood pressure. Recently, it was shown that arterial stiffness in adolescence may be a precursor of insulin resistance in young adulthood (7). Similarly, the present mediation analysis revealed that higher arterial stiffness as a predictor was associated with higher insulin resistance as an outcome among adolescents. We also found that higher insulin resistance was associated with higher systolic and diastolic blood pressure independent of fat mass, cardiometabolic, and lifestyle factors. The relationship between higher insulin resistance and higher blood pressure independent of obesity has been reported earlier among adolescents (30). Several mechanisms have been proposed linking insulin resistance to elevated blood pressure such as excess circulating insulin increasing renal sodium absorption (31), increased sympathetic nervous system activity (32), and vascular smooth muscle proliferation (33). However, our findings suggest a plausible additional mechanism where higher arterial stiffness leads to higher insulin resistance which later culminates in increased blood pressure. Arterial stiffness attenuates and impedes blood flow to high-flow, low-resistance organs such as the liver and pancreas, which creates a cascade of events such as insulin resistance, hyperinsulinemia, and subsequently elevated blood pressure (6, 7, 34). This arterial stiffness-insulin resistance-blood pressure path may explain approximately three percent of the associations between arterial stiffness and blood pressure, especially in healthy adolescents. The mediating role of insulin resistance may likely be much higher among adolescents at high cardiometabolic risks, but further studies are warranted.

The strengths of this study include the use of dual-energy Xray absorptiometry-derived body composition measures, in contrast to body mass index adiposity measure. Extensively phenotyped birth cohort with several objective assessments of cardiometabolic and lifestyle factors. A gold-standard measure of arterial stiffness (6, 34) and a very large adolescent population who were apparently healthy. The application of advanced statistical tools, such as mediation path analysis offers some causal explanation but the quality of the evidence would have been higher if the analysis were prospective rather than cross-sectional. Nonetheless, clinical trials are the gold standard for inferring causality. Other limitations of our study include few participants with diagnosed diseases which underpower any analysis examining the hypothesis in a diseased sub-group. Our participants were mostly Caucasian; thus, our findings may not be generalizable to other racial groups. We could not exclude the possibility of residual confounding of other unmeasured variables, such as dietary factors, but metabolic indices are often correlated with the dietary pattern. The blood pressure assessment may vary depending on the time of the day it was collected. We could not control for the specific time in the day when blood pressure was assessed because the data was not available, but error terms were included in the analyses to account for variability.



Conclusion

In adolescents, total fat mass did not mediate the association of arterial stiffness with increasing systolic and diastolic blood pressure. Lean mass and insulin resistance had a mild mediating role in the association of higher arterial stiffness with higher blood pressure. Therefore, attenuating insulin resistance may be a potentially valuable strategy in lowering higher blood pressure precipitated by higher arterial stiffness. Intervention studies targeted at lowering insulin resistance are warranted in the adolescent population.



Data availability statement

The datasets presented in this article are not readily available because the informed consent obtained from ALSPAC participants does not allow the data to be made freely available through any third-party maintained public repository. However, data used for this submission can be made available on request to the ALSPAC Executive. The ALSPAC data management plan describes in detail the policy regarding data sharing, which is through a system of managed open access. Full instructions for applying for data access can be found here: http://www.bristol.ac.uk/alspac/researchers/access/. The ALSPAC study website contains details of all the data that are available (http://www.bristol.ac.uk/alspac/researchers/our-data/).



Ethics statement

The studies involving human participants were reviewed and approved by Avon Longitudinal Study of Parents and Children Ethics and Law Committee and the Local Research Ethics Committees, University of Bristol, United Kingdom. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author contributions

AA had full access to all the data in the study, took responsibility for the integrity of the data and the accuracy of the data analysis, did concept and design, acquisition, analysis, or interpretation of data, drafting of the manuscript, critical revision of the manuscript for important intellectual content, statistical analysis, obtained funding, and approved the submitted version.



Funding

The United Kingdom Medical Research Council and Wellcome (Grant ref: 217065/Z/19/Z) and the University of Bristol provided core support for ALSPAC. Comprehensive list of grants funding was available on the ALSPAC website (http://www.bristol.ac.uk/alspac/external/documents/grant-acknowledgements.pdf). AA’s research group (UndeRstanding FITness and Cardiometabolic Health In Little Darlings: urFIT-child) was funded by the Jenny and Antti Wihuri Foundation (Grant no: 00180006), the North Savo regional and central Finnish Cultural Foundation (Grants nos: 65191835 and 00200150), the Orion Research Foundation sr, the Aarne Koskelo Foundation, the Antti and Tyyne Soininen Foundation, the Paulo Foundation, the Paavo Nurmi Foundation, the Yrjö Jahnsson Foundation (Grant no: 20217390), and the Finnish Foundation for Cardiovascular Research (Grant no: 220021). The funders had no role in the design and conduct of the study, collection, management, analysis, and interpretation of the data, preparation, review, or approval of the manuscript, and decision to submit the manuscript for publication.



Acknowledgments

The author is extremely grateful to all the families who took part in this study, the midwives for their help in recruiting them, and the whole ALSPAC team, which includes interviewers, computer and laboratory technicians, clerical workers, research scientists, volunteers, managers, receptionists, and nurses.



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Agbaje AO, Barker AR, Tuomainen T-P. Effects of arterial stiffness and carotid intima- media thickness progression on the risk of overweight/obesity and elevated blood pressure/ hypertension: a cross-lagged cohort study. Hypertension. (2022) 79:159–69. doi: 10.1161/HYPERTENSIONAHA.121.18449

2. Song P, Zhang Y, Yu J, Zha M, Zhu Y, Rahimi K, et al. Global prevalence of hypertension in children: a systematic review and meta-analysis. JAMA Pediatr. (2019) 173:1154–63. doi: 10.1001/jamapediatrics.2019.3310

3. Lurbe E, Agabiti-Rosei E, Cruickshank JK, Dominiczak A, Erdine S, Hirth A, et al. 2016 European Society of Hypertension guidelines for the management of high blood pressure in children and adolescents. J Hypertens. (2016) 34:1887–920. doi: 10.1097/HJH.0000000000001039

4. Hall ME, Cohen JB, Ard JD, Egan BM, Hall JE, Lavie CJ, et al. Weight-loss strategies for prevention and treatment of hypertension: a scientific statement from the American heart association. Hypertension. (2021) 78:e38–50. doi: 10.1161/HYP.0000000000000202

5. Mitchell GF, Hwang S-J, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, et al. Arterial stiffness and cardiovascular events: the Framingham Heart Study. Circulation. (2010) 121:505–11. doi: 10.1161/CIRCULATIONAHA.109.886655

6. Boutouyrie P, Chowienczyk P, Humphrey JD, Mitchell GF. Arterial Stiffness and Cardiovascular Risk in Hypertension. Circ Res. (2021) 128:864–86. doi: 10.1161/CIRCRESAHA.121.318061

7. Agbaje AO, Barker AR, Mitchell GF, Tuomainen T-P. Effect of arterial stiffness and carotid intima-media thickness progression on the risk of dysglycemia, insulin resistance, and dyslipidaemia: a temporal causal longitudinal study. Hypertension. (2022) 79:667–78. doi: 10.1161/HYPERTENSIONAHA.121.18754

8. Schultz MG, Park C, Fraser A, Howe LD, Jones S, Rapala A, et al. Submaximal exercise blood pressure and cardiovascular structure in adolescence. Int J Cardiol. (2019) 275:152–7. doi: 10.1016/j.ijcard.2018.10.060

9. Agbaje AO. Arterial stiffness precedes hypertension and metabolic risks in youth: a review. J Hypertens. (2022). [Epub ahead of print]. doi: 10.1097/HJH.0000000000003239

10. Laurent S, Chatellier G, Azizi M, Calvet D, Choukroun G, Danchin N, et al. SPARTE study: normalization of arterial stiffness and cardiovascular events in patients with hypertension at medium to very high risk. Hypertension. (2021) 78:983–95. doi: 10.1161/HYPERTENSIONAHA.121.17579

11. Northstone K, Lewcock M, Groom A, Boyd A, Macleod J, Timpson N, et al. The avon longitudinal study of parents and children (ALSPAC): an update on the enrolled sample of index children in 2019. Wellcome Open Res. (2019) 4:51. doi: 10.12688/wellcomeopenres.15132.1

12. Fraser A, Macdonald-wallis C, Tilling K, Boyd A, Golding J, Davey smith G. Cohort profile: the avon longitudinal study of parents and children: ALSPAC mothers cohort. Int J Epidemiol. (2013) 42:97–110. doi: 10.1093/ije/dys066

13. Boyd A, Golding J, Macleod J, Lawlor DA, Fraser A, Henderson J, et al. Cohort profile: the ‘Children of the 90s’-The index offspring of the avon longitudinal study of parents and children. Int J Epidemiol. (2013) 42:111–27. doi: 10.1093/ije/dys064

14. Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA modeling. Diabetes Care. (2004) 27:1487–95. doi: 10.2337/diacare.27.6.1487

15. Chiesa ST, Charakida M, Georgiopoulos G, Dangardt F, Wade KH, Rapala A, et al. Determinants of intima-media thickness in the young: the ALSPAC study. JACC Cardiovasc Imaging. (2021) 14:468–78. doi: 10.1016/j.jcmg.2019.08.026

16. De Stavola BL, Daniel RM, Ploubidis GB, Micali N. Mediation analysis with intermediate confounding: structural equation modeling viewed through the causal inference lens. Am J Epidemiol. (2015) 181:64–80. doi: 10.1093/aje/kwu239

17. Agbaje AO, Barker AR, Tuomainen T-P. Cardiorespiratory fitness, fat mass, and cardiometabolic health with endothelial function, arterial elasticity, and stiffness. Med Sci Sport Exerc. (2022) 54:141–52. doi: 10.1249/MSS.0000000000002757

18. Agbaje AO, Haapala EA, Lintu N, Viitasalo A, Barker AR, Takken T, et al. Peak oxygen uptake cut-points to identify children at increased cardiometabolic risk – the PANIC study. Scand J Med Sci Sports. (2019) 29:16–24. doi: 10.1111/sms.13307

19. Golding G, Pembrey P, Jones J. ALSPAC - the avon longitudinal study of parents and children I. study methodology. Paediatr Perinat Epidemiol. (2001) 15:74–87. doi: 10.1046/j.1365-3016.2001.00325.x

20. Lurbe E, Torro I, Garcia-Vicent C, Alvarez J, Fernández-Fornoso JA, Redon J. Blood pressure and obesity exert independent influences on pulse wave velocity in youth. Hypertension. (2012) 60:550–5. doi: 10.1161/HYPERTENSIONAHA.112.194746

21. Yang L, Magnussen CG, Yang L, Bovet P, Xi B. Elevated blood pressure in childhood or adolescence and cardiovascular outcomes in adulthood: a systematic review. Hypertension. (2020) 75:948–55. doi: 10.1161/HYPERTENSIONAHA.119.14168

22. Dangardt F, Charakida M, Georgiopoulos G, Chiesa ST, Rapala A, Wade KH, et al. Association between fat mass through adolescence and arterial stiffness: a population-based study from the avon longitudinal study of parents and children. Lancet Child Adolesc Health. (2019) 3:474–81. doi: 10.1016/S2352-4642(19)30105-1

23. Cote AT, Phillips AA, Harris KC, Sandor GGS, Panagiotopoulos C, Devlin AM. Obesity and arterial stiffness in children: systematic review and meta-analysis. Arterioscler Thromb Vasc Biol. (2015) 35:1038–44. doi: 10.1161/ATVBAHA.114.305062

24. Huang Z, Park C, Chaturvedi N, Howe LD, Sharman JE, Hughes AD, et al. Cardiorespiratory fitness, fatness, and the acute blood pressure response to exercise in adolescence. Scand J Med Sci Sports. (2021) 31:1693–8. doi: 10.1111/sms.13976

25. Zachariah JP, Wang Y, Newburger JW, Deferranti SD, Mitchell GF, Vasan RS. Biological pathways in adolescent aortic stiffness. J Am Heart Assoc. (2021) 10:e018419. doi: 10.1161/JAHA.120.018419

26. Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos JA, Cockcroft JR, et al. Recommendations for improving and standardizing vascular research on arterial stiffness: a scientific statement from the American heart association. Hypertension. (2015) 66:698–722. doi: 10.1161/HYP.0000000000000033

27. Sletner L, Mahon P, Crozier SR, Inskip HM, Godfrey KM, Chiesa S, et al. Childhood fat and lean mass differing relations to vascular structure and function at age 8 to 9 years. Arterioscler Thromb Vasc Biol. (2018) 38:2528–37. doi: 10.1161/ATVBAHA.118.311455

28. Agbaje AO, Barker AR, Tuomainen T-P. A 15-year cumulative high exposure to lean mass and blood pressure but not fat mass predicts the 7-year change in carotid-femoral pulse wave velocity and carotid intima-media thickness: the ALSPAC study. Circulation. (2021) 143:A080–080. doi: 10.1161/circ.143.suppl_1.080

29. Tap L, Kirkham FA, Mattace-Raso F, Joly L, Rajkumar C, Benetos A. Unraveling the links underlying arterial stiffness, bone demineralization, and muscle loss. Hypertension. (2020) 76:629–39. doi: 10.1161/HYPERTENSIONAHA.120.15184

30. Sinaiko AR, Steinberger J, Moran A, Hong C-P, Prineas RJ, Jacobs DR. Influence of insulin resistance and body mass index at age 13 on systolic blood pressure, triglycerides, and high-density lipoprotein cholesterol at age 19. Hypertension. (2006) 48:730–6. doi: 10.1161/01.HYP.0000237863.24000.50

31. Gupta AK, Clark RV, Kirchner KA. Effects of insulin on renal sodium excretion. Hypertension. (1992) 19:I78. doi: 10.1161/01.HYP.19.1_Suppl.I78

32. Reaven GM, Lithell H, Landsberg L. Hypertension and associated metabolic abnormalities — the role of insulin resistance and the sympathoadrenal system. N Engl J Med. (1996) 334:374–82. doi: 10.1056/NEJM199602083340607

33. Stout RW, Bierman EL, Ross R. Effect of insulin on the proliferation of cultured primate arterial smooth muscle cells. Circ Res. (1975) 36:319–27. doi: 10.1161/01.RES.36.2.319

34. Chirinos JA, Segers P, Hughes T, Townsend R. Large-artery stiffness in health and disease: JACC state-of-the-art review. J Am Coll Cardiol. (2019) 74:1237–63. doi: 10.1016/j.jacc.2019.07.012













	 
	

	TYPE Original Research
PUBLISHED 06 September 2022
DOI 10.3389/fcvm.2022.980103





Transforming growth factor serum concentrations in patients with proven non-syndromic aortopathy

Mikita Karalko1†, Marek Pojar1*†, Lenka Zaloudkova2, Vaclav Stejskal3, Salifu Timbilla1, Pavla Brizova1 and Jan Vojacek1

1Department of Cardiac Surgery, Faculty of Medicine, University Hospital Hradec Králové, Charles University, Hradec Králové, Czechia

2Institute of Clinical Biochemistry and Diagnostics, Faculty of Medicine in Hradec Králové, University Hospital Hradec Králové, Charles University, Hradec Králové, Czechia

3The Fingerland Department of Pathology, Faculty of Medicine in Hradec Králové, University Hospital Hradec Králové, Charles University, Hradec Králové, Czechia

[image: image]

OPEN ACCESS

EDITED BY
Guillaume Goudot, Institut National de la Santé et de la Recherche Médicale (INSERM), France

REVIEWED BY
Maria Oana Sasaran, George Emil Palade University of Medicine, Pharmacy, Science and Technology of Târgu Mureş, Romania
Idit Tessler, Sheba Medical Center, Israel
Katherine Salciccioli, Baylor College of Medicine, United States

*CORRESPONDENCE
Marek Pojar, marek.pojar@centrum.cz

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION
This article was submitted to Heart Surgery, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 28 June 2022
ACCEPTED 10 August 2022
PUBLISHED 06 September 2022

CITATION
Karalko M, Pojar M, Zaloudkova L, Stejskal V, Timbilla S, Brizova P and Vojacek J (2022) Transforming growth factor serum concentrations in patients with proven non-syndromic aortopathy.
Front. Cardiovasc. Med. 9:980103.
doi: 10.3389/fcvm.2022.980103

COPYRIGHT
© 2022 Karalko, Pojar, Zaloudkova, Stejskal, Timbilla, Brizova and Vojacek. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Background: The mechanism underlying aortic dilatation is still unknown. Vascular dilatation is thought to be the result of progressive aortic media degeneration caused by defective vascular matrix hemostasis, including TGF-β1 dysregulation. The goal of this study is to draw attention to the potential utility of TGF-β1 as a diagnostic marker in non-syndromic patients with aortic dilatation.

Methods: TGF-β1 levels in plasma were measured in 50 patients who had undergone surgery and had a tricuspid or bicuspid aortic valve as well as a normal or dilated ascending aorta. A pathologist also examined thirty resected aorta samples. To specify the reference range of TGF-β1, a control group of 40 volunteers was enrolled in this study.

Results: We discovered a significant difference in TGF-β1 levels between patients with aortic dilatation and the control group (32.5 vs. 63.92; P < 0.001), as well as between patients with non-dilated aorta but with aortic valve disease, and the control group (27.68 vs. 63.92; P < 0.001). There was no difference between the dilated ascending aorta group and the non-dilated ascending aorta group. We found a poor correlation between TGF-β1 levels and ascending aorta diameter as well as the grade of ascending aorta histopathological abnormalities.

Conclusion: TGF-β1 concentration does not meet the criteria to be a specific marker of aortic dilatation, but it is sensitive to aortic valvulopathy-aortopathy. A larger patient cohort study is needed to confirm these findings.
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ascending aorta dilatation, transforming growth factor β1, aortopathy, aortic disease, biomarker


Introduction

Ascending aortic dilatation is the most common pathological aortic condition associated with a risk of dissection or rupture (1). The pathophysiological mechanism leading to aortic dilatation is still poorly understood. It is thought that vessel dilatation is the consequence of a progressive degeneration of the aortic media, caused by defective vascular matrix hemostasis involving TGF-β1 dysregulation (2–5). TGF-β1 is a cytokine that participates in a board range of cellular regulatory processes and is associated with various diseases including aortic aneurysm. It is well-known that increasing levels of TGF-β1 are associated with Marfan syndrome (MFS) caused by FBN1 mutation and subsequent defects in the signaling system (6). TGF-β1 is synthesized as an inactive protein, named latent TGF-β, that consists of a main region and a latency associated peptide (LAP) (7).

The TGF-β1 pathway is increasingly attracting attention, by virtue of its role in fibrosis, inflammation, cell proliferation and migration, extracellular matrix (ECM) remodeling, and in light of its involvement in aortopathy syndromes such as Loeys-Dietz and Marfan syndromes (8).

Although aortic dilatation is more severe and occurs earlier in patients with bicuspid aortic valve (BAV) than with normal, tricuspid aortic valve (TAV), the later may also cause development of aortopathy in elderly patients, with histopathological findings similar to that of BAV associated with aortic dilatation (9).

Aneurysm formation in histological findings is associated with apoptosis of vascular smooth muscle cells (VSMCs). VSMC nuclei loss is a typical finding in an aneurysmatic aorta. It has been proposed that apoptosis of VSMC contributes to the development of aortic dissection (10–12). Vascular smooth muscle cells (VSMCs) are the major cell type in the tunica media of blood vessel wall and key players in the regulation of blood pressure and flow. VSMCs also maintain the matrix components of the media, and their dysfunction results in the remodeling of the aortic wall (13).

The aim of this study is to compare serum TGF-β1 concentrations in patients with a tricuspid or bicuspid aortic valve and a normal or dilated ascending aorta. We also sought to find a correlation between TGF-β1 concentrations and aortic wall diameter and to ascertain histopathological changes in the aortic wall.



Material and methods


Patients

The study included 50 patients who underwent surgery at the University Hospital Hradec Králové’s Department of Cardiothoracic Surgery (UHHK). Patients with ascending aorta aneurysm (n = 30) or isolated aortic valve stenosis or insufficiency (n = 20) were recruited in a series from 2017 to 2020. Table 1 shows the clinical characteristics of the study subjects. The subjects were split into two groups. Dilated ascending aorta (DAA) (n = 30) vs. non-dilated ascending aorta (NDAA) (n = 20). Subjects were also divided into four groups based on aortic valve morphology and aorta diameter: 16 patients had a dilated aorta and bicuspid aortic valve (DAA-BAV); 14 had a dilated aorta and tricuspid aortic valve (DAA-TAV); 15 had a non-dilated aorta and bicuspid aortic valve (NDAA-BAV); and 5 had a non-dilated aorta and tricuspid valve (NDAA-TAV).


TABLE 1    Patient’s demographics and characteristics according to aortic size and in reference group.
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A control group (CG) (n = 40) was drawn from the local population and UHHK staff volunteers. Blood samples were collected from the 50 patients prior to surgery as well as from our control group. The study excluded subjects with congenital aortopathy, aortic dilatation syndromes, and endocarditis. The study was approved by the Institutional Review Board on 11 April 2017 (201706 S13P). Prior to surgery, each patient signed an informed consent form.



Histological analysis

Full aortic samples were collected from the resected aortic walls of 30 patients. After excision, at least six segments taken across the circumference of the aorta were fixed in formalin, decalcified if necessary, embedded in paraffin, and sectioned. The morphology of the aortic wall was evaluated using hematoxylin-eosin (HE) and Elastica van Gieson (EVG) staining. A pathologist examined the samples and graded them semiquantitatively. The grading system of the samples was based on the consensus statement on surgical pathology of the aorta (10).

Elastic fiber fragmentation and loss (EFF/L) grade 0–III, mucoid extracellular matrix accumulation (MEMA) grade 0–III, smooth muscle cell nuclei loss/laminar medial collapse (SMCNL/LMC) grade 0–III, and medial fibrosis (MF) grade 0–III are the terms used in the histological description with grading. Based on the estimated area of involvement, this grading was subjective and on a semiquantitative scale. Grade 0 denotes no involvement, grade I denotes low involvement, grade II denotes middle involvement, and grade III denotes high involvement.

The pathologist identified all histopathological units. Aortic samples revealed medial degeneration (EFF/L + MEMA + SMCNL/LMC + MF), atherosclerosis, IgG aortitis, and normal aorta.



TGF-β1 quantitative detection

Serum TGF-β1 levels were obtained with human quantitative sandwich enzyme immunoassay technique kit TGF-β1 ELISA kit (R&D Systems, Minneapolis, United States).

Blood was collected in 4 ml serum-separating tubes (Becton Dickinson), with a clotting time of 30 min at room temperature. Tubes with clotted blood were spanned for 15 min at 1,000 × g, causing serum to separate to the upper part of the tube. Separated serum was then aliquoted and stored at −70°C. Serum samples, all controls and calibrators were tested in duplicates, using human TGF-β1 ELISA kit according to the manufacturer’s instructions. Standard methodical workflow of measuring TGF-β1 concentration include acid activation and neutralization, subsequent incubation and washing, in order to obtain a concentration of active TGF-β1. At the end, absorbance of the samples and controls in the microplate was measured by a reader set to 450 nm as a primary wavelength (Elisa Reader Power Wave XS BIOTEK, Germany) (6, 14, 15).

This assay uses the principle of quantitative sandwich enzyme immunoassay technique. A monoclonal antibody specific for TGF-β1 is immobilized on the surface of the microplate wells. Standards, controls and patient’s samples in duplicates are pipetted into the wells and all of the TGF-β1 present in a sample bind with the immobilized antibody on the surface of the well. After washing away the unbound substances, an enzyme-linked polyclonal antibody specific for TGF-β1 is added to the wells. Antibody with enzyme links in a sandwich-like structure with TGF-β1 is immobilized during the first incubation. Another wash follows, in order to remove any unbound reagents. After washing, a substrate solution is added to the wells and the color that starts to appear correlates with the amount of TGF-β1 bound in the initial step. Finally, the color development is stopped and the intensity of the color is measured by photometry. In the analysis of samples, the latent form (LAP) of TGF-β1 was activated. The TGF-β1 concentrations in our experiment include both the active and latent forms.



Statistical analysis

The data obtained are shown as either categorical variables (shown as frequency and percentage) or continuous variables [expressed as 50th (25th–75th) percentile]. Statistical differences in quantitative demographic and clinical characteristics between the three groups (DAA vs. NDAA vs. RG) of patients were performed using Kruskal-Wallis analysis of variance, in case of significance Dunn’s test and Bonferroni modified test of significance level were performed. Comparison of qualitative demographic and clinical characteristics was done using Fisher’s exact test and χ2. Spearman’s rank correlation coefficient was used to identify the association between histological abnormalities and TGF-β1, in addition aortic diameter and age were also correlated. The receiver operating characteristic (ROC) curve was determined and the area under the curve (AUC) was constructed to assess the areas under the curve (AUC) and the 95% confidence interval.

The statistical analyses were done with Statistical Software (2021). NCSS, LLC. Kaysville, Utah, United States, ncss.com/software/ncss. The differences were considered statistically significant with α < 0.05.




Results

Table 1 summarizes the demographic and clinical characteristics of the participants in the study. Except for a higher incidence of arterial hypertension and dyslipidemia in the DAA group (P < 0.001), we found no significant differences in demographic parameters between the DAA and NDAA groups. In terms of clinical parameters, we discovered significant differences between DAA and NDAA in the frequency of bicuspid aortic valve. The control group (n = 40) included 19 females and 21 males with a median age of 39.5 years, none of whom had aortic valve disease or ascending aorta dilatation.

TGF-β1 values in the three groups are shown in Table 2 (DAA 32.5 (28.37–40.03) ng/ml, NDAA 27.68 (25.46–38.24) ng/ml, and reference group 63.92 (50.49–77.22) ng/ml). We discovered a significant 2-fold decrease in TGF-β1 levels in the blood samples of patients with aortic dilatation compared to the reference group (32.5 vs. 63.92; P < 0.001), as well as a significant 2.3-fold decrease in the patients with non-dilated aorta (27.68 vs. 63.92; P < 0.001). There was no significant difference in TGF-β1 levels between the DAA and NDAA groups (32.5 vs. 27.68; P < 0.365) (Figure 1). When patients were grouped according to aortic valve phenotype, BAV and TAV group, TGF-β1 concentrations were found again to be significantly different between BAV group and control group (P < 0.001) and TAV group and control group (P < 0.001). No significant difference was found between patients with BAV and TAV independent of dilatation.


TABLE 2    TGF-β1 concentrations in groups according to aortic size and in reference group.
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FIGURE 1
TGF-β1 concentrations in patients with dilated and non-dilated aortas according to aortic valve cuspidity. CG, control group; DAA-TAV, dilated ascending aorta- tricuspid aortic valve; DAA-BAV, dilated ascending aorta- bicuspid aortic valve; NDAA-TAV, non-dilated ascending aorta-tricuspid aortic valve; NDAA-BAV, non-dilated ascending aorta-bicuspid aortic valve.


When patients were divided into groups based on aortic valve phenotype, there was no statistically significant difference in TGF-β1 levels between DAA-TAV and DAA-BAV [30.39 (24.1–37.44) vs. 37.35 (30.27–41.5); P = 0.19], nor between NDAA-TAV and NDAA-BAV [27.94 (27.19–43.66) vs. 27.22 (22.57–39.03); P = 0.337].

When comparing the patients with bicuspid aortic valve, there was also no significant difference between DAA-BAV and NDAA-BAV [37.35 (30.27–41.5) vs. 27.22 (22.57–39.03); P = 0.26].

The correlation between TGF-β1 levels and age or ascending aorta diameter, as well as anulus and sinus size, was found to be poor for all the variables studied (Table 3). There was no significant relationship between TGF-β1 levels and the grade of ascending aorta histopathological abnormalities (Table 4).


TABLE 3    Spearman’s correlation analyses for TGF-β1 concentration vs. age and ascending aorta, aortic sinus, and annulus size according to aortic dilatation.
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TABLE 4    Patient distribution by histological score according to the TGF-β1 concentration.
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The area under the receiver operating curve (AUC-ROC) for the serum TGF-β1 concentration was 0.967 (Standard Error 0.018, 95% CI 0.901–0.989) for predicting aortic valvulopathy-aorthopathy. The cut-off point was 48.72 ng/mL with the sensitivity of 0.980 and the specificity of 0.875 (Figure 2).
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FIGURE 2
Receiver operating characteristic (ROC) curves for TGF-β1. Area under the curve = 0.9670 for predicting aortic valvulopathy-aorthopathy.




Discussion

The European guidelines on the diagnosis and treatment of aortic disease recommend resection of the aortic root or ascending aorta if diameter exceeds 45 mm, when scheduling aortic valve surgery (16). In contrast, this procedure is recommended in BAV patients with risk factors, with no need for valve surgery, when the aortic diameter is ≥50 mm. In all patients surgery is recommended in diameter ≥55 mm. The clinical reasoning for this approach to aortopathy is primarily based on autopsy studies (17). The development of plasma biomarkers with sufficient diagnostic accuracy as a screening tool for patients with ascending aorta dilatation is critical because they are typically asymptomatic during the clinical course of the disease and are frequently diagnosed as a result of potentially fatal complications. So far, no biomarker has proven to be adequate (18, 19).

Several potential biomarkers have been studied. The role of inflammation in the development of aortic aneurysm is becoming evident, along with a potential diagnostic marker for this correlation. Chemokines released by immune cells seem to play an important role in medial wall degeneration in thoracic aorta aneurysm. Cytokines, such as IL- 1β, IL-6, IFN-γ, or TNF-α have been reported to have higher concentrations in the peripheral blood of patients with aortic aneurysm (20–22). Elevated plasma d-dimers and hypersensitive CRP have been studied in patients with aortic dissection, but their roles in screening for thoracic aneurysm are yet unknown (23). There is currently no inflammatory biomarker or combination of biomarkers that has the diagnostic accuracy to detect aortic aortopathy and the development of aortic aneurysm. Circulating microRNAs have gained popularity as potential biomarkers of many pathological conditions, as well as aortic aneurysm. The role of microRNAs in the regulation of aneurysm formation has been demonstrated. However, there has been no clinical impact as of yet (24, 25). Plasma metalloproteinase, advanced glycation end-products levels and other potential molecules have been recently investigated (18). So far, none of the previously reported substances can be used in clinical practice to detect aortic aneurysm formation or predict future development.

Several studies have found that the TGF-β1 signaling pathway is important in the development of abdominal and thoracic aortic aneurysms (2, 18, 19, 26, 27). These findings in patients with connective tissue disorders have been published (28). Hilebrand et al. reported elevated total TGF-β1 levels in the entire spectrum of genetic aortic syndromes (27). Later, Matt et al. authors reported significant changes in circulating TGF-β1 in Marfan syndrome patients compared with control individuals (29).

In our study, we looked at blood plasma TGF-β1 levels in patients with non-syndromic aortic dilation with tricuspid or bicuspid aortic valves and normal or dilated ascending aortas, as well as in a control group. In the current study we found that plasma levels of TGF-β1 differ significantly between patients with dilated aorta or aortic valve disease (valvulopathy) and a healthy population. In contrast, no significant difference was found between levels of TGF-β1 according to aortic valve phenotype (BAV vs. TAV patients). Similar changes in serum TGF-β1 concentration were reported by Forte et al. in the study of BAV associated aortopathy (18). They observed a decrease in plasma levels in BAV patients compared to the control group. Moreover, TGF-β1/endoglin ratio correlated with the progression of the aortic dilatation in patients with stenotic BAV, and suggest that it could be a marker for risk stratification.

Sepetiene et al. reported a significant association between TGF-β1 concentration and a dilatative pathology of the ascending aorta (DPAA), but the mechanism of cause and effect was not determined (6). However, patients with acute aortic dissection were included in their study, compared to our study, and TGF-β1 concentrations in this subgroup differed the most from the control group. In contrast to the Rueda-Martínez et al. study we found a significant 2-fold decrease in the levels of TGF-β1 in the blood of patients with aortic dilatation compared to the reference group (28). Although we found significantly different values of TGF-β1 between DAA and NDAA compared to the reference group, we did not find a correlation between concentrations of TGF-β1 and ascending aorta dilatation size. Our findings were similar for the correlation of TGF-β1 levels and the grade of various histopathological units.

An important finding from the literature is the differing TGF-β1 concentration levels found among studies. It should be noted that in our study we measured a decreased level of TGF-β1 plasma concentration in the disease group compared to the reference group due to the process of activation. In the analysis of the samples, the latent form (LAP) of TGF-β1 was also activated. The total TGF-β1 concentrations included both the active and latent forms of TGF-β1 in our experiment, which explains the difference compared to the results of Sapetiene et al. (6) and Rueda-Martínez et al. (30), but are consistent to study published by Forte et al. (18). Our results, in comparison to previous studies, are controversial as our data show lower levels of TGF-β1 in patients with diseased aorta. We hypothesize that this could be due to our method of measurement of both the active and latent form of TGF-β1, the latter we suspect is used up during the reparative or inflammation process in the tissue of a diseased aorta. TGF-β1 concentration variation between the studies illustrates the importance of the testing methods used and should always be considered when comparing results from different studies.

Similar concentrations in DAA and NDAA patients can be attributed to the aortic valve and ascending aorta developing from neural crest cells during embryonic development (31–34). TGF-β1 levels were lower in the coronary artery ectasia group than in the control group, according to Ser et al. (35). This information provided us with additional information indicating possible similarities in the ascending aorta’s anatomical structures.

Our findings as well as the literature suggest that TGF-β1 concentrations are significantly changed not only in patients with syndromic thoracic aortic aneurysm but also in non-syndromic aortic dilatation, as well as in patients with aortic valve pathology. TGF-β1 could not be used as a direct diagnostic marker of isolated aortic wall dilatation, at least in this series. TGF-β1 plasma levels did not correlate with the severity of TAA dimension or histopathological wall changes.


Limitations

The primary limitation of this study is the small sample size. Furthermore, some analytic techniques were not used in this study, specifically genetic screening, immunohistochemistry, and quantitative fluorescence microscopy. Future research with TGF-β1 measurement is required to validate our findings and test our hypothesis.




Conclusion

The current study’s data provide additional evidence that plasma levels of TGF-β1 are significantly different in non-syndromic patients with aortic dilatation compared to a control group. Significant differences of TGF-β1 plasma concentrations are also related to severe aortic valvulopathy, without the need for proven aortic dilatation. TGF-β1 concentration had no relationship with histopathological changes nor aortic diameter. The mechanism of cause and effect has yet to be determined. TGF-β1 is sensitive to changes in the aortic wall and valve, but it is not specific.
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Objective: The potential effects of pulmonary dysfunction on cardiovascular diseases (CVD) and all-cause mortality are receiving attention. The current study aimed to explore whether reduced lung function predicts CVD and all-cause mortality in people with diabetes.

Methods: A total of 1,723 adults with diabetes (mean age 60.2 years) were included in the National Health and Nutrition Examination Survey (NHANES III). Death outcomes were ascertained by linkage to the database records through 31 December 2015. Cox proportional hazards regression models were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for coronary heart disease (CHD), CVD, and all-cause mortalities. We conducted stratified analyses based on age, body mass index (BMI), history of hypertension, and dyslipidemia.

Results: During a mean follow-up of 14.62 years (25,184 person-year), a total of 1,221 deaths were documented, of which 327 were CHD, 406 were CVD, and 197 were cancer. After multi-factor adjustment, participants with lower FEV1 and FVC had a higher risk of CHD, CVD, and all-cause mortality. This association was also found in lower FVC and a higher risk of cancer mortality [HR: 3.85 (1.31–11.32); P for trend = 0.040], but the association of FEV1 was attenuated after adjustment for covariates [HR:2.23 (0.54–9.17); P for trend = 0.247]. In subgroup analysis, we found that the adverse associations of FEV1 and FVC with CVD mortality were observed in subgroups of age, BMI, and history of hypertension and dyslipidemia.

Conclusion: Declined lung function was associated with a higher risk of CVD and all-cause mortality in people with diabetes. Lung function tests, especially FEV1 and FVC, should be encouraged to provide prognostic and predictive information for the management of CVD and all-cause mortality in patients with diabetes.
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Introduction

Several studies have extensively recognized that lung function was associated with the risk of all-cause and cardiovascular risk (1–6). In the general population, lung function, as indicated by a low forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC), demonstrated an inverse association with coronary heart disease (CHD), stroke, and other cardiovascular diseases mortality (CVD) (7, 8). Several mechanisms have been established for the association between poor lung function and the increased risk of CVD. Previous studies showed that lung function was associated with mortality among smokers and non-smokers (4, 9). Inflammation, which leads to the degradation of lung function, might be the likely mechanism. Another potential mechanism that vascular injury and atherosclerosis owing to airflow limitation and mediating effects of chronic diseases on the association between lung function and mortality (10).

The incidence rate of type 2 diabetes mellitus has increased and became a global public health issue. Adults with diabetes are expected to surpass 700 million by 2025 (11). Diabetes is one of the most critical risk factors for CVD (12) and elevates morbidity and mortality of CVD mainly attributsed to vascular inflammation and endothelial dysfunction (13). Common complications of diabetes include microvascular and macrovascular conditions, such as retinopathy, nephropathy, neuropathy, cardiovascular, and peripheral vascular diseases (14). There is an increasing evidence that the lung is one of the target organs of diabetic damage (15). A meta-analysis reported that diabetes was associated with a decreased predicted percentage of forced expiratory volume in 1 s (FEV1%) and percentage of forced vital capacity (FVC%) (16). Reduced lung function is also associated with the risk of diabetes (8) and is often considered one of the complications of diabetes. Throughout the mechanisms of the association between lung function and CVD, systemic inflammation seems a common one, which contributes to the association of lung dysfunction with both CVD and diabetes. Besides, highly related characteristics between diabetes and CVD may also contaminate or exert effect modification on the association of lung dysfunction with CVD (8, 17). However, as an essential part of secondary prevention from cardiovascular mortality, the association between lung function and cardiovascular mortality among patients with diabetes has been neglected. The current study aimed to investigate whether reduced lung function is associated with the risk of all-cause and cardiovascular mortality among patients with diabetes by using participants in the Health Examination Survey (NHANES 1988–1994), which is a nationwide prospective cohort study.



Methods


Study population

The participants were from the National Health and Nutrition Examination Survey (NHANES 1988–1994). The NHANES used a multi-stage, stratified, closeted, probability sampling design to identify a nationally representative sample of non-institutionalized civilians in the United States. The participants completed a household interview, laboratory measurements, and physical examinations. A detailed cohort profile was published previously (18). Data on the baseline lifestyle and participants' characteristics, including demographic data, medical history of related diseases, alcohol and smoking status, and other items, were compiled via a self-administered questionnaire. From 1988 to 1994, a total of 33,994 participants were enrolled in this study. In the current study, 18,390 participants were excluded owing to insufficient or missing spirometry data or being underage (age < 20 years), 13,869 were excluded without a history of diabetes, and 12 were excluded without mortality data A total of 1,723 individuals were included (760 men and 963 women) (Figure 1). The criteria of diabetic medical history are as follows: fasting plasma glucose >7.8 mmol/L; glycohemoglobin ≥ 6.5%; taking insulin or diabetic pills; and being told to have diabetes by a doctor. Hypertension was defined as being told by a doctor to have a high blood pressure. The definition of dyslipidemia was high-density lipoprotein cholesterol (HDL-C) < 40 mg/dl, as well as total cholesterol, low-density lipoprotein cholesterol (LDL-C), and TG levels of ≥200, ≥130, and ≥130 mg/dl, respectively.
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FIGURE 1
 Study participant flowchart.


NHANES is a publicly released dataset, so informed consent is not required.



Lung function measurement

Lung function measurement was performed by following the standards (19) of the American Thoracic Society. Lung function parameters in the present study included FEV1, FVC, and FEV1/FVC. The FEV1 and FVC measurements were acquired from the spirometry data as part of the NHANES. Detailed information on the spirometry equipment, examination protocol, calibration procedures, and quality control for the NHANES was available and reported previously (20). FEV1 and FVC measurements were performed by trained technicians using a dry-rolling seal spirometry and involved the performance of at least five FVC maneuvers. Until it is accepted, it has to ensure a maneuver that is free of hesitation, leak, cough, mouthpiece obstruction, additional effort, and early termination. Only valid and reproducible spirometry measurements were chosen according to the reference values (21). The designated FEV1 and FVC values for each subject were obtained from the largest values of FEV1 and FVC, respectively, from the spirometry performed by each participant. We also calculated FEV1 and FVC as the percentage of predicted values for each participant according to Hankinson's predicted value equation (21).



Mortality ascertainment

From its baseline (1988–1994) to the end of follow-up on 31 December 2015, participants' vital status and cause-of-death information were confirmed by the National Center for Health Statistics. Vital status was determined by the probabilistic matching of participants to the National Death Index based on identifying information, including social security number, name, sex, and date of birth (22). The identical matching methodology applied to the NHANES I Epidemiological Follow-up Study found that 96.1% of deceased participants and 99.4% of living participants were correctly classified (23). Details of the linkage methods have been reported previously (22). The International Classification of Disease, 10th revision (ICD10) codes, were applied to determine the underlying causes of death (24). In the present study, our primary outcome was the total CVD mortality (ICD I00-I09, I11, I13, I20-I51, I60-I69). Other cause-specific outcomes included mortalities from CHD (ICD I00-I09, I11, I13, I20-I51), cancer (C00-C97) and all-cause death. This death certificate ascertainment was applied to all deaths within our cohort, except for deaths with insufficient information on these matching criteria, which were considered as a lost follow-up.



Statistical analysis

FEV1 and FVC were categorized by quartile. The significance of differences in means or proportions of participants' characteristics and risk factors of CVD and diabetes or covariates related to lung function was tested by covariance or χ2 test. Person-years of follow-up were calculated from the baseline (1988-1994) to their first endpoint in this follow-up as follows: death, moving out, or the end of follow-up, whichever came first. Adult participants in NHANES III were followed for mortality up to 31 December 2015. The Cox proportional hazard model was used to calculate crude and multivariable-adjusted hazard ratios (HRs) and 95% confidence intervals (95% CIs) for estimating the risk of mortality from CVD or all-cause mortality during the follow-up period across quartiles of FEV1 and FVC, respectively. Multiplicative interactions of FEV1 and FVC with sex were tested in deciding whether to present the data sex-specifically or to combine the results of men and women. We hypothesized known risk factors of CVD and covariates related to lung function as confounders, including sex, age, race, education level, BMI, drinking status, smoking status, high-density lipoprotein-cholesterol (HDL-c) level, serum C-reactive protein, serum albumin, the ratio of FEV1 and FVC, percentage of predicted values of FEV1 and FVC, history of hypertension and dyslipidemia, history of whistling and/or wheezing, persist phlegm status, asthma status, history of chronic bronchitis, and cold or flu. To avoid multicollinearity caused by multiple covariates, we conducted a multivariable Cox regression, including all covariates, and calculated the variance inflation factors (VIFs) as a diagnostic tool of multicollinearity. We assigned the median values to each quartile of FEV1 and FVC and examined their significance to calculate the trends across quartiles of FEV1 and FVC. Besides, we investigated the trends of FEV1 and FVC with increasing age and height by calculating the mean value and 95% CIs of FEV1 and FVC in different age or height groups.

Additionally, we conducted a stratified analysis according to BMI, age, history of hypertension, and dyslipidemia to examine the potential effect modification. In sensitivity analyses, we excluded those who died within 2 years to avoid potential as-yet-undiagnosed diseases at baseline, and who had a medical history of respiratory diseases (asthma, chronic bronchitis, and emphysema). All probability values for the statistical test were two-tailed, and P < 0.05 was considered statistically significant. Statistical analyses of the present study were conducted on the SAS statistical package (Version 9.4; SAS Inc., Cary, NC). NHANES recommends using sample weights to calculate estimates that represent the U.S. civilian non-institutionalized population or any subpopulation of interest. “PROC SURVEYREG” were used in computing descriptive and regression analyses as these protocols account for both the weighted data and the complexity of sample design.




Results

Since no interaction with sex was observed in the association of FEV1 and FVC with CVD and specific endpoints, the presented results of men and women were combined in the main analyses. During the follow-up of 25,184 person-year of 1,723 included participants, 1,221 deaths were documented; 406 deaths due to CVD (327 of which were due to coronary heart disease) and 197 due to cancer.

In the multilinearity diagnosis, the highest VIF (1.56) occurred in the medical history of asthma, and no strong multilinearity was observed in the covariates (data not shown). In Table 1, participants in the lowest quartiles of FEV1 and FVC were older age, less likely to be current drinkers or smokers, had lower education levels, lower percentage of predicted values of FEV1 and FVC, lower serum albumin levels, higher HDL-c, and serum C-reactive protein level. They were also less likely to have a medical history of whistling or wheezing, and more likely to have a history of asthma, chronic bronchitis, emphysema, dyslipidemia, and hypertension.


TABLE 1 Baseline demographic characteristics of the study population, according to quartiles of FEV1, FVC.

[image: Table 1]

In Table 2, both lower FEV1 and FVC were associated with a higher risk of CHD and CVD death. Compared with the highest group, HRs (95%CIs) of the lowest FEV1 were 2.71 (1.15–6.38; P for trend = 0.009) for CHD and 2.89 (1.19–3.87; P for trend = 0.001) for CVD mortality. HRs (95%CIs) of the lowest FVC were 5.30 (2.68-10.47; P for trend <0.001) for CHD and 6.32 (3.19–12.53; P for trend <0.001) for CVD. Although the lowest FVC was associated with a higher risk of cancer mortality (HR: 3.85 (1.31-11.32); P for trend = 0.040), the association of FEV1 was not related after adjustment for covariates (HR:2.23 (0.54–9.17); P for trend = 0.247). In addition, the lowest FEV1 and FVC were observed to be associated with all-cause deaths; HRs (95%CIs) of FEV1 and FVC were 2.96 (1.92–4.56; P for trend <0.001) and 4.15 (2.58–6.65; P for trend <0.001), respectively.


TABLE 2 Associations of FEV1 and FVC with coronary heart disease, cardiovascular, cancer and all–cause mortality in U.S. adults aged at least 20 years.
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As shown in Tables 3.1–3.4, we conducted stratified analyses based on BMI, age, history of hypertension, and dyslipidemia. Among participants with BMI of ≥25, lower FEV1 was associated with a higher risk of CHD, CVD, and all-cause mortality; HRs (95% CIs) were 2.91(1.19–7.10), 3.19 (1.40–7.24), and 3.86 (2.12–7.03), respectively, but only associated with CHD and CVD among the participants whose BMI was <25. For FVC, the associations with CHD, CVD, and all-cause death were observed in both subgroups of BMI. The association of FEV1 was observed with all-cause mortality in both subgroups stratified by age. On the other hand, the association of FEV1 with CVD was only observed in the subgroup aged ≥60 (HR:3.61; 95%CI: 1.23–10.58). For FVC, the associations were significant in both subgroups with CHD, CVD, and all-cause mortality.


TABLE 3.1 Associations of FEV1 and FVC with coronary heart disease mortality in U.S. adults aged at least 20 years among different groups.
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TABLE 3.2 Associations of FEV1 and FVC with cardiovascular mortality in U.S. adults aged at least 20 years among different groups.
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TABLE 3.3 Associations of FEV1 and FVC with cancer mortality in U.S. adults aged at least 20 years among different groups.
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TABLE 3.4 Associations of FEV1 and FVC with all–cause mortality in U.S. adults aged at least 20 years among different groups.
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In the subgroup analysis of hypertension, lower FEV1 was associated with a higher risk of all-cause mortality in with and without hypertension subgroups. The associations of CHD and CVD were only observed in the hypertension subgroup; HRs were 3.87 (95%CI: 1.21–12.40) and 4.30 (95%CI: 1.57–11.79), respectively. The associations of FVC were significant in subgroups with and without hypertension. Stratified by the history of dyslipidemia, the association of FEV1 and CHD became significant in both subgroups. The associations of FEV1 and FVC with CHD, CVD, and all-cause mortality were observed in the dyslipidemia subgroup (all P for trend <0.050), but not associated in the without dyslipidemia subgroup. A total of 936 participants died within 2 years of follow-up and 951 participants had a medical history of diseases related to lung function and excluding them resulted in no substantial changes in the associations of FEV1 and FVC with CVD and all-cause mortality (Supplementary Tables 1.1,1.2). FEV1 and FVC increased with height, but the opposite trend appeared with age (Figures 2A,B).
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FIGURE 2
 (A) Dose-response association between height and FEV1 and FVC. (B) Dose-response association between age and FEV1 and FVC.




Discussion

In this prospective cohort study, lower FEV1 and FVC were associated with a higher risk of CHD, CVD, and all-cause mortality among USA adults with diabetes. After adjustment for cardiovascular risk factors and other covariates related to lung function, the HRs were not attenuated. In addition, we also observed the association between lower FVC and cancer mortality, whereas lower FEV1 was not associated with cancer mortality after adjusting the confounders.

In previous studies, decreased lung function was associated with a higher cardiovascular risk among the general population (2, 5, 7, 25, 26). A cohort study on the general Chinese people found that each 5% decrease in FEV1/FVC was associated with a 0.47% increase in 10-year CVD risk (P < 0.001) (25). Similarly, in a population-based prospective cohort study with a follow-up of over 18 years, there is a reported decrease of 28%-35% mortality risk from CVD for every 70 L/s increase in FEV1 (26). In a cohort study of 14,503 adults from the Moli-sani study, the HRs of FEV1% pred and FVC% pred in the lowest quartile for CVD mortality were 1.59 (95%CI: 1.02–2.47) and 1.97 (95%CI: 1.97–3.08), respectively (2). In the same population (NHANS III) of the present study, the reduced lung function was associated with CVD mortality (HR of FEV1% pred: 1.7, 95%CI: 1.4–2.1; HR of FVC% pred: 2.1, 95%CI: 1.7–2.6) among the general population (5). The present study reinforced the association of lung function with CVD mortality. Moreover, previous studies reported an inverse association of reduced lung function with CHD (4, 5, 8, 26, 27). A prospective study of 4,434 men with no history of CVD (CHD or stroke) and diabetes demonstrated that lower FEV1 levels were associated with a higher risk of fatal CHD (Relative risk: 1.63; 95%CI: 1.03–2.67), but not associated with higher risks of major CHD and non-fatal MI (8). In a prospective study with a 29-year follow-up of the Buffalo Health Study cohort, the authors found that lung function was inversely associated with the risk of CHD (27). The HRs of FEV1% pred in the 1st quintile for CHD mortality were 2.11 (95%CI: 1.20–3.71) among men and 1.96 (95%CI:0.99–3.88) among women. In a cohort study of 15,411 adults, a lower relative FEV1 was shown to be associated with a higher risk of CHD (HRs: 1.56 (1.26–1.92) for men and 1.88 (1.44–2.47) for women) (4). The previous study investigating the general population of the same cohort as the present study reported a similar risk estimate, an approximately 2-fold increased risk of CHD mortality, compared with other previous studies (5).

Our findings indicated a potentially stronger association of lung function with CVD or CHD mortality in the population with diabetes than that in the general population. They were in line with some previous studies. In a cohort study of 1,743 adults, compared with clinically normal participants (as reference), the adjusted odds ratio of participants with diabetes depicted a stronger association between FEV1 (HR: 1.67; P < 0.01) and FVC (HR:1.51; P = 0.02) with overall mortality, which was nearly a 1.5-fold risk with comparison to the general population (1). In addition, logistic regression analysis elaborated that the adjusted risk of CVD mortality was reinforced for all participants with any lung function impairment, current or former smoker, and patients with type 2 diabetes (1), which was in accordance with our findings. Hedblad et al. examined the association of FVC with insulin resistance and CVD incidence and found that subjects who had developed insulin resistance had the highest risk of CVD events (28). Taking the high FVC group without insulin resistance as a reference, the adjusted relative risk of low FVC among subjects with insulin resistance was 1.7 (95%CI: 1.02–2.70).

Additionally, after excluding those who had developed diabetes at the follow-up examination, the result did not change substantially. However, in some studies, whether the association is more robust in a population with diabetes is inconclusive. For instance, Wannamethe et al. found that exclusion of men with diabetes resulted in little difference in the association of lung function with fatal or non-fatal CHD events (8).

Although lung function has been extensively recognized and considered as an effective predictor of CVD, the mechanism underlying the association still requires evidence. Smoking has been considered responsible for the association ever (29). However, the association was additionally observed in non-smokers (4, 9, 30). Furthermore, in a study examining the extent to which risk factors explain the association, smoking history was only reduced by 4.9%, suggesting that smoking history was not the predominant explanation for this association (10). Some other potential mechanisms have been nominated. For example, few studies proposed that poor lung function may result from long-term exposure to air pollution or diesel exhaust fumes, finally causing diseases or death (27). Recently, inflammation has seized considerable attention regarding the association between lung function and CVD mortality. Sabia et al. highlighted the prominence of inflammatory markers, which account for the association of lung function with mortality more than any other risk factors (10). C-reactive protein (CRP) has been consistently regarded as a reliable indicator of underlying low-grade systemic inflammation and as a critical biomarker for the onset and mortality of CVD (31–34). There is an inverse association between FVC and CRP in a cross-sectional study (35). Association has also been identified between FVC and plasma levels of inflammation-sensitive plasma proteins, another inflammatory marker (3). Engström et al. also suggested that this association contributes to the risk of CVD mortality (relative risk: 3.7; 95%CI: 2.2–6.3) in men with low FVC levels. Notably, previous studies reported that the subjects with elevated CRP had an approximately 2-fold increased risk of cardiac injury (5, 6).

In the study including all subjects of NHANES III, high CRP significantly increased HR of CVD mortality among subjects with the lowest FVC% pred or FEV1% pred (5). Our findings are consistent with their results (data not shown), implying that systemic inflammation greatly affects the connection between declined lung function and CVD mortality. Besides, low-grade systemic inflammation was associated with diabetes (13, 36), and previous studies indicated that CRP was an independent predictor of cardiovascular risk in the population with diabetes (37–40). Since the association of lung function with CVD mortality lies in systemic inflammation, especially CRP, and CRP could convey independent prediction information of cardiovascular risk in subjects with diabetes, a stronger association of lung function with CVD mortality in subjects with diabetes may be established. In a previous study, poor lung function was associated with the increased risk of fatal events and case fatality of CHD (HR: 1.63; 95% CI: 1.03–2.67), and inflammatory pathway adjustment further attenuated FEV1 with both diabetes and the association of both diabetes and fatal CHD, suggesting that reduced lung function may be a potential factor linking diabetes to increased risk of CHD and increased susceptibility to a fatal episode in the event of a cardiac event (8). However, few studies suggested that the magnitude of association between CRP and CVD mortality is comparable in people with and without diabetes (39, 41). Therefore, further studies will need to provide the magnitude of this association in people with and without diabetes.

Notably, in the present study, the association of FEV1 with CVD and CHD mortality was only observed in the subgroup, in which subjects with over 25 BMI were included. BMI is a known and well-established risk factor for both CVD, CHD, and diabetes. A previous study reported a similar result (42). Each 1 kg/m2 increase in BMI resulted in a 5% increase in the risk of CVD mortality for a reduction in relative FEV1 of 10% (42). Nevertheless, few studies suggested no substantial difference in HRs in the subgroups stratified by BMI (5, 7, 26). The inconclusive results between previous and present studies may be attributed to an averagely greater BMI in people with diabetes than that in the general population. Similar findings were observed in the subgroups stratified by medical history of dyslipidemia. The associations of both FVC and FEV1 with CVD mortality were only identified in the subjects with dyslipidemia. Dyslipidemia, as an important cardiovascular risk factor, was related to decreased FVC% pred and FEV1% pred (43). The diagnosis criterion is usually the reduced high-density lipoprotein (HDL), which is <40 mg/dl. A previous study indicated the association of low HDL with reduced lung function, owing to its roles in reverse cholesterol transport and anti-inflammation (44). Therefore, dyslipidemia may affect the association of lung function with CVD mortality. Further studies, however, are required to identify the effect modification of dyslipidemia. In addition, we only observed a significant association of FEV1 with CVD and CHD in the stratum with a history of hypertension. The result is consistent with the previous study. Taking clinically normal participants as a reference, the ORs of FEV1 and FVC with risk of CVD in participants with hypertension were 2.15 (1.63–2.83) and 2.19 (1.66–2.88), respectively (1). For CHD, it was shown that hypertension was associated with insulin resistance and glucose intolerance, with evidence of endothelial dysfunction, which is mainly responsible for the increased risk of CHD mortality (45). In our stratified analysis, the results of FEV1 and FVC are not consistent. For instance, there was a significant association of FEV1 with CHD mortality in the stratum with over 25 BMI but not in another subgroup, while we observed significant associations of FVC in both subgroups. This may be attributed to the different prediction effects of these two spirometric parameters. Previous studies also reported that FEV 1 was a stronger predictor for CVD mortality in a population with chronic obstructive pulmonary disease than FVC (46) or FVC was superior to FEV1 in the general population (47, 48). However, the evidence was not conclusive.

To our knowledge, the present study is the first to investigate the association of lung function with CVD mortality in people with diabetes and hypothesize a stronger association in people with diabetes than in the general population. FEV1 and FVC are spirometric parameters extensively used in lung function tests, which can be a non-invasive approach to provide additional prognostic and predictive information on CVD and the risk of further cardiovascular events. Our findings imply that FEV1 and FVC can be utilized in spirometric tests and for the prevention and management of CVD, especially for those with diabetes or metabolic syndrome. Meanwhile, exploring emerging data for the association in different population can provide better health outcomes for patients and sufficient evidence for the management of the chronic disease.

The present study has some limitations. First, the spirometric measurement in the present study may be inadequate, owing to only one testing at the baseline. Extreme or inaccurate values by the single lung function test may affect the accuracy of results. Second, the period from the baseline to the follow-up outcome was excessively long. We recognize that lung function was not unchangeable, and the influence of lung function changes on the risk of CVD mortality was not addressed. Third, CVD mortality may be overestimated, especially for the elderly (49), because the NHANES III Linked Mortality File overly attributed the cause of death to CVD mortality. Lastly, we cannot determine all confounding effects although we have already adjusted for some known cardiovascular risk factors and lung function-related covariates.



Conclusion

Declined lung function was associated with a higher risk of CVD and all-cause mortality in people with diabetes. Lung function tests, especially FEV1 and FVC, should be encouraged to provide prognostic and predictive information for the management of CVD and all-cause mortality in patients with diabetes.
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Purpose: Little is known about the mechanism underlying Sacubitril/Valsartan effects in patients with heart failure (HFrEF). Aim of the study is to assess hemodynamic vs. non-hemodynamic Sacubitril/Valsartan effects by analyzing several biological and functional parameters.

Methods: Seventy-nine patients (86% males, age 66 ± 10 years) were enrolled. At baseline and 6 months after reaching the maximum Sacubitril/Valsartan tolerated dose, we assessed biomarkers, transthoracic echocardiography, polysomnography, spirometry, and carbon monoxide diffusing capacity of the lung (DLCO).

Results: Mean follow-up was 8.7 ± 1.4 months with 83% of patients reaching Sacubitril/Valsartan maximum dose (97/103 mg b.i.d). Significant improvements were observed in cardiac performance and biomarkers: left ventricular ejection fraction increased (31 ± 5 vs. 37 ± 9 %; p < 0.001), end-diastolic and end-systolic volumes decreased; NT-proBNP decreased (1,196 [IQR 648–2891] vs. 958 [IQR 424-1,663] pg/ml; p < 0.001) in parallel with interleukin ST-2 (28.4 [IQR 19.4–36.6] vs. 20.4 [IQR 15.1–29.2] ng/ml; p < 0.001) and circulating surfactant binding proteins (proSP-B: 58.43 [IQR 40.42–84.23] vs. 50.36 [IQR 37.16–69.54] AU; p = 0.014 and SP-D: 102.17 [IQR 62.85–175.34] vs. 77.64 [IQR 53.55-144.70] AU; p < 0.001). Forced expiratory volume in 1 second and forced vital capacity improved. DLCO increased in the patients' subgroup (n = 39) with impaired baseline values (from 65.3 ± 10.8 to 70.3 ± 15.9 %predicted; p = 0.013). We also observed a significant reduction in central sleep apneas (CSA).

Conclusion: Sacubitril/Valsartan effects share a double pathway: hemodynamic and systemic. The first is evidenced by NT-proBNP, proSP-B, lung mechanics, and CSA improvement. The latter is confirmed by an amelioration of DLCO, ST-2, SP-D as well as by reverse remodeling echocardiographic parameters.

KEYWORDS
  Sacubitril/Valsartan, heart failure, surfactant binding proteins, biomarkers, hemodynamics, pleiotropic


Introduction

Despite significant improvements in pharmacological therapy, the prevalence of heart failure (HF) with reduced ejection function (HFrEF) is continuously increasing in the general population, with, still, a poor prognosis in the medium term (1). Based on the results of randomized trials (2), a few new drugs have been introduced in HFrEF therapy, showing an additional prognostic benefit on top of standard medical treatment. Among those, Sacubitril/Valsartan has become part of now-a-days HFrEF common treatment strategy. Although its favorable effects on cardiac remodeling, functional capacity and natriuretic peptides have been already demonstrated (2, 3), little is known about the mechanisms underlying these effects. Both hemodynamic and non-hemodynamic actions have been suggested, but at present poorly studied. Indeed, the alveolar-capillary membrane function as well as sleep disorders are both possible targets of Sacubitril/Valsartan. The former is frequently altered in HFrEF (4, 5) and can be measured by lung diffusion capacity for carbon monoxide (DLCO) and by the abnormal presence in peripheral blood of surfactant proteins. Specifically, the immature form of the surfactant protein B (proSP-B) (4, 5) has emerged as a novel biomarker not only of alveolar capillary membrane function but also of the overall HFrEF status. Indeed, both DLCO and proSP-B circulating levels have been shown to carry a definite prognostic role in chronic HF (4, 6, 7) and to respond to specific acute HFrEF treatments, as for example inotropes infusion (i.e., levosimendan) (8). On the opposite, other surfactant protein isoforms (i.e., SP-D) are not lung-specific, being more related to a systemic or infectious response (4, 9). In parallel, novel HF biomarkers such as soluble interleukin 1 receptor-like 1 (ST-2), have emerged as complementary prognostic indicators, reflecting not only the hemodynamic status in HF patients, but also their inflammatory and pro-fibrotic response (10, 11). In addition, ventilatory abnormalities in HF are also manifested by an increased incidence of sleep disorders (12). Sleep apneas are largely common in HFrEF patients (13–17) and strongly contribute to disease progression and mortality (13–15, 18, 19), with central apneas (CSA) being specifically related to reduced cardiac output and obstructive apnea to intrathoracic fluids accumulation (20).

The aim of the present study is to assess the impact of Sacubitril/Valsartan on circulating surfactant binding proteins, biomarkers, lung and cardiac function and sleep apneas in patients with HFrEF.



Materials and methods

We prospectively enrolled HFrEF outpatients referred to the Heart Failure Unit of our institute between December 2018 and December 2019, who were eligible to start Sacubitril/Valsartan according to 2016 ESC Guidelines (21). Inclusion criteria were: age 18–80 years, males and females, New York Heart Association Class (NYHA) II-III in stable clinical condition, and left ventricular ejection fraction (LVEF) ≤ 35%. Patients affected by chronic obstructive pulmonary disease or in need of oxygen supplement were excluded.

At baseline, each patient underwent all study procedures while taking his background guideline-directed therapy for HF. After 36 h of interruption of angiotensin-converting enzyme inhibitors (ACE-i) or angiotensin receptor blockers (ARBs), Sacubitril/Valsartan was introduced at 24/26 mg b.i.d. starting dose for all patients. For ethical reasons, a placebo arm was not conceivable. After enrollment, Sacubitril/Valsartan was progressively uptitrated in a standard monthly based fashion to 97/103 b.i.d. or to the maximum tolerated dose.

All study procedures were performed at baseline and 6 months after the maximum tolerated dose was reached. Specifically, patients underwent clinical assessment, lung function tests (standard spirometry and DLCO), venous blood sample collection, transthoracic echocardiography, and nocturnal cardiorespiratory monitoring.


Lung function tests

Standard spirometry and DLCO measurements were performed at rest according to the American Thoracic Society and the European Respiratory Society criteria (ATS/ERS 2005 guidelines) (22, 23). Forced expiratory volume in 1 s (FEV1) and vital capacity (VC) were measured accordingly. DLCO measurements were obtained while subjects were comfortably seated, with the single-breath constant expiratory flow technique (exhalation rate = 0.5 L/sec), (Quark PFT Cosmed, Rome, Italy), DLCO measurements were corrected for hemoglobin (Hb) as previously described (24).



Venous blood sample collection, specimen handling and assay

Blood samples were always drawn after assuring that any intense physical effort was avoided in the previous 3 h and after 5 min of rest in sitting position. Plasma concentration of proSP-B and SP-D before starting Sacubitril/Valsartan and 6 months after reaching the maximum tolerated dose were assessed. ProSP-B determination was performed as follows: fresh blood (5 mL) was drawn into Vacutainer tubes containing citrate 0.129 mol/L as an anticoagulant. Plasma was immediately prepared by means of centrifugation at 1,500 × g for 10 min at 4°C, divided into aliquots and frozen at −80°C until assayed. Immature form of proSP-B was performed by Western blotting on plasma samples, as previously described (5). SP-D was determined using commercially available ELISA kits (BioVendor, Heidelberg, Germany). Measurements were performed in duplicate and the results were averaged. The intra-assay and inter-assay coefficients of variation were <3 and <4%, limit of detection is 0.01 ng/ml, and cut off level is 1.56 ng/ml.



Transthoracic echocardiography

Echocardiography examinations were performed using Philips ultrasound machine (Epiq CVx - Philips Medical Systems, Andover, Massachusetts) equipped with an X5-1 probe. Complete standard 2DTTE analysis was performed. Left chambers' volumes and left ventricle ejection fraction (LVEF) were measured from 4-chamber and 2-chamber views using the biplane Simpson's method (25). All echocardiograms were performed by well-trained operators.



Nocturnal cardiorespiratory monitoring

Nocturnal cardiorespiratory monitoring was recorded by SOMNOtouchTM RESP device (SOMNOmedics, Germany). The SOMNOtouchTM RESP device is composed of a nasal cannula, a pulse oximeter, two respiratory sensors positioned at the level of the manubrium and abdomen, and three thoracic electrodes for ECG recording. Apnea was identified as a reduction in the amplitude of the respiratory flow signal, defined as a respiratory flow amplitude <10% of the preceding baseline value for at least 10 s, while hypopnea was defined as a reduction of respiratory flow <50% of the baseline for at least 10 s. Guidelines also recommend to use oxygen desaturation >3% as a criterion to detect hypopnea (26). Apneas were considered of central origin (CSA) when the interruption in respiratory flow was associated with the absence of thoracic and abdominal respiratory effort; obstructive (obstructive sleep apnea, OSA) if respiratory thoracic activity or abdominal activity were present during a cessation in respiratory flow, and mixed when an initially CSA turned into OSA in its final phase (26). Apnea and hypopnea indexes (AHI) were calculated as the number of apneas and hypopneas per hour of estimated or measured sleep time, respectively. The AHI is the sum of apneas and hypopneas per hour of sleep.

The present research protocol complies with World Medical Association Declaration of Helsinki and it was approved by the Centro Cardiologico Monzino Ethical Committee (CCM 898). This observational cohort study was also registered to clinicaltrials.gov with ID: NCT04434170. Each subject provided written consent to the study.



Statistical analysis

Statistical analysis was performed using SPSS 25.0 software (SPSS Inc, Chicago, IL, USA). Continuous variables were expressed as means ± standard deviation or median and [interquartile range] as appropriate, while discrete variables as absolute numbers and percentages. Comparisons between basal variables and end study variables were performed using paired t-tests for normally distributed variables, and Wilcoxon signed rank test for non-normally distributed variables. All tests were 2-sided. A p ≤ 0.05 was considered as statistically significant.




Result

Seventy-nine HFrEF outpatients (80% males, age 66 ± 10 years) were enrolled. Eight patients interrupted the protocol for the following reasons: 1 patient died with sudden cardiac death, 2 patients had clinical worsening (1 renal function worsening and 1 symptomatic hypotension), 1 patient was diagnosed with lung tumor, 2 patients were lost to follow-up, and 2 patients were excluded after cardiac resynchronization therapy (CRT) implantation to avoid a bias in the results interpretation. All these patients were excluded from the analysis. Table 1 shows the main characteristics of the retained population and therapy at enrolment. HFrEF was of ischemic etiology in 63% of patients. As regards the comorbidities/risk factors, 41 patients (58%) had hypertension, 13 (18%) type II diabetes, 19 (27%) atrial fibrillation, 44 (62%) chronic kidney disease with eGFR ≤ 60 ml/min/1.73 m2, 46 (65%) hypercholesterolemia, and 9 (13%) were active smokers while 40 (56%) were former smokers.


TABLE 1 Basal characteristics of the retained study population (n = 71).
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At a mean follow-up of 8.7 ± 1.4 months, 59 patients (83%) reached the maximum Sacubitril/Valsartan dose (97/103 mg b.i.d.) without safety concerns. Comparing baseline and follow-up data, a positive left ventricle reverse remodeling was observed together with a significant reduction in left atrial volume and pulmonary pressures (Table 2). Specifically, LVEF increased (31 ± 5 vs. 37 ± 9 %; p < 0.001), while end-diastolic and end-systolic volumes decreased, from 205 ± 69 to 181 ± 62 ml (p < 0.001) and from 143 ± 57 to 118 ± 54 ml (p < 0.001), respectively. In parallel, we did not observe–both in diabetic and non-diabetic subjects–a significant change in renal function and electrolytes (GFR from 66 ± 17 to 65 ± 18 ml/min/1.73 m2, potassium from 4.32 ± 0.42 to 4.35 ± 0.43 mmol/l, p = ns for all), while a statistically significant, however not clinically relevant reduction in systolic blood pressure was observed (from 115 ± 16 to 106 ± 14 mmHg, p < 0.001). Compared to baseline (Table 1), the NYHA functional class significantly improved at the end of study assessment with 25 (35%) patients in class 1, 41 (85%) in class 2 and only 5 (7%) in class 3 (p < 0.001).


TABLE 2 Echocardiographic parameters and lung function comparison at baseline vs. end study.
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As regards cardiac biomarkers NT-proBNP and interleukin ST-2, we observed a statistically significant reduction (Figure 1). Surfactant proteins also decreased: proSP-B from 58.43 AU [40.42–84.23] to 50.36 [37.16–69.54] (p = 0.014) and SP-D from 102.17 AU [62.85–175.34] to 77.64 [53.50–144.70] (p < 0.001).


[image: Figure 1]
FIGURE 1
 Biomarkers changes from baseline to the end of the study. Sacubitril/Valsartan significantly reduced panel (A) SP-B, panel (B) SP-D, panel (C) ST-2 and panel (D) NT-proBNP value after a median follow-up of 8.7 ± 1.4 months. Data presented as medians and interquartile ranges. proSP-B: immature form of surfactant protein isoform B; SP-D: surfactant protein isoform D; NT-proBNP: amino terminal pro-B-type natriuretic peptide; ST-2: interleukin ST-2.


Concerning pulmonary function test and lung diffusion measurement (Table 2), we observed a significant increase in VC and FEV1 but no changes in DLCO. However, when selecting only the patients with abnormal DLCO values at baseline (<80% of predicted) (n = 39), a significant improvement after treatment with Sacubitril/Valsartan (from 17.4 ± 4.1 to 18.9 ± 5.7 ml/min/mmHg; p = 0.006, corresponding to 65.3 ± 10.8 to 70.3 ± 15.9 % of predicted; p = 0.013) was observed.

Nocturnal cardiorespiratory monitoring was not performed in 15 patients due to technical reasons. In the remaining 56 patients, despite no significant changes in AHI, CSA and hypopnea events reduced from 0 [0–4] to 0 [0–1] (p = 0.027), and from 27.50 [8.25–56.75] to 16.50 [5.00–37.25] (p = 0.053), respectively (Figure 2). We did not observe significant changes in oxygen desaturation index after treatment with Sacubitril/Valsartan (89.5 ± 2.8 vs. 89.7 ± 2.0 %; p = 0.550). At least one CSA episode was present in 22 patients (39%) at baseline with an average of 11.5 [1.0–75.5] events. After Sacubitril/Valsartan treatment, CSA disappeared in 11 cases (50%) and reduced to 0.5 [0.0–2.0] (p < 0.001) (Figure 2). None of the patients without baseline CSA developed CSA at the follow-up. A further analysis was conducted in patients with AHI >15 (n = 20; 36%), showing similar results (AHI from 23.4 at baseline to 18.2 at the end of the study; p = 0.073; CSA from 7.5 at baseline to 0 at the end of the study; p = 0.003).
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FIGURE 2
 Sacubitril/Valsartan effects on sleep apneas. In the whole population we observed a significant reduction in CSA (see text) with no differences in AHI from baseline to the end of follow-up (left panel). In patients with CSA at baseline (n = 22) a significant reduction of CSA was obtained after Sacubitril/Valsartan therapy (right panel). Data presented as medians and interquartile ranges. AHI: apnea hypopnea index; CSA: central sleep apneas. *Analysis conducted only on patients with CSA>0 at baseline (n = 22).




Discussion

This prospective study explores the wide spectrum of Sacubitril/Valsartan effects on cardiac and pulmonary variables after 6 months of treatment at the maximum tolerated dose. Specifically, albeit Sacubitril/Valsartan has been extensively studied, we report, for the first time, its effects on DLCO, alveolar capillary released proteins and some HF biomarkers as ST-2, including them in a complete scenario of Sacubitril/Valsartan effects grouped as hemodynamic and pleiotropic ones. This comprehensive analysis represents the major novelty of the present study.

At the end of study, when more than 80% of patients reached the target dose of the drug (97/103 b.i.d.), we demonstrated an overall beneficial effect. In particular, in parallel with an improved alveolar capillary membrane diffusion capacity in patients with a baseline reduced DLCO, a reduction of surfactant proteins proSP-B and SP-D was observed. Conversely, we reported a significant reduction in biomarkers traditionally associated with HF (NT-proBNP and ST-2), in sleep apneas, as well as an improvement in left ventricular end-diastolic and end-systolic volumes, pulmonary pressures and left ventricular diastolic function parameters (Table 2 and Figure 2). The favorable effect of Sacubitril/Valsartan on cardiac remodeling, functional class, and natriuretic peptides is well-known; however, the mechanisms underlying these outcomes are less well understood, leaving room for two possible opposing theses: a predominantly hemodynamic effect or a predominantly non-hemodynamic effect, the so called systemic or pleiotropic (πλειóς = multiple, τρoπoς = change) effect.


Evidences for a predominantly hemodynamic effect

A positive hemodynamic effect of Sacubitril/Valsartan is clearly shown by amelioration of cardiac ultrasound parameters such as improvement of left ventricle ejection fraction, reduction of left ventricle volumes, PAPs and E/e' values at the end of study (Table 2) (3). In addition, NT-proBNP, a BNP precursor secreted by the left ventricle in response to shear stress, is a biomarker strongly linked to the hemodynamic burden and its changes are related to the degree of patient's congestion, with higher NT-proBNP values observed in subjects with increased cardiac filling pressure. Moreover, it rapidly decreases in response to therapy primarily aimed to decongest HF patient (i.e., diuretics). Therefore, NT-proBNP significant reduction speaks in favor of the hemodynamic effect of Sacubitril/Valsartan (2).

Immature proSP-B, assayed in peripheral blood, is a novel biomarker in HFrEF and correlates with patients' prognosis (6). Increased circulating proSP-B values represent an indicator of alveolar cell stress, dysfunction, or even its death. Its immature form, contained within pneumocytes, is not found in the blood of healthy individuals, while it is released into the bloodstream in relation to hemodynamic stress on the alveolar capillary membrane such as episodes of HF (8), extra-deep diving (27), or invasive ventilation (4, 28, 29). Importantly, its values respond to hemodynamics targeted HF treatments, such as infusion of Levosimendan in acute HF (8), suggesting that it may be useful in the evaluation of treatment responsiveness. Thus, also the reduction in circulating proSP-B levels in response to Sacubitril/Valsartan is conceivable with a hemodynamic improvement.

Looking into lung function tests, FEV1 and VC are also indirect signs of congestion in HF (30) and their decrease a sign of extravascular lung fluid and cardiac size reduction. In fact, it has been demonstrated that HF patients develop pulmonary function abnormalities, ranging from minimal restriction to a severe restrictive pattern (31–34). From a pathophysiological point of view, in HF, the backward transmission of elevated left-sided filling pressure leads to pulmonary congestion, which may precede clinical signs of cardiac decompensation as shown in a trial involving prolonged invasive pulmonary pressures measurements (35). As left ventricular filling pressure increases, pulmonary congestion and interstitial oedema develop, causing reductions of lung volumes and compliance as assessable by spirometry. Therefore, the significant improvement in FEV1 and VC we detected following Sacubitril/Valsartan, likely showcases again a drug-induced hemodynamic improvement (36, 37).

Along with biomarkers and lung function tests, another parameter used to determine HF severity is the presence of sleep apneas, which are associated with unfavorable patients' prognosis. In our population, we have documented mild sleep disorders with a significant reduction in CSA, which disappeared in half of the patients who presented CSA at baseline (Figure 2, middle panel). This result was in accordance with a recent study by Passino et al. (38) that also demonstrated a CSA-driven reduction in apnea events in a cohort of 51 patients treated with Sacubitril/Valsartan. We did not detect an improvement in AHI as they did, probably because our population had less severe HF, as noted by a lower NYHA class (18% in NYHA class III vs. 41% in their population) and baseline nighttime AHI (12 vs. 19 events/hour). Taken together, these polysomnography findings are in line with the hemodynamic improvement led by treatment with Sacubitril/Valsartan. Moreover, they confirm the previous data by Apostolo et al. (20) that demonstrated that a hemodynamic amelioration in LVAD patients is correlated with a reduction in the number of apneas and specifically CSA. Importantly, a mechanical strategy based on nocturnal continuous positive airway pressure treatment to reduce sleep apneas failed to improve HF patients' prognosis (39, 40) and, at present, no other disease-modifying HFrEF therapies have demonstrated to reduce CSA burden. Therefore, considering the key role of sleeping disorder in determining HFrEF prognosis and the crucial role of congestion in their genesis, this could be considered an ancillary hemodynamic-driven mechanism of clinical improvement in patients treated with Sacubitril/Valsartan.

In brief, improvement of left ventricle volume and performance as well as lung mechanics, reduction of NT-proBNP and CSA are all suggestive of a hemodynamic driven Sacubitril/Valsartan effect.



Evidences for a predominantly pleiotropic effect

At a first glace the Sacubitril/Valsartan pleiotropic effects are more hidden but nevertheless present. Indeed, interleukin ST-2 is induced and released by stretched myocytes in response to ventricular wall stress, hence its dysregulated concentrations in HF patients reflect a more remodeled heart (10). However, ST-2 is not affected by an acute hemodynamic stress such as exercise (41). ST-2 has emerged as an additional biomarker for HF, given its contribution to the genesis of fibrosis and inflammatory response (10). We observed a reduction of almost one third in ST-2 levels following Sacubitril/Valsartan treatment, supporting the hypothesis of the potential antifibrotic and anti-inflammatory effect of the drug. This is in line with previous findings from an analysis of the PARADIGM-HF data, where a reduction in ST-2 values, as well as in other biomarkers associated with profibrotic signaling, was shown (42).

In chronic HF the alveolar capillary membrane dysfunction is associated with long-lasting pathophysiological mechanisms such as interstitial fibrosis, local thrombosis and an increased in cellularity on top of lung fluid increase. As previously described in other therapeutic settings (8, 36, 37), treatment with ultrafiltration or inotropes in acute HF patients, despite an important and rapid lung fluid reduction, opposite to lung mechanics, does not affect DLCO which remains unchanged even after hemodynamic amelioration (36, 37, 43, 44). The same lack of improvement in lung membrane diffusing capacity is also observed following heart transplantation (45). On the other side, long term treatment with drugs which marginally affect pulmonary hemodynamic is associated with either DLCO improvement (ACE-i and mineralcorticoid receptor antagonists) or worsening (unselective β-blockers) (46–48). The suggested mechanisms are alveolar β-2 receptor blockage for β-blockers, bradikinine increase for ACE-I, and an antifibrotic action for MRA (46–48). On the other side, no effect on DLCO is present with ARBs treatment. Therefore, the significant DLCO improvement detected in our HF patients with reduced DLCO suggests a reduction of alveolar capillary membrane fibrosis by sacubitril and valsartan combined. This is all the more relevant because, according to the standard of care in HFrEF, in 73% of our population Sacubitril/Valsartan replaced ACE-I therapy, thus potentially removing a baseline beneficial effect of the latter on lung diffusion. Indeed, no other treatment potentially affecting membrane function (i.e., β-blockers or mineralcorticoid receptor antagonists) has been modified during the study.

Moreover, looking into surfactant binding proteins, differently from proSP-B, which is mainly produced by the alveolar cells with no site of synthesis outside the lungs, isoform D (SP-D) is a non-lung specific biomarker playing a role in the resolution of inflammation (4). Therefore, its significant reduction as detected in our study, supports the anti-inflammatory hypothesis attributed to Sacubitril/Valsartan.

Finally, these evidences of an antifibrotic effect of Sacubitril/Valsartan are also supported by the significant enhancement of left ventricle function which is considered in the first place as a purely hemodynamic effect. However, disease-related left ventricular remodeling is a complex process involving cardiac myocyte growth and death, vascular rarefaction, fibrosis, and inflammation (49). In a recent analysis by Iborra-Egea et al. (50), Sacubitril/Valsartan was found to attenuate cardiomyocyte cell death, hypertrophy, and impaired myocyte contractility, via different complex molecular mechanisms, thus triggering a series of cascades that participate in cardiac remodeling (50). In our trial we confirmed the positive effect of Sacubitril/Valsartan on left ventricle volumes and systolic function in a population almost equally divided between ischaemic and non-ischaemic patients. All together the remodeling effects of Sacubitril Valsartan we observed do not appear to be justified only by a hemodynamic improvement.

In the end, Sacubitril/Valsartan benefits are the result of a combination of hemodynamic and systemic effects with on one side an improvement in lung mechanics, congestion biomarkers, and sleep apneas and on the other the amelioration of lung diffusion, inflammation biomarkers and echocardiographic parameters (Figure 3). However, it is unknown whether the hemodynamic or the pleiotropic effects predominate and how they interact between each other. Indeed, a pleiotropic effect may trigger a hemodynamic one and vice versa.


[image: Figure 3]
FIGURE 3
 Sacubitril/Valsartan benefits on the cardiorespiratory system arise from the balance between the hemodynamic and pleiotropic effects. CSA, central sleep apneas; DLCO, diffusing capacity of the lungs for carbon monoxide; E/e', ratio of the transmitral early peak velocity by pulsed wave Doppler and the early diastolic mitral annulus velocity by tissue Doppler; FEV1, forced expiratory volume in 1s; LVEDV, left ventricle end diastolic volume; LVEF, left ventricle ejection fraction; NT-proBNP, amino terminal pro-B-type natriuretic peptide; PAPs, systolic pulmonary artery pressure; proSP-B, immature form of surfactant protein isoform B; Sac/Val, Sacubitril/Valsartan; SP-D, surfactant protein isoform D; ST-2, interleukin ST-2.




Study limitations

Our study, due to ethical reasons, lack of a randomized control group, however all our patients were in stable clinical condition, have been followed-up on a monthly basis and there were not significant changes in other HFrEF drugs.

This is a monocentric study and our results may not apply to other population, however another study recently published (38) showed similar results on sleep apneas. It should be taken into account that only a subgroup of our population completed the two nocturnal cardiorespiratory monitoring as per protocol.

The kinetics of the change in biomarkers (both lung surfactant proteins and ST-2 and NT-proBNP) during dose titration were not assessed in the present study. Therefore, it is not possible to understand how dose-dependent the effect is.




Conclusion

In conclusion, taken together, our data demonstrate that, at least in the medium term (6 months), Sacubitril/Valsartan effect shares a double pathway: hemodynamic and systemic. The first is evidenced by the improvement in lung mechanics, reduction in NT-proBNP and immature proSP-B, and significant decrease in CSA. The latter is confirmed by an amelioration of lung diffusion, ST-2 and SP-D values as well as by echocardiographic parameters of positive reverse remodeling.
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Objective: Arterial spasm is proved to be an inducer of cerebral ischemia and cerebral infarction, while when a venous spasm occurs, cerebral edema is seen to be caused by a disturbance in cerebral blood flow. However, it is unclear and unproven whether venous spasm occurs after subarachnoid hemorrhage (SAH). To provide the theoretical basis for treating cerebral vasospasm after SAH, magnetic resonance imaging (MRI) was employed to observe the changes in the diameter of deep cerebral veins in rabbits after SAH.

Methods: Fourteen New Zealand rabbits were randomly divided into the SAH group (n = 10) and the normal saline group (NS group, n = 4). Specifically, the SAH models were established by the ultrasound-guided double injections of blood into cisterna magna. Moreover, the MRI was performed to observe the changes in the diameter of deep cerebral veins (internal cerebral vein, basilar vein, and great cerebral vein) and basilar artery before modeling (0 d) and 1, 3, 5, 7, 9, and 11 d after modeling.

Results: In the SAH group, the diameter of the basilar artery showed no evident change on the 1st d. However, it became narrower obviously on the 3rd d and 5th d, and the stenosis degree was more than 30%. The diameter gradually relieved from 7th to 9th d, and finally returned to normal on the 11th d. Moreover, the diameter of the internal cerebral vein significantly narrowed on the 1st d, the stenosis degree of which was 19%; the stenosis then relieved slightly on the 3rd d (13%), reached the peak (34%) on the 5th d, and gradually relieved from 7th d to 11th d. Moreover, the stenosis degree of the basilar vein was 18% on the 1st d, 24% on the 3rd d, and reached the peak (34%) on the 5th d.

Conclusion: After SAH in rabbits, the cerebral vasospasm was seen to occur in the basilar artery, and likewise, spasmodic changes took place in the deep cerebral vein. Furthermore, the time regularity of spasmodic changes between the cerebral vein and basilar artery was of significant difference, indicating that the venous vasospasm resulted in active contraction.
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 subarachnoid hemorrhage, cerebral vasospasm, deep cerebral vein, basilar artery, magnetic resonance imaging


Introduction

Subarachnoid hemorrhage (SAH) refers to the blood flowing into the subarachnoid space after the rupture of intracranial vessels, which is a common clinical critical disease (1). Although surgical technology and scientific research develop at a fast rate, the mortality and disability rate of SAH have not yet been effectively controlled (2). For instance, delayed cerebral vasospasm is a common and serious complication after SAH, which is manifested as the continuous contraction of the smooth muscle of one or more intracranial vessels, or the morphological changes of lumen caused by vascular injury, and the stenosis of the vascular lumen during angiography (3). Moreover, persistent stenosis is seen to be an inducer of increased intracranial pressure, neurological function defect, delayed cerebral ischemia, and poor clinical outcome (4). The patient's symptoms, however, worsen after treatment, thus prolonging the length of hospital stay, increasing medical costs, and becoming the leading cause of disability and death (5).

The pathogenesis of cerebral vasospasm has been widely researched in previous studies (6–10). It is generally believed that cerebral vasospasm after SAH is caused by multiple factors acting on the intracranial arteries, including various physical and chemical stimuli. However, it is not clear whether the intracranial venous spasm would also occur after SAH. Compared with the cerebral arterial system, the cerebral venous system is usually asymmetric, highly variable, and complex in three-dimensional conformation. These characteristics resulted in the fact that more focus has been placed for years on the cerebral artery instead of the cerebral vein (11). However, due to the rapid improvement of medical diagnosis and treatment and continuous development of imaging technology, the role of the morphological characteristics of cerebral veins has gained increasing emphasis in the regulation of cerebral blood circulation and the occurrence and development of cerebral venous diseases (12–15).

Vascular smooth muscle cells are the ultimate target cells for vasoconstriction spasms. Traditionally, the wall of the cerebral vein is believed to lack smooth muscle cells, which play only a passive drainage role in cerebral blood circulation (16). However, it has been confirmed by histological studies that smooth muscle cells also exist in the wall of the cerebral vein (17). It follows that cerebral veins have the histomorphological basis of vasospasm. From another point of view, both the cerebral artery and cerebral vein are located in subarachnoid space. In this way, when this space is full of blood, and when blood and active vascular substances act on the cerebral artery, it might be able to affect the cerebral vein further. In other words, factors leading to cerebral arterial spasm also act on the cerebral vein, possibly leading to contraction and spasm.

If vasospasm occurs both in the cerebral vein and cerebral artery after SAH, it might be an inducer of the brain edema. Moreover, due to the different occurrence times, the cerebral edema caused by cerebral venous obstruction should be different in treatment from that caused by cerebral artery contraction. Specifically, patients with cerebral artery systolic spasms mainly adopt the treatment of increasing cerebral perfusion pressure and vasodilation (18). Due to the poor venous return, the treatment measures of increasing cerebral perfusion pressure will lead to further aggravation of cerebral edema. Accordingly, cerebral vasoconstriction spasms can only be treated by vasodilation therapy. Therefore, with respect to the treatment options for the patients, it is of great significance to accurately grasp the time of spasm occurrence, and to figure out whether the cerebral artery or the cerebral vein is contracted after SAH.

As it is difficult to carry out in vivo experimental studies on cerebral vasospasm and pathological changes in brain tissue after SAH, and as the materials provided by clinical autopsy are extremely limited, animal models have become one of the primary means of studying cerebral vasospasm (19). In the present study, ultrasound-guided double injections of blood into cisterna magna were used to make the SAH model in rabbits. The operation was simple, the experimental animal achieved zero death, and the vasospasm effect was evident after modeling (20). The collateral circulation of a deep cerebral vein is less, and its vasospasm will lead to an extensive range of cerebral parenchymal blood reflux obstruction. Moreover, as shown in the research, the incidence of brain parenchyma injury in patients with deep cerebral venous disease was significantly increased, the consequences were more serious, and the mortality rate was as high as 15% (21). Therefore, this study attempts to apply magnetic resonance imaging (MRI) technology to observe the changes in the diameter of the cerebral artery and cerebral vein after SAH in rabbits to provide a theoretical basis for treating cerebral vasospasm.



Materials and methods


Experimental grouping and model establishment

The study was approved by the Ethics Committee of Anhui Medical University (Hefei, China, 2012238). Moreover, the animal use and care protocols, including the operation procedures, were conducted strictly according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

A total of 14 adult male New Zealand rabbits, weighing from 2.5 kg to 3.2 kg, were supplied by the Experimental Animal Center of Anhui Medical University. They were then randomly divided into the SAH group (n = 10) and the normal saline (NS) group (n = 4) separately. Specifically, in the SAH group, the SAH model was established by ultrasound-guided double injections of blood into cisterna magna, and the procedure followed has been described in the previous report (20).



Magnetic resonance imaging (MRI) scanning

The MRI was performed before (0 d) and 1, 3, 5, 7, 9, and 11 d after modeling. After being anesthetized, New Zealand rabbits were placed in the left decubitus position and examined with 3.0T MRI equipment (SIEMENS TRIO) with a knee coil (similar in size to rabbit). Moreover, cerebral venous images were scanned with susceptibility-weighted imaging (SWI). Specifically, the technical parameters were as follows: FOV 120 mm, slice thickness 0.6 mm, TR 29 MS, TE 20 ms, and average 8. Furthermore, the arterial scanning sequence was time-of-flight magnetic resonance angiography (TOF-MRA), while the technical parameters were listed as follows: FOV 110 mm, slice thickness 0.5 mm, TR 25 ms, TE 5.72 ms, and average 5. After scanning, the data were then sent to the workstation for minimum intensity projection (MIP) and 3D-TOF-MRA.



Evaluation of vasospasm

The MRI images were analyzed by OsiriX 3.6 (MAC OS 10.5.8) software and measured by two experienced radiologists via a double-blind method. Following this, the diameter of the internal cerebral vein and the basilar vein was measured, in the first place, by the mean value of the bilateral origin part. Next, the diameter of the great cerebral vein and basilar artery was measured in the middle part of the vessel. The stenosis degree and the change rate of different vessels were then calculated in accordance with the standard of Liszczak (22). The calculation formula was as follows:

[image: image]

In the formula, D0 represents the diameter before modeling, while Dn refers to the diameter on n d (n = 1, 3, 5, 7, 9, 11) after modeling in the same rabbit.

[image: image]

In the formula, Dn refers to the diameter on n d (n = 1, 3, 5, 7, 9, 11) after modeling in the same rabbit; Dn − 1, however, represents the diameter in the previous time.



Statistical analysis

All the diameters were inputted in the Excel spreadsheet, and the SPSS 23 statistical software package was used to calculate the difference. Additionally, the diameter was expressed as mean ± standard deviation ([image: image] ± s), while the comparison of multiple groups was conducted by single-factor analysis of variance.




Results


MR imaging of cerebral vessels

According to the microscopic anatomy of the rabbit brain, the basilar artery, running along the basal sulcus of the ventral pontine, fell into the left and the right posterior cerebral arteries from the superior border of the pons. Moreover, in accordance with the 3D-TOF-MRA images, the arteries showed striped hyperintensity, with the left and the right vertebral arteries joining the basilar artery at the junction of pons and medulla oblongata. The basilar artery, however, ascended and fell into the left and the right posterior cerebral arteries, finally forming the middle and posterior parts of the cerebral artery ring together with the middle cerebral artery. The morphology of the basilar artery was consistent with that of MRI (Figure 1).


[image: Figure 1]
FIGURE 1
 The basilar artery in rabbit brain. (A) Microscopic anatomy; (B) 3D-TOF-MRA. BA, Basilar artery; PCA, Posterior cerebral artery; VA, Vertebral artery; MCA, Middle cerebral artery.


In the microscopic anatomy of the rabbit brain, the bilateral internal cerebral veins went from front to back, received the venous blood from both basilar veins, and then flowed into the great cerebral vein. Finally, the great cerebral vein and the inferior sagittal sinus entered into the straight sinus, where no obvious boundary was seen between the great cerebral vein and the straight sinus. Following this, the original image was reconstructed by MIP via SWI sequence scanning, and the deep cerebral veins of rabbits were visible, showing hypointensity. It follows that compared with microanatomy, the shape of the deep cerebral veins was consistent (Figure 2).


[image: Figure 2]
FIGURE 2
 The deep cerebral veins in rabbit brain. (A) Microscopic anatomy; (B) MIP image in MRI. 1: inferior sagittal sinus; 2: internal cerebral vein; 3: basal vein; 4: great cerebral vein; 5: straight sinus.




Diameter of cerebral vein and artery
 
Basilar artery

The mean diameter of the basilar artery in the NS group was (0.66 ± 0.04) mm on 0 d, and there was no significant difference during 1st−11th d after modeling and before modeling (P > 0.05).

In the SAH group, the mean diameter of the basilar artery was (0.66 ± 0.06) mm on 0 d and was (0.64 ± 0.06) mm on 1st d, and there was no significant difference between the two groups (P > 0.05); the basilar artery showed obvious spasm on 3rd d (6 cases) and 5th d (4 cases) after modeling, and the average diameter was (0.42 ± 0.10) mm and (0.44 ± 0.07) mm, respectively (P < 0.05); after 7th d, it began to relieve and reached normal on 11th d (P > 0.05) (Table 1, Figure 3).


TABLE 1 The diameter of the basilar artery and deep cerebral veins.

[image: Table 1]


[image: Figure 3]
FIGURE 3
 The magnetic resonance performance of artery in the same rabbit SAH model within 0 ~ 11 d (3D-TOF-MRA). The diameter showed no significant changes after making the model in 1 d. It reached the peak in 3~5 d and gradually recovered during 7~11 d.BA, Basilar artery; MCA, Middle cerebral artery; VA, Vertebral artery. (A) 0 d; (B) 1 d; (C) 3 d; (D) 5 d; (E) 7 d; (F) 9 d; (G) 11 d.




Internal cerebral vein

The mean diameter of the internal cerebral vein in the NS group was (0.52 ± 0.02) mm on 0 d, and there was no significant difference between 1 and 11 d after modeling and before modeling (P > 0.05).

In the SAH group, the mean diameter of the internal cerebral vein was (0.53 ± 0.05) mm on 0 d; the mean diameter was (0.43 ± 0.08) mm on 1st d after modeling, and the difference was statistically significant (P < 0.05); the stenosis was relieved on 3rd dafter modeling; the stenosis degree reached the peak on 5th d (six cases) and 7th d (four cases), respectively, with the average diameter of (0.35 ± 0.10) mm. There was no significant difference between the two groups (P > 0.05) (Table 1, Figure 4).


[image: Figure 4]
FIGURE 4
 The magnetic resonance performance of internal cerebral vein in the same rabbit SAH model within 0 ~ 11 d (mIP). The diameter was obviously narrow after making the model in 1 d, eased after 3 d, and reached a peak around 5~7 d, and gradually recovered during 9~11 d. ICV, Internal cerebral vein; SS, Straight sinus; BV, Basilar vein. (A) 0 d; (B) 1 d; (C) 3 d; (D) 5 d; (E) 7 d; (F) 9 d; (G) 11 d.




Basilar vein

In the NS group, the mean diameter of the basilar vein was (0.39 ± 0.05) mm on 0 d, and there was no significant difference between 1 and 11 d after modeling and before modeling (P > 0.05).

In the SAH group, the mean diameter of the basilar vein was (0.38 ± 0.08) mm before modeling, and the stenosis was (0.31 ± 0.07) mm on 1st d after modeling, and the difference was statistically significant (P < 0.05); there was no remission on 3rd d, and the average diameter of the blood vessel was (0.29 ± 0.09) mm; after that, the change rule was consistent with that of the internal cerebral vein. The stenosis degree reached the peak on the 5th d and 7th d, and the mean diameter of vessels was (0.25 ± 0.12) mm and (0.27 ± 0.08) mm, respectively (P < 0.05). From 9th d to 11th d, the diameter gradually returned to normal with (0.51 ± 0.05) mm on 11th d (P > 0.05) (Table 1, Figure 4).



Great cerebral vein

Compared with the data before modeling, the diameter of the great cerebral vein decreased slightly after modeling, but the difference was not statistically significant (Table 1, Figure 4).




Comparison of stenosis degree

The stenosis degree of the internal cerebral vein was 18.86% on 1st d after modeling, 13.21% on 3rd d, 33.96% on 5th d, and 3.77% on 11th d, respectively.

The stenosis degree of the basilar vein was similar to that of the internal cerebral vein, which was 18.42% on 1st d and 23.68% on 3rd d, respectively. Similarly, the stenosis peaked on 5th d, which was 34.21% compared with the basal value. The stenosis gradually relieved from 7th d to 11th d, which was 5.26% on 11th d.

Compared with 0 d, the changes of the basilar artery were not obvious on 1st d after modeling, and the degree of stenosis was only 3.03%. The severe and obvious thinning occurred on 3rd d, with the stenosis degree reaching 36.36%. The stenosis degree was still as high as 33.33% on 5th d and gradually relieved from 7th d to 11th d, which were 13.64%, 9.09%, and 0%, respectively (Figure 5).


[image: Figure 5]
FIGURE 5
 The trends of stenosis degree of deep cerebral veins and basilar artery in rabbit SAH model within 0 ~ 11 d.




Change rate

The diameter of vessels in the SAH group was compared with that of two adjacent measurements. Specifically, the change rate of vessel diameter was obtained by subtracting the measurement value of the last time from the previous measurement value, and then dividing the previous value. Accordingly, if the result is positive, it will be reduced; if it is negative, it will be enlarged.

The positive change rate of the internal cerebral vein and the basilar vein was higher on the 1st d and 5th d. The positive change rate of the basilar artery was higher on the 3rd d (Table 2).


TABLE 2 The change rate of the internal cerebral vein, basilar vein, and basilar artery (%).

[image: Table 2]




Discussion


Difficulties in research and treatment of cerebral vasospasm

Delayed cerebral vasospasm after SAH was high in the incidence rate and severe in complications, thus prolonging the hospitalization time and increasing the medical expenses. Moreover, it is also considered as one of the critical factors affecting the prognosis of patients. Cerebral vasospasm has always been a hot issue in the field of neurosurgery. Although it has explained many pathophysiological mechanisms of cerebrovascular diseases and provided much evidence and methods for clinical diagnosis and treatment of cerebral vasospasm, the pathogenesis of cerebral vasospasm has not been fully elucidated. Since Ecker et al. (23) first confirmed the phenomenon of cerebral vasospasm after SAH by cerebral angiography, which has attracted extensive attention in neurosurgery. Even though surgical technology and scientific research have improved significantly in recent years, the high mortality and delayed neurological dysfunction of cerebral vasospasm after SAH has not yet been effectively controlled.

For years, clinical practice, animal experiments, basic research, and other scientific methods focused on cerebral arterial spasms, on which the clinical treatment effect is not yet satisfactory. In the clinical data of Vergouwen et al. (24), compared with patients without cerebral arterial spasm, the incidence of cerebral infarction and prognosis of patients with cerebral arterial spasm had no statistical significance. What is more, the study of Al-Khindi et al. (25) also showed that the long-term prognosis of patients with SAH was not ideal, since it may lead to cognitive and neurological impairment. Therefore, such inducers of poor prognoses, such as cerebral vasospasm, needed further study. Accordingly, we speculated that there might exist other factors affecting cerebral vasospasm.

It is generally believed that the collateral circulation of the cerebral vein is abundant. Even if a single or small range of cerebral veins have a spasm, the blood in the drainage area can be relieved through the collateral circulation, which is not likely to cause serious complications. This may be one of the reasons why clinical treatment and researches pay less attention to the cerebral vein. However, the deep cerebral vein is sparse in collateral circulation but large in volume and scale. Suppose that vasospasm is prone to causing a large range of cerebral parenchymal blood flow obstruction and brain edema if vasospasm occurs. Besides, clinical studies also show that, compared with the disease of the superficial cerebral vein system, the incidence of brain parenchyma injury in patients with the deep cerebral vein disease is significantly increased, and the consequences are more serious (21).

In the clinical treatment of cerebral vasospasm, it is necessary to prevent arterial spasms while maintaining cerebral blood perfusion to prevent cerebral edema. The main methods are expanding blood vessels and maintaining perfusion pressure (26). However, cerebral edema caused by cerebral venous reflux varies from that caused by cerebral artery contraction spasm in treatment. More specifically, due to the poor venous return, the treatment measures of increasing cerebral perfusion pressure is seen to be an inducer of further aggravation of cerebral edema, thus giving rise to the risk of rebleeding. It follows that if the cerebral vein also has a contractile spasm, it can only be treated by vasodilation.



Selection of detection methods for cerebral vasospasm

Digital subtraction angiography (DSA) is treated as the “gold standard” for the diagnosis of cerebral vasospasm. The basic principle of DSA is described as follows: the angiographic X-ray fluorescence images of the inspected unit before and after the injection of the contrast agent are enhanced by an image intensifier and then scanned with a high-resolution television camera tube. The images are divided into small squares and made into matrixes, forming a video image composed of the pixels in the small grids. After logarithmic amplification and modulus/number conversion, the digital images are formed and stored separately. Then, the digital information of the two images is subtracted to obtain the difference signals of different values. Finally, via contrast enhancement and number/modulus conversion, the subtraction of vascular images are thus obtained and displayed on the screen, from which the bone, muscle, and other soft tissues are removed. But, with respect to small animals, this method is difficult to operate and control the dose of angiography, giving rise to high mortality, which is therefore not suggested to be repeated in large quantities.

Transcranial Doppler ultrasound (TCD) uses pulse Doppler technology and 2 MHz emission frequency to make the ultrasonic beam penetrate the thin part of the skull and directly record the Doppler signal of cerebral artery blood flow, so as to obtain the hemodynamic parameters of the cerebral basilar artery and reflect the state of cerebrovascular function. To be specific, the imaging principle is to diagnose the degree of cerebral vasospasm according to the blood flow velocity of the measured blood vessels, but the blood flow velocity is affected by many factors. Therefore, the estimation of cerebral vasospasm may be insufficient if the measured blood flow velocity is used to diagnose cerebral vasospasm only (27). For New Zealand rabbits, it is also difficult to find a suitable weak part of the skull to pass through the ultrasound.

Magnetic resonance imaging (MRI) is a kind of imaging technology that uses the hydrogen nuclei (proton) in human tissue to be excited by a radio frequency pulse in a magnetic field to produce a magnetic resonance signal, and reconstruct the image of a certain level of the human body through computer processing. It therefore possesses merits, such as safety, non-invasion, and contrast agent free. Besides, SWI sequence is a new MRI technology developed in recent years, which owns high sensitivity to deoxyhemoglobin in venous vessels. It has the advantages of high resolution and high signal-to-noise ratio (28). In addition, the TOF-MRA sequence is very sensitive to blood flow velocity and vessel routing and is also ideal for displaying small arteries.



Spasmodic changes in deep cerebral veins

The basilar artery has always been the critical target vessel in the study of cerebral vasospasm after SAH (6–10). Basilar artery diameter in the SAH group was (0.66 ± 0.06) mm on 0 d and (0.44 ± 0.07) mm on 5th d after modeling. The statistical difference indicated that the model was successful. Meanwhile, the average diameter of the internal cerebral vein and basilar vein in this group before modeling was (0.57 ± 0.13) mm and (0.38 ± 0.08) mm, respectively. At the same time, it was only (0.42 ± 0.08) mm and (0.25 ± 0.12) mm on the 5th d after modeling. Compared with that before modeling, the diameter of the internal cerebral vein and basilar vein in the SAH group decreased by 26 and 34%, respectively. Accordingly, it can be confirmed that the deep cerebral veins and basilar artery did have spasmodic contractile changes after SAH. However, there was only 1 case each (6.7%) of mild, moderate, and severe stenosis of the great cerebral vein. This result may be due to the fact that there is no clear boundary between the great cerebral vein and the straight sinus in MRI and microanatomic observation. In the MRI, the exact location of the great cerebral vein is difficult to determine. The diameter measured in this study is more likely to be the diameter of the straight sinus. The sinus wall is made of dense collagen fiber composition, which is inflexible and inelastic, and is not prone to spasmodic changes.

To find out the time change regulation of cerebral deep vein spasm, this study selected the internal cerebral vein and basilar vein as the observation objects for continuous magnetic resonance detection, and compared them with basilar arterial spasm. According to the results, the basilar artery of the model well simulated the pathological process of cerebral vasospasm after SAH: obvious spasmodic changes occurred during 3rd−5th d after modeling, and the stenosis continued till the end of the 7th d, gradually approaching to that before modeling. This change in regulation was consistent with the report of Tsurutani et al. (29). However, the internal cerebral vein showed significant stenosis on 1st d after modeling, recovered on 3rd d, showed evident stenosis again on 5th d, and gradually approached normal until the end of 9th d. The results suggest that the diameter of the internal cerebral vein also changes regularly after SAH in rabbits, and its occurrence time and regularity are inconsistent with those of the basilar artery.



Is spasmodic changes in deep cerebral veins vasospasm?
 
Analysis of stenosis degree

There may be two kinds of spasmodic changes in the diameter of deep cerebral veins in rabbits after SAH by SWI sequence: one is vasospasm caused by the contraction of the smooth muscle of the venous wall under the action of various physical and chemical stimuli; the other being that the diameter of the venous vessel becomes smaller, the volume of blood supply decreases after the vasospasm, and the venous blood flow playing the role of passive drainage also reduces, thus showing “pseudospasm” on MRI.

This study first compared the average diameter of blood vessels before modeling (0 d) with that of 1, 3, 5, 7, 9, and 11 d after modeling in the SAH group, and then subtracted the average diameter of each time point after modeling from the data before modeling. Then, the result was divided by the average diameter before modeling, and the degree of stenosis of each vessel was obtained. Hence, by comparing the stenosis degree of arterial and venous vessels, we analyzed whether the spastic changes of deep cerebral veins were an inducer of passive stenosis caused by the decrease of arterial blood supply.

By comparing the stenosis degree of the internal cerebral vein, basilar vein, and basilar artery at each time point, it is evident that there is no correlation between the stenosis degree of the artery and vein. Besides, the stenosis degree of the internal cerebral vein and basilar vein at each time point was seemingly similar on 1st d (18.86 and 18.42%, respectively). In comparison, the spasm degree of the basilar artery was only 3.03%. Furthermore, the stenosis degree of the internal cerebral vein and the basilar vein on the 3rd d was 13.21 and 23.68%, respectively. Both the values were much <36.36% observed for the basilar artery. What is more, on 5th d, the stenosis degree of the internal cerebral vein and basilar vein reached a peak of 33.96 and 34.21%, respectively. At this time, the basilar artery still retained the spasmodic peak of the 3rd d (33.33%), whose change was not noticeable. Although the stenosis degree of the internal cerebral vein and basilar vein recovered on the 7th d, it was still serious (28.30 and 28.95%, respectively). At this time, the spasm degree of the basilar artery was significantly reduced to 13.64%. On 9th d, the stenosis degree of the internal cerebral vein and basilar vein reduced by 15.09 and 21.05%, respectively, while the spasm degree of the basilar artery was only 9.09%. Finally, all blood vessels had recovered or nearly returned to normal on the 11th d.

According to the results mentioned above, except for 11th d, the stenosis degree between the cerebral vein and artery was significantly different on 1st, 3rd, 5th, 7th, and 9th d after modeling, which was obviously inconsistent with the conjecture of “ pseudospasm”.



Analysis of change rate

After analyzing the spasticity degree of the internal cerebral vein, basilar vein, and basilar artery, this study analyzed the measured value from another angle to more intuitively show the fluctuation in arteriovenous diameter between two adjacent time points and to further confirm that the spasmodic change is spasticity. To be specific, the change rate of vascular diameter was obtained by subtracting the previous measurement value from the previous one in the SAH group, and then dividing the previous value. If the results are positive, it indicates a reduction, while a negative value exhibits an enlargement.

The change in the basilar vein was 18.89% smaller than that observed before modeling, and it was similar to that of the internal cerebral vein, and the change in the basilar vein was 18.42% compared with that of 0 d, while the change in the basilar artery 1 d after modeling was not obvious (only 3.03%). On 3rd d, the diameters of the internal cerebral vein, basilar vein, and basilar artery were significantly different; the internal cerebral vein expanded by 6.98%, and the basilar vein continued to shrink by 6.45%. However, the basilar artery was significantly reduced, with a change rate as high as 34.38%; the change rate of internal cerebral and basilar veins was the most obvious on 5th d. On 7th d, the change rates of the internal cerebral vein and basilar vein were similar, which were −8.57% and −8.00%, respectively, while the diameter of the basilar artery expanded more, reaching −29.55%. On 9th d the change rate of the internal cerebral vein was −18.42%, the change rate of the basilar vein was −11.11%, and the change rate of the basilar artery was −5.26%. On 11th d the diameter of the internal cerebral vein and basilar vein was further enlarged, and the change rate was −13.33 and −20.00%, respectively, and that of the basilar artery was 10.00%.

The change rate reflects the fluctuation in vessel diameter in each time period. If the decrease in blood supply is caused by arterial spasm, the fluctuation in the vessel diameter of the internal cerebral vein and basilar vein should be consistent with that of the basilar artery. In addition, from the histological point of view, blood filling in the blood vessels leads to an increase in the gap between endothelial cells and the stretch of elastic fibers. The blood vessels can be expanded to a certain extent, and then the diameter of the vessels can be increased in the imaging observation. However, the decrease of blood flow in the blood vessels will only cause the relative collapse of the vessels, and there will be no obvious changes in the imaging. Moreover, the endothelial cells and elastic fibers will not be changed and there will be no contractile function, so spasm can only be the active contraction of smooth muscle. All the above perspectives reflect that the spasmodic changes of deep cerebral veins in this experiment are not caused by arterial spasms, but spastic changes are caused by spasticity.

In this study, artificial measurement is used to track the change in cerebral vessel diameter, which is time-consuming and laborious. In future research, artificial intelligence algorithms (30–32) will be tried in the recognition and measurement of deep cerebral veins. Computational simulations of the blood vessels (33, 34) can enable us to understand the blood dynamics and vascular structures better, which helps in the research of cardiovascular diseases.





Conclusion

After inducing SAH in rabbits, the spasm was seen to occur in the basilar artery, and meanwhile, spastic changes were also observed in the deep cerebral vein. What is more, evident differences existed in the time regularity between the spasm and spastic change, thereby indicating that the spastic change of the deep cerebral vein turned into active contraction. In the clinical treatment of SAH, attention should be paid not only to the arterial spasm, but to the spasm of deep cerebral veins due to the fact that if the degree of cerebral deep vein spasm reaches more than 30%, it will seriously affect the cerebral venous return. Accordingly, the corresponding treatment measures should be taken according to the different time points of vasospasm. Meanwhile, the relationship between spasmolysis and cerebral perfusion pressure should be balanced when the spasm occurs simultaneously in the cerebral artery and deep cerebral vein.
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Background: Radial artery occlusion (RAO) often occurs after catheterization when using a transradial artery approach.

Objective: This prospective study assessed the success and feasibility of accessing the distal transradial artery (dTRA) for retrograde recanalization of RAO.

Methods: From June 2019 to December 2021, 44 consecutive patients who had undergone cardiac catheterization resulting in RAO were given retrograde recanalization via the dTRA. According to the result of the procedure (primary endpoint), patients' cases were analyzed as successful or failed. Rates of post-operative patency and adverse events were calculated up to 12 months.

Results: The procedural success rate was 88.6%. Compared with the successful group, a significantly higher percentage of patients in the failed group were current smokers and/or suffered from diabetes mellitus (each, 80.0% cf. 33.3%, P = 0.046); had undergone at least 3 previous cardiac catheterizations (60.0% cf. 12.8%, P = 0.011), lower rate of anticoagulation (30.77% cf. 0%, P = 0.048) and exhibited chronic total occlusion (100.0% cf. 51.28%, P = 0.041). In each group, one patient each had minor bleeding at the access site and hematoma. The patency rates in the successful group at postoperative 3, 6, and 12 months were 48.7, 43.6, and 35.9%, respectively.

Conclusion: The dTRA approach for retrograde recanalization of RAO showed a high procedural success rate, but with patency rates of <50% at follow-up.
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 distal transradial artery, retrograde recanalization, radial artery occlusion, coronary angiography, percutaneous coronary intervention, geriatric disease


Introduction

Transradial artery access (TRA) has been used for more than 90% of catheterization procedures with fewer access-related complications, compared with the transfemoral artery approach (1). However, radial artery occlusion (RAO) is a discouraging complication caused by previous cardiac catheterization. The PROPHET study (Prevention of Radial Artery Occlusion—Patent Hemostasis Evaluation Trial) showed that rates of RAO varied from 5 to 12% and 1.8 to 7% at the 24-h and 30-day follow-ups, respectively (2). RAO risks debilitation of the arm, and the TRA cannot be used in further catheterizations.

The distal transradial artery (dTRA) in the anatomical snuffbox is an alternative site for radial artery puncture for cardiac catheterization, including coronary artery angiography (CAG) and percutaneous coronary intervention (PCI) (3). In 2018, Balaban and Elevli (4) showed with 25 patients that it was safe and convenient to perform CAG after retrograde recanalization of RAO via the dTRA. In 2021, Shi et al. (5) also found in a 15-case series that recanalization of RAO through the dTRA was safe and effective. However, the lack of large sample populations and long-term follow-up data have limited these studies.

Accordingly, this prospective clinical study assessed the success rate of retrograde recanalization of RAO via the dTRA approach, investigated possible predictors of failure, and reported long-term results upon follow-up.



Methods


Study design and patients

This was a single-center prospective clinical study and was registered in ClinicalTrials.gov (NCT04861389). The institutional review board at Shenzhen People's Hospital approved the study protocol. From June 2019 to December 2021, 44 consecutive patients were included at the Department of Cardiology, Shenzhen People's Hospital, China.

The inclusion criteria were RAO caused by previous cardiac catheterization procedures and accompanied with arm weakness or severe pain. The exclusion criteria were ST-segment elevation myocardial infarction (STEMI) needing primary PCI; without obvious pulsation of the ulnar artery; or cardiogenic shock.

Based on the result of the procedure, for this study analysis the patients were apportioned to a successful group (n = 39) or failed group (n = 5).



Radial artery recanalization procedure

All the catheterization procedures were performed by a doctor who was experienced in the dTRA approach. The snuffbox access site was punctured by an intravenous catheter needle (1.02 mm). After successful puncture, an introducer sheath (Terumo Medical; Figure 1A) was inserted to a depth of ~1- to 2-cm. Radial angiography was performed to characterize the anatomy of the radial artery, the occluded end, thrombotic load, and the collaterals (Figures 1B,C). For acute occlusion or chronic occlusion with high thrombotic load, aspiration of the thrombus directly through the introducer sheath (7 French sheath is more suitable) or assisted by aspiration catheter was attempted (Figure 1D). If aspiration was unsuccessful or the radial artery angiography showed insufficient restoration after aspiration, balloon angioplasty was performed repeatedly with a 0.014 guidewire or a 0.025 guidewire assist if necessary (Figure 1E). Continuous thrombolytic therapy with urokinase via finecross microcatheter (Terumo, Japan) was given for 6–12 h after intervention surgery in patients with acute occlusion or chronic occlusion with high thrombotic load (Figure 1F). Finally, a satisfactory result on the radial angiography was achieved (Figure 1G).


[image: Figure 1]
FIGURE 1
 Radial artery recannulation of RAO. (A) Insertion of the 6 French introducer sheath via snuffbox with ~1–2 cm depth. (B,C) Radial angiography to determine the anatomy of the radial artery, the occluded end, thrombotic load, and the collaterals. (B) Acute occlusion. (C) Chronic occlusion. (D) Aspiration of the thrombus directly through the introducer sheath or aspiration catheter for acute occlusion or chronic occlusion with high thrombotic load. (E) Balloon angioplasty of the RAO. (F) Thrombolytic therapy with urokinase via finecross microcatheter (Terumo, Japan). (G) Final result of the radial angiography.


Before patient discharge and at 3, 6, and 12 months, the patency of the radial artery was evaluated using Doppler ultrasound (Handydop Pro, Medisound Medical Apparatus).



Study endpoints

The primary endpoint was the success rate of the retrograde recanalization of the RAO, defined as blood flow restoration, monitored by Doppler ultrasound. Secondary endpoints included possible predictors of failure, complications, and patency at follow-up.



Statistical analysis

The data were analyzed using IBM SPSS 22.0 software. Continuous data are shown as mean ± standard deviation or counting data and percentage. The differences between groups of continuous variables subject to normal distribution were tested by t-test. Continuous variables without normal distribution were analyzed by Kruskal Wallis test or Mann-Whitney U test. The chi-squared test or Fisher's exact test was used for categorical variables. A difference of P < 0.05 was considered statistically significant.




Results


Procedural success rate and baseline characteristics

The rate of procedural success was 88.6%. Thus, the successful and failed groups consisted of 39 and 5 patients, respectively (Table 1). Compared with the successful group, a significantly higher percentage of patients in the failed group were current smokers and/or suffered from diabetes mellitus (each, 80.0% cf. 33.3%, P = 0.046); had undergone at least 3 previous cardiac catheterizations (60.0% cf. 12.8%, P = 0.011); lower rate of anticoagulation (30.77% cf. 0%, P = 0.048) and experienced chronic total occlusion (100.0% cf. 51.28%, P = 0.041). No other significant differences were found between the 2 groups.


TABLE 1 Baseline characteristics of the dTRA and TRA groups*.
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Procedure and post-procedure characteristics in the successful and failed groups

There were no significant differences between the group regarding procedural or post-procedural characteristics, except for angioplasty (Table 2). The procedure time varied from 15 to 66 min in the successful group. Thirty-seven (84.09%) patients in the successful group underwent CAG or PCI immediately after successful retrograde recanalization of the radial artery. One patient in each group had minor bleeding at the access site and in each group one patient experienced hematoma.


TABLE 2 Procedural and post-procedural characteristics of the successful and failure groups*.
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Patency rate at follow-up

Restoration of the blood flow of the radial artery was monitored by Doppler ultrasound once a month after discharge from the hospital. In the successful group, at the 3-, 6-, and 12-month follow-ups, the patency rates were 48.7, 43.6, and 35.9%, respectively (Figure 2).


[image: Figure 2]
FIGURE 2
 Patency rates at follow-up. The patency rates at 3, 6, and 12 months were 48.72, 43.59, and 35.90%, respectively.





Discussion

The main finding of this prospective clinical study was the high acceptable success rate of the dTRA approach for retrograde recanalization of RAO caused by previous cardiac catheterization. Thus, the dTRA approach is considered feasible for this purpose. However, at the 12-month follow-up, the patency rate was low, <50%.

RAO is a common complication of the TRA approach, with an incidence that varies from 0.8 to 38% (6, 7). Factors related to RAO include body mass index, diabetes, sheath size, anticoagulant usage, and hemostasis (6, 8). Although severe hand ischemia is rarely caused due to the dual vascular supply of the palm arch, RAO still affects the physical activity of the arm or causes severe pain from acute occlusion. RAO also precludes the radial approach from PCI or CAG, although the femoral artery can be used as an alternative, increasing access complications and with less surgical comfort. Finally, RAO in patients under hemodialysis precludes the chance for a spare artery for the formation of fistula.

The dTRA has served as an alternative access for cardiac catheterization since 2017, and its potential advantages have attracted the attention of cardiologic interventionalists (3, 9, 10). Some studies have focused on the dTRA to recanalize RAO in cardiac catheterization. In 2018, Sheikh et al. (11) reported a successful angioplasty via dTRA in recanalizing the left RAO of a 75-year-old man with a medical history of coronary artery bypass, previous multiple PCIs, and severe peripheral vascular disease. Li et al. (12) presented a case of RAO after emergency CAG and PCI in which recanalization was successfully performed through dTRA access. Additionally, case series have suggested that dTRA was safe and convenient for retrograde recanalization of RAO, with success rates of 88 to 93% (4, 5). In the present study, the success rate was similar at 88.6%. The high success rate is important to maintain of radial access for future procedures. Keeping the radial artery patency not only improves the physical activity of the arm, but also reduces procedure complications such as severe haematoma caused by puncturing the femoral artery. Besides, successful RAO recanalisation by dRA is a life-saving option for patients with current or future renal failure who are either on or may be on dialysis. Retaining radial patency may spare one access more for a patient who might be a future candidate for a dialysis fistula, probably in the contralateral arm.

In this study, compared with the successful group, the failed group had a significantly higher percentage with diabetes mellitus, current smokers, chronic total occlusion, and 3 or more previous cardiac catheterizations. These factors have been associated with radial vasospasm, calcification, and poor collateral circulation.

The most common complication of the procedure has been hematoma during balloon angioplasty (4, 13). The following points should be noted carefully. First, the operator should be experienced in dTRA, and especially with a high rate of successful access. Doppler ultrasound can accurately guide the dTRA puncture and improve the success rate of puncture (14, 15). Secondly, the sheath should not be inserted too deeply, but advanced to a depth of 1–2 cm only. If there is no pulsatile blood flow gushing out of the cannula, we should realize that the sheath may be inserted too deep with the occluded segment or thrombus, instead of vascular dissection. Finally, balloon-assisted tracking technology can be applied to navigate the guidewire through the occlusion (5).

The long-term result of retrograde recanalization of RAO remains unclear. No stent was used to achieve patency of the radial artery when undergone dTRA recanalization in this study. First, most radial arteries are around 2.5 mm in diameter and are not suitable for stent treatment. Second, stent for the radial artery interferes with re-puncture. Balaban and Elevli (4) showed that for 14 patients given drug-coated balloon (DCB) treatment after angioplasty, the patency rate was only 33.4% at the 1-month follow-up. In our study, the patency rates at 3, 6, and 12 months were 48.72, 43.59, and 35.90%, respectively. These rates were higher than that of the previous study, and no DCB was used. It may be that DCB treatment is not suitable for RAO. This interesting result may be due to the different mechanisms underlying artery stenosis. DCB was proved effective and durable for preventing restenosis in atherosclerotic disease, but not in a dysfunctional dialysis circuit or RAO caused by repeated punctures (16, 17). Based on the low patency at follow-up, retrograde recanalization of RAO is best for patients who consequently require CAG or PCI immediately. Additionally, the cost of the procedure is much less, and the surgical materials are often needed for subsequent cardiac catheterization. However, for those patients who do not require cardiac catheterization immediately and within 1 year, retrograde recanalization of RAO may not be beneficial for preserving the patency of the radial artery ascribed to the low patency rate with follow-up.

The main limitation of the present study is the small number of patients in the unsuccessful group. No multivariate logistic analysis was conducted to determine possible predictors of failure. In the future, DCB should be compared with conventional balloon angioplasty for RAO. In addition, parameters derived from the Doppler ultrasound were not considered, including diameters of the radial artery before and post-procedure. Finally, this study was performed in a single geographic region. The results warrant larger randomized controlled trials for confirmation.



Conclusion

This study highlighted the feasibility of the dTRA approach for retrograde recanalization of RAO, with a high procedural success rate but low patency rate at follow-up.
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Many factors contribute to mortality in lung cancer, including the presence of concomitant cardiovascular disease. In the treatment of early stage of lung cancer, the presence of comorbidities and occurence of cardiotoxicity may be prognostic. The effect of cardiotoxicity of radiotherapy and chemoradiotherapy on overall survival has been documented. Acute arterial and venous thromboembolic events seem to correlate with the degree of the histological malignancy, its clinical advancement, and even with optimal cardiac treatment, they may influence the survival time. In the case of high-grade and advanced lung cancer stage especially in an unresectable stadium, the prognosis depends primarily on the factors related to the histopathological and molecular diagnosis. Electrocardiographic and echocardiographic abnormalities may be prognostic factors, as they seem to correlate with the patient's performance status as well as tumor localization and size.
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Introduction

Lung cancer is one of the most common malignancies worldwide and also the most common cause of cancer-related deaths in both men and women. The 5-year survival rates for all stages of lung cancer do not exceed 15–20% (1). There are multiple factors that influence mortality, including the presence of comorbidities. Depending on their duration, these conditions can be classified as chronic and acute.

The Charlson Comorbidity Index (CCI) is the most commonly used tool to assess the likelihood of death within a year for a patient with comorbidities, a score of ≥3 is associated with an 80% increase in the risk of death within a year (Table 1) (2). The CCI is important prognostic scale in oncology because it is independent of cancer stage and performance status. Other scale evaluating comorbidities is the Simplified Comorbidity Score (SCS) confirmed in lung cancer as independent determinant of a poor outcome (Table 1) (3). This validation study revealed the strong statistical concordance between CCI and SCS, by univariate analysis of large group of non-small-cell lung cancer (NSCLC) patients with long term follow up, CCI ≥ 3 and SCS > 9 were considered as important for outcome (p = 0.06 and p < 0.01 respectively) with final suggestion of higher prognostic value of SCS. However both CCI and SCS were not predictable for survival, radiological response and toxicity during first-line chemotherapy due to advances lung cancer (4). Similarly in patients with advanced and unrespectable NSCLC treated with radical sequential chemoradiotherapy CCI >4 or SCS >8 were not predictors of survival (5).


TABLE 1 The comparison of the main mentioned indexes used for prognosis in lung cancer (2, 3).

[image: Table 1]

In patients with NSCLC, cardiovascular (CV) comorbidities, including coronary artery disease, hypertension, arrhythmias, and peripheral arteriosclerosis, increased the risk of death by 30% compared to patients without these conditions (6). However, some studies have shown no direct effect of concomitant diseases on overall survival (OS) in lung cancer in advanced inoperable stage (7). Retrospective cohort studies have shown that cancer-related mortality rates for biologically aggressive malignancies exceed those for comorbidities (8, 9).

Batra et al. showed that patients with lung cancer and CV diseases were less likely to receive oncological treatment, whether chemotherapy, targeted therapy or radiotherapy (10). It has also been shown that prior CV disease increases the risk of cancer-unrelated death (HR = 1.48; p < 0.0001) and does not contribute to cancer-related mortality. Disqualification from cancer treatment or use of less intensive and consequently less effective cancer treatment due to comorbidities, which may influence on overall survival, also seem an important problem.

The aim of this study was to review literature on the impact of cardiovascular comorbidities on the prognosis in patients with lung cancer with special focus on the more common NSCLC.



Cardiac arrhythmias

The mechanism underlying cardiac arrhythmias and conduction disturbances in cancer patients consists of several elements: patient-related factors (comorbidities, age, genetic predisposition), tumor-related factors (invasion, autonomic system excitation, inflammation), cancer treatment-related factors (electrolyte abnormalities due to gastrointestinal toxicity, cardiac structural or electrical remodeling induced by chemotherapy, targeted therapy, immunotherapy, radiotherapy, supportive medications) (11).

Atrial fibrillation (AF) is the most common arrhythmia, affecting 2–4% of the general population, whose prevalence increases with age (up to 36% at the age of 85 years) (12). Cancer patients have many additional reasons to experience AF (13). The OPERA study (Oulu Project Elucidating Risk of Atherosclerosis) showed that cancer disease may be understood an independent risk factor of AF development, because authors recognized AF in 19% with cancer in comparison to only 9% of subject without cancer (p < 0.001, HR = 2.47; 95%CI: 1.57–3.88) (14). The new-onset AF may be associated with increased relative risk of a diagnosis of cancer disease of the lung, kidney, colon, ovary as well as non-Hodgkin's lymphoma: seven times increased risk for metastatic and 3.5 times for localized cancer disease (15). The time relationship of 90 days between the recognition of AF and cancer is strongly interesting, because in this period the diagnosis of cancer can predict a 3.4 fold increased risk of new AF, however AF occurrence is related to a 1.85 times higher probability of coexisting cancer (16).

The large population-based study proved that not all types of cancer are associated with AF, but certainly hematological and intrathoracic malignancies are associated with AF (17). This study revealed the risk of AF development is more than doubled in patients with esophageal (HR = 2.69) and lung cancer (HR = 2.39), interestingly, lung cancer showed the strongest association with AF in patients aged > 50 years. Among women with new-onset AF the significant age-adjusted risk was observed for colon (HR = 2.36; p < 0.001), breast (HR = 1.35; p = 0.04) and lung cancer (HR = 1.69; p = 0.04) (18).

Particularly high AF percentages are observed among lung cancer patients. One of the Nationwide population-based study showed the highest incidence of AF as number per person years in lung cancer: 58.7/1000 in men and 35.3/1000 in women (19). The large analysis of cardiovascular admissions to hospital in US revealed AF as the main cause of hospitalization in lung cancer patients and significantly increased mortality was noted in lung cancer and AF (aOR = 4.69) (20).

However, the mechanisms underlying the high incidence of AF in cancer patients are not fully elucidated. In addition to classical risk factors present in the general population (hypertension, diabetes, heart failure, coronary artery disease, obesity, etc.), other factors, i.e., water-electrolyte disturbances, hypoxia, sympathetic over activity due to pain and emotional stress, have also been considered (21, 22). It can be additionally assumed that chronic pulmonary obstructive disease, often coexisting with lung cancer, is also a risk factor for AF, especially if there are episodes of infectious exacerbations and when the size of the left atrium is increased (23). A similar cause can be seen in AF with concomitant pulmonary hypertension associated with hypoxia in lung cancer (24). Compression or infiltration of the tumor mass or metastases to the heart may be another possible cause. AF can also be a complication of systemic treatment, radiotherapy or thoracic surgery (it occurs in 10–20% of patients 2–3 days after surgery) (25).

The prevalence of new onset AF (i.e., first occurrence after the cancer diagnosis) is associated with a higher tumor grade and thus a worse prognosis and higher cardiovascular mortality (26). Poor prognosis has been demonstrated in patients undergoing thoracic surgery for lung cancer who developed AF: increased hospital mortality (6.7 vs. 1.0%, p = 0.024) and higher long-term mortality (HR = 3.75) (27). A significant negative prognostic value of AF (HR = 2.39 for mortality, p = 0.02) in lung cancer patients qualified for systemic cancer treatment has also been demonstrated (7).

Ventricular arrhythmia is another common type of rhythm abnormalities with possible impact on prognosis in the general population. Anker et al. assessed cancer patients free of cardiovascular diseases in comparison to healthy controls using 24-h ECG (28). They showed an increased frequency of non-sustained ventricular tachycardia (nsVT) observed in 6% of NSCLC patients and associated with negative impact on survival (HR = 2.68; p = 0.005). Prognostic value of nsVT was significant independently of type of cancer. Although in the same study single premature ventricular contractions (PVCs) were observed in 42% of NSCLC patients (in 21% in number of 50 or more per 24 h) this arrhythmia did not affect the prognosis for NSCLC patients, but surprisingly it had an effect on the survival of patients with pancreatic and colorectal cancer. As one of possible explanation may be a fact that NSCLC patients receive beta-blockers more frequent which could inhibit PVCs. In the larger study where 24-h ECG recordings from the period of 6 years (2012–2018) were reviewed, the highest frequency of nsVT (33%) was observed in lung cancer patients without cardiac dysfunction (29). Moreover 52% of lung cancer patients had at least 20 PVCs during monitoring. The analysis in whole group of cancer patients revealed the arrhythmias nsVT ≥ 4 beats or PVCs ≥ 20/day were independently associated with higher risk of all-cause mortality (HR = 1.81, p = 0.016 and HR = 1.6, p = 0.0088, respectively in multivariate adjusted analysis).

Elevated resting heart rate alone may be an independent risk factor for death in stable cardiovascular disease in general cardiology (30). In selected cancer diseases irrespective of hemoglobin levels or tumor grade, a similar relationship has been observed (31). Hemu et al. showed that sinus tachycardia (heart rate ≥100 /min.) occurring during cancer treatment is associated with an increase in cardiovascular events and mortality over a 10-year period (32). The prospective study in lung cancer demonstrated the prognostic significance of heart rate, regardless of whether it was sinus rhythm or atrial fibrillation, heart rate > 90/min predicted a higher risk of mortality (HR = 1.67; p = 0.03) (7). The tumor growth effect can be considered a potential explanation, as shorter survival was also observed in patients with right ventricular systolic pressure (RVSP) higher than 39 mmHg (HR = 2.01; p = 0.0045).

On the other hand, asymptomatic sinus bradycardia, defined as heart rate < 50/min, is an adverse effect of ALK inhibitor treatment (such as crizotinib) and may positively correlate with clinical response to treatment (33, 34). However it should be remembered that this slowing of the heart rate is an effect of the cancer drug activity and therefore appears to correlate with its efficacy.



Arterial hypertension

Hypertension (HT) is one of the major single risk factors for cardiovascular (CV) diseases and increased CV mortality (35). A worldwide survey among 1.5 million adults performed in May 2019 showed that 32% of the population had never had their blood pressure measured, 34% had HT of whom 23.3% had untreated or sub-optimally treated HT (36). It is also the most common comorbidity among cancer patients, regardless of the type of malignancy identified in 38% of patients (37). Prospective multicenter study documented HT in 43% of NSCLC patients (38). Similarly Polish study based on one center experience identified HT in 42.3% of metastatic NSCLC EGFR positive patients (39).

There are no papers clearly demonstrating the negative impact of pre-existing HT as a single prognostic factor in lung cancer. Moreover, there are no evidences that lung cancer (except for neuroendocrine type) may lead to HT development.

Lung cancer patients usually experience increase in blood pressure related to cancer therapy. Cisplatin is the most commonly used alkylating agent in various treatment regimens for both NSCLC and small cell lung cancer (SCLC). It increases blood pressure at varying rates, depending on the observation of patients with testicular cancer: 39% in 10-year follow-up (40) or 53% in 11-year follow-up (41). The main mechanisms leading to increased blood pressure include endothelial cell dysfunction or damage, excessive platelet aggregation and reduced nitric oxide availability (42). Anti-VEGF agents, such as bevacizumab and ramucirumab, are other drugs used in the treatment of these tumors that also may contribute to the increase in blood pressure. Yan et al. showed that HT in the treatment with bevacizumab-based regimens for metastatic NSCLC was associated with higher response rates (43). This is a next clear confirmation that HT as effect of cancer drug activity correlate positively with outcome. Supportive therapies, such as steroids, non-steroidal anti-inflammatory drugs or erythropoietin, are also implicated in hypertension (44). Reduction of angiotensin-converting enzyme (ACE) activity in tumor tissue correlating with poor prognosis and tumor metastasis is yet another problem. One retrospective paper has shown a positive effect of RAAS blockers on survival, whereas none has shown its negative effect (45).


Coronary artery disease

Coronary artery disease (CAD) is a condition associated with the formation of atherosclerotic plaques in the coronary arteries, which runs with periods of clinical stability (chronic coronary syndrome) and destabilization (acute coronary syndrome). According to population-based studies, the CAD prevalence increases with age and is 10–12% in women aged 65–84 years, and 12–14% in similarly aged men (46). The prevalence in lung cancer patients seems to be higher because ranges from 10.3% (10) to 33.7% (47), depending on the source. Every third patient (33%) from those with cardiovascular disease had previous myocardial infarction (10).

The high prevalence of CAD and lung cancer is due to common aetiological factors: cigarette smoking (48), advanced age, obesity (49) and the same pathomechanism associated with oxidative stress and chronic inflammation (50, 51). During lung cancer screening by a low-dose CT scan, coronary micro-calcifications indicative of atherosclerotic lesions have been additionally found as often coexisting clinical problem (52, 53). Sun et al. demonstrated a relationship between the severity of CAD (degree of coronary stenosis) and lung cancer, which may broaden the diagnostic scope for this malignancy in the future (54).

The coexistence of CAD can worsen the prognosis of patients undergoing surgery for stage I and II NSCLC (55, 56). On the other hand, other studies have shown no significant effect of CV disease on mortality during primary surgery (57, 58). Assuming that CAD is the most common cause of CV diseases, the conflicting data may reflect the thoracic perioperative risk and prognosis may depend on the severity of CAD and control of ischemic symptoms through effective cardiac treatment.

Acute coronary syndromes (ACS) are another problem. Approximately 15% of patients treated for ACS have a coexisting cancer (59). Non-ST-segment elevation myocardial infarction (NSTEMI) accounted for the majority of ACS in cancer patients, as in the general population (60). The clinical picture of ACS in cancer patients is untypical, with only 33% of patients experiencing chest pain, 44% reporting dyspnoea and 23% developing hypotension (61). ACS can also be triggered by anti-cancer treatment. Cisplatin, gemcitabine and bevacizumab are highly thrombogenic (62). Treatment guidelines for cancer patients are missing, and it is believed that this group should be treated like other patients.

Many studies show a worse prognosis for patients with ACS and cancer (63–65). In particular, lung cancer patients are at risk of arterial thromboembolism like myocardial infarction and in this way the risk of mortality is increased three times (66). Lung cancer is one of the four most common types of cancer disease with highest frequency of myocardial infarction, only 21.0% of those patients were treated by coronary intervention, lung cancer was associated with the highest in-hospital mortality, major adverse cardiovascular and cerebrovascular complications (67). The large “real world” data on prognosis after STEMI presented lung cancer as one of the strongest independent determinants of all-cause mortality (HR = 2.04), next advanced peripheral artery disease (HR = 1.78), metastasis (HR = 1.72), previous stroke (HR = 1.44) (68).



Heart failure

Heart failure (HF) affects 1–2% of adults in the general population, and its prevalence increases with age (69). There are 23 million people worldwide with HF (70) and many of them may experience of lung cancer.

Current treatment of HF improves patients' survival, which means that more of these patients will have cancer. In an analysis performed by the Women's Health Initiative, in postmenopausal women HF was shown to be associated with an increased incidence of obesity-related cancers (HR = 1.24), and even more with the risk of developing lung cancer (HR = 1.58) (71). The prevalence of HF in patients with lung cancer is estimated between 7.6% (72) and 17.5% (47), depending on the source.

HF patients were less likely to undergo surgery and chemotherapy than patients without HF. HF is significantly correlated with increased perioperative mortality in lung cancer (OR = 6.0) (73). More and more aggressive anticancer treatment will increase the number of patients with newly diagnosed HF (74). Both old and newer drugs recommended in lung cancer seem to predispose to HF development through different patomechanism (75, 76).

Patients with known lung cancer hospitalized for HF have a higher mortality rate (5.9%) compared to those cancer-free (3.3%) (77). In the same study, as a very optimistic observation, it should be considered that over the years from 2003 to 2014, mortality among patients hospitalized due to HF decreased, but very importantly, the decrease in mortality was the highest among patients with accompanying lung cancer (8.1 to 4.6%; p < 0.001).



Valvular heart disease

Valvular heart disease (VHD) may occur in cancer patients for several reasons: due to pre-existing valvular defects and as a complication of anti-cancer treatment: after radiotherapy, due to infective endocarditis in the course of chemotherapy-induced severe infection and secondary to cardiac dysfunction (78, 79).

Degenerative aortic valve stenosis is the most common primary valvular heart defect in the general population (80). The majority of patients with active cancer are disqualified from classical cardiac surgery (surgical aortic valve replacement, SAVR) due to the high risk of perioperative complications such as bleeding, arrhythmias, infections or coagulation disorders (81). Transcatheter aortic valve replacement (TAVR) seems to be an alternative solution. According to current European recommendations, the procedure should be performed in patients with expected survival of at least 1 year (82), but only a small percentage of patients with advanced lung cancer meets such criteria. In a study by Landes et al. compared the survival of patients with and without cancer who underwent TAVR, lung cancer patients constituted a small group - only 11% (83). The authors showed a worse prognosis in oncology patients, with tumor stage being the strongest predictor of late mortality. Similar findings were also published in several other papers (84–86). However it is worth to consider concomitant cardiac surgery as treatment option for valvular defects in patients with early stage lung cancer scheduled for thoracic surgery (87).

The prevalence of radiotherapy-induced VHD is described as frequent, affecting approximately 10% of treated patients (88, 89), but it occurs late (median time to diagnosis is 22 years) (90). The short expected survival time of lung cancer patients does not allow for the manifestation of late cardiac toxicity, which is a typical complication of radiation therapy.

Cancer patients have a higher risk of developing infective endocarditis (IE) due to immunosuppression (e.g., secondary to chemotherapy) or the presence of a central line or a vascular port (91). In most studies, Staphylococcus aureus was the predominant aetiological agent, with one native valve (aortic or mitral, less frequently tricuspid) most frequently involved (92). A higher mortality in the course of IE was also demonstrated in all cancer patients in comparison to the control group (also associated with tumor progression). Cardiac surgery was performed in approximately 50% of patients (93, 94).




Venous thromboembolism

Venous thromboembolism (VTE) as deep vein thrombosis (DVT) and pulmonary embolism (PE) is the common clinical worldwide problem in general population, because last data showed the annual incidence rate of VTE in Europe ranged from 104 to 183 per 100000 person-years (95). Prevalence of VTE varies greatly from region to region but generally fluctuates 39–115/100000 for PE, and 53–162/100000 for DVT (96). Acute PE remains the third most common cause of acute cardiovascular syndromes, its incidence increases (97, 98).

Major surgery (OR = 18.95) and active cancer (OR = 14.64) belong to the strongest independent risk factors for DVT or PE (99). Lung cancer is the sixth most frequent reason of PE among malignancies (100). Lung cancer, especially adenocarcinoma, predisposes to PE more than other malignancies, especially within 3 months of the diagnosis (101). It has also been shown that lung cancer patients are six times more likely to develop PE than those cancer-free in the 12 months preceding the diagnosis (102). Risk of PE diagnosis correlates with a moment of cancer occurrence: for NSCLC: HR = 9.7 during 6 months prior to cancer diagnosis, HR = 20.0 during 6 months after cancer diagnosis and HR = 17.4 during 12 months after cancer diagnosis and for SCLC: HR = 6.9 and HR = 14.8 and HR = 16.1 respectively (103).

PE most often accompanies advanced-stage lung cancer (stages III to IV) (104). The Vienna Cancer and Thrombosis Study by multivariable Cox proportional hazards analysis confirmed that lung is one of the high risk tumor site associated with VTE (HR = 4.3; p < 0.001) together with high tumor grade, tumor histology (adenocarcinoma) and elevated D-dimer level (105). PE is diagnosed in a high percentage of cancer patients incidentally as unprovoked PE or asymptomatic PE (the increased risk of incidental PE in cancer was calculated as OR = 1.80) (106). PE can be recognized during diagnostic imaging for staging or evaluation of response to cancer treatment. In lung cancer such correlation with asymptomatic/incidental PE ranges from 29.4 to 63% of patients (107). Colorectal cancer and lung cancer appears to be two cancer diseases with the most frequent incidental VTE (108).

Lung cancer treatment can induce new episodes of VTE (107). PE developed during lung cancer treatment rather does not affect survival (p = 0.206) (101). Subsequent cancer remission resulted from cancer therapy and control of cancer-related coagulation state seem to reduce the occurrence of VTE important for prognosis (109).

Nichols et al. showed in their post-mortem studies in lung cancer patients that PE was the direct cause of death in 10% of cases, however from a pathophysiologic perspective, PE may be an additional contributing cause of death in many other cases (110). PE significantly worsens the prognosis in lung cancer (p < 0.0005) and as a possible explanation authors discussed more advanced stage of cancer disease (III or IV) and more frequent used only supportive care without anticancer therapy (111). In the prospective cohort study in older patients (age ≥ 65 years) with lung cancer it was documented significantly shorter survival in subgroup with PE (4.3 vs. 9.2 months, p = 0.0015), there were significant differences in PE-related mortality (15.1 vs. 0%) but insignificant differences in tumor-related mortality (75.5 vs. 66.0%) (112). It should be highlighted that PE is associated with shorter survival when is recognized synchronous with lung cancer (113).

No difference in mortality between symptomatic vs. asymptomatic PE in lung cancer was documented, with both forms worsening the prognosis due to haemorrhagic complications and VTE recurrences (there were similar patients' age and frequency of metastatic disease) (114). There are data that even 55% of lung cancer with unsuspected PE did not receive anticoagulation therapy which leaded to premature death (HR = 4.1) (115).


Comorbidity or multi-morbidity

The outcome and quality of life in lung cancer can be determine not only by coexisting cardiovascular diseases, the importance of other age-, obesity- and tobacco-related diseases should be taken into account. Number of comorbidities in lung cancer is so high that authors from Spain proposed the term multi-morbidity when at least two chronic diseases coexist with lung cancer and documented the highest mortality in patients with multi-morbidity (p = 0.002) in comparison to patients with one or no comorbidity (40% higher mortality) (116). It is worth emphasizing that the prevalence of multi-morbidity correlated with older patients' age and history of smoking.

Apart from cardiovascular diseases, chronic obstructive pulmonary disease is most often associated with lung cancer (117). Among other serious co-morbidities another cancer (10–20%) and diabetes mellitus (5–25%) seem to be essential for prognosis (118). Generally, mortality in lung cancer was defined as 1.1–1.5 times higher for patients with comorbidity (119). In lung cancer 19 comorbidities were found as independent predictors of survival (72). The Nebraska Hospital Discharge Data showed survival in lung cancer may negatively depend on congestive HF, diabetes, liver disease, dementia, renal disease, cerebrovascular disease, the greatest difference in survival in patients with and without comorbidities was seen at low grades: HR = 1.316 for localized, HR = 1.228 for regional and HR = 1.075 for metastatic lung cancer (120). Due to frequent follow-up, patients with comorbidities were more likely to be diagnosed at an early stages of each cancer disease.




Conclusion

Acute cardiac conditions, such as pulmonary embolism or myocardial infarction, clearly worsen the prognosis in lung cancer. Lung cancer belongs to such malignancies where the risk of venous and arterial thromboembolic complications correlates with tumor advancement (Figure 1) (105, 121). Often an arterial or venous thromboembolic event occurs at the onset of the neoplastic disease (122, 123).


[image: Figure 1]
FIGURE 1
 Understanding of cardiovascular disease in prognosis of lung cancer patients. HT, hypertension; CAD, coronary artery disease; HF, heart failure; VHD, valvular heart disease; VTE, venous thromboembolism.


Systemic treatment and radiotherapy in lung cancer may cause cardiovascular complications (124, 125). It has been shown that in patients over 65 years of age undergoing chemotherapy, the risk of developing CAD or HF was increased; cardiac disorders were also more common in patients undergoing radiotherapy, especially if the left lung was irradiated. The greatest risk of cardiotoxicity was found in patients undergoing chemo-radiotherapy (126). ARIC Study revealed that lung cancer survivors have higher risk of cardiovascular disease development (especially HF) even they do not have traditional cardiovascular risk factors (Figure 1) (127).

Lung cancer patients have the highest prevalence of cardiovascular comorbidities compared to other cancers (128). At least one concomitant cardiovascular disease was present in 67.2% of patients with NSCLC (129). The hypothesis that the effect of chronic cardiac comorbidities on mortality is dominant in early stages of lung cancer seems most plausible. Data on 95 167 NSCLC patients showed that cardiovascular disease can increase mortality when the cancer stage is in the range I-III B, while it is not important for survival in stage IV (10). Worse prognosis was associated with concomitant heart failure, myocardial infarction, and arrhythmias diagnosed during follow-up, although the risk still varied depending on the stage of the disease and the treatment method. For stage I-IIIB disease, concomitant cardiovascular diseases increased the risk of mortality by as much as 2.59 (p < 0.001) for chemotherapy and by 2.20 (p < 0.001) for chemotherapy and radiotherapy.

The impact of cardiovascular comorbidities on prognosis is limited in advanced stages of lung cancer. Cardiac arrhythmias (especially atrial fibrillation) and echocardiographic changes suggesting the development of pulmonary hypertension (right ventricular systolic pressure increase) and dysfunction of the right ventricle rather result from the advancement of neoplastic disease, correlate with decreased performance status and predict shorter overall survival (Figure 1) (7).
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Objective: As a new method of left ventricular-arterial coupling (VAC), the non-invasive myocardial work index (MWI) may provide more useful information than the classical methods of arterial elastance/left ventricular (LV) elastance index (the ratio of effective arterial elastance (Ea) over end-systolic elastance [Ea/Ees]). This research aims to investigate if MWI might be better associated with hypertension-mediated organ damage (HMOD) and diastolic dysfunction than Ea/Ees in hypertension.

Methods: We prospectively enrolled 104 hypertensives and 69 normotensives. All subjects had speckle-tracking echocardiography for myocardial work, conventional echocardiography, and brachial-ankle pulse wave velocity (baPWV) measurements. The global work index (GWI) is a myocardial work component. The correlation between GWI and HMOD, as well as diastolic dysfunction, was analyzed. The receiver operating characteristic (ROC) curve was utilized for evaluating the GWI predicting efficacy.

Results: The global work index was significantly higher in hypertensives than in normotensives (2,021.69 ± 348.02 vs. 1,757.45 ± 225.86 mmHg%, respectively, p < 0.001). Higher GWI was a risk factor on its own for increased baPWV, pulse pressure (PP), echocardiographic LV hypertrophy (LVH), and left atrial volume index (LAVI) (p = 0.030, p < 0.001, p = 0.018 p = 0.031, respectively), taking into account the sex, age, mean arterial pressure (MAP), body mass index (BMI), and antihypertensive therapy. However, no considerable associations were found between Ea/Ees and HMOD parameters and the diastolic dysfunction markers. The GWI area under the ROC curve for increased PP and baPWV, echocardiographic LVH, and increased LAVI were 0.799, 0.770, 0.674, and 0.679, respectively (p < 0.05).

Conclusions: The global work index but not traditionally echocardiographic-derived Ea/Ees of VAC is independently related to HMOD and diastolic impairment in hypertensives with preserved LV ejection fraction. The GWI may be a potential marker for evaluating the VAC in hypertension.
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Introduction

Ventricular-arterial coupling (VAC) is defined by constant heart and arterial tree interaction, which reflects the global cardiovascular performance and has a pivotal function in the cardiac and aortic mechanics physiology (1).

Traditionally, VAC is most frequently assessed by echocardiography using the effective ratio of effective arterial elastance (Ea) over end-systolic elastance (Ea/Ees) (2). However, in hypertension, arterial stiffness may increase parallel with left ventricular (LV) myocardial stiffness, so the Ea/Ees ratio may comparatively stay stable, regardless of the fact that the stroke volume increased with an obvious systolic blood pressure increase (3). Thus, the Ea/Ees ratio benefit as a way to give more information about the ventricular-arterial system's physiologic and pathological status is limited. Although several adaptive alterations in the arterial tree and LV of hypertension are associated with the disease acuteness. Previous studies did not clearly show the linkage between the Ea/Ees ratio and hypertension-mediated organ damage (HMOD) and clinical outcomes (4, 5).

As the concept of VAC is evolving, the myocardial work index (MWI), derived using speckle tracking echocardiography from pressure-LV global longitudinal strain loop, is proposed as a novel VAC non-invasive method (6). Previous studies have shown it to be a sensitive index to quantify LV performance (7). In a recently published study of patients with hypertension, the MWI showed an increase against the raised afterload and a downtrend when hypertrophy and myocardial remodeling occur (8). Chan et al. researched 74 patients with hypertension and dilated cardiomyopathy and indicated that MWI was a useful tool to understand LV remodeling and increased wall stress correlation in various loading statuses (9). The current research was performed to further investigate whether MWI might be better linked to cardiac and vascular damage than Ea/Ees in hypertension.



Methods


Study population

The current research was prospective and single-centered, done between 14 September 2020 and 30 December 2020 at the echocardiography center of the First Affiliate Hospital of Chongqing Medical University, Chongqing, China. It comprised consecutive normotensive and hypertensive participants ranging from 18 to 65 years old with LVEF ≥ 50%. According to 2018, ESC/ESH guidelines for the management of arterial hypertension, the systolic and/or diastolic blood pressure of ≥ 140 mmHg, or ≥ 90 mmHg, respectively, were used to define hypertension, as well as any antihypertensive medication usage, or both (10). The systolic or diastolic blood pressure of <130 or < 85mmHg, respectively, were used to define normotension (10). The 1/3*SBP + 2/3*DBP formula was utilized to compute the MAP. The pulse pressure (PP) was derived by subtracting diastolic pressure from systolic pressure. According to the established protocol, each individual had a comprehensive clinical assessment, such as hypertension history, blood pressure, weight, height, waist, smoking, and alcohol use status, electrocardiograph, and brachial-ankle pulse wave velocity (baPWV). Professional athletes and individuals with documented diabetes mellitus, chronic kidney dysfunction, atrial fibrillation, hyperthyroidism, valvular heart disease, coronary artery disease or its symptoms, secondary hypertension, ankle-brachial pressure index (ABI) of < 1, and primary cardiomyopathies were excluded. This research initially included 191 subjects by excluding 18 individuals with suboptimal echocardiographic images, and finally, 104 hypertensives and 69 normotensives underwent LV myocardial work and strain assessment using the 2D speckle-tracking echocardiography method (Figure 1).


[image: Figure 1]
FIGURE 1
 Flow diagram for the study population. DM, diabetes mellitus; CAD, coronary artery disease; VHD, valve heart disease; PC, primary cardiomyopathies; AF, arterial fibrillation; CKD, chronic kidney disease; LVEF, left ventricular ejection fraction; ABI, ankle-brachial pressure index.


The institutional ethics committee approved this research (approval No. 2020-606), following the “Declaration of Helsinki.” On clinicaltrials.gov, the research was registered (approval No. NCT04573257). All individuals gave consent to participate.



Echocardiography examination

The Vivid E95, a commercially available system, was utilized in the study. The American Society of Echocardiography instructions were followed in the study recordings and measurements (11). Doppler, speckle tracking deformation imaging and conventional 2D were utilized to assess all the individuals. The software (GE Medical Systems, version 203.88) was utilized to store and analyze the standard echocardiography 2D images of the cardiac cycles. The linear method was utilized to determine the LV mass. LV mass index (LVMI) was calculated as followes: LVMI = LV mass/body surface area. By the sex-dependent cut-off values application, LV hypertrophy was identified (12): LVMI > 115 and >95 g/m2 for men and women, respectively. The Simpson biplane and area-length methods were applied to compute the Left atrial and LV volumes. The E velocity was measured by applying the pulse wave Doppler sample volume at the mitral valve tips. The tissue Doppler imaging (TDI) was used to record the early diastolic septal and lateral annular e'velocities.

The Ea and Ees were expressed as ESP divided by stroke volume (SV) (ESP/SV) and ESP divided by end-systolic volume, respectively. The ESP equals brachial systolic blood pressure multiplied by 0.90. The Ea/Ees ratio was then simplified to ESV/SV (13).

The following four variables and their abnormal cut-off values were utilized to evaluate the LV diastolic dysfunction: average E/e' ratio > 14, septal annular e' velocity < 7 cm/s, peak tricuspid regurgitation (TR) velocity > 2.8 m/s, and left atrial volume index (LAVI) > 34 ml/m2 (14).

The methodology to analyze myocardial work and LV global longitudinal strain (GLS) was validated in previous publications (15, 16); briefly, at the LV end-systole, the endocardial apical 4, 2, and 3 chamber borders views were manually traced. Automatically, the longitudinal strain curves were processed, and the GLS was determined as the average value of 18 segments across the three views. LV myocardial work (MV) was determined by the GLS and brachial artery blood pressure; first, the GLS was computed, then the mitral and aortic valves opening and closing were timed, and lastly, the brachial blood pressure was determined. The four components of MV were global constructed work (GCW), global wasted work (GWW), global work index (GWI), and global work efficiency (GWE). The work index was the pressure–strain loop area; wasted work was the work done while systole lengthening and isovolumetric relaxation shortening; constructive work was the work done while systole shortening and isovolumetric relaxation lengthening; and work efficiency was computed by dividing the constructive work over the constructive and wasted work summation. The GWW, GCW, GWI, and GWE were the average values of 18 segments across the three views. These assessments were executed by one trained and experienced observer blinded to clinical and demographic data. Intra-observer agreement for the analysis was very good (correlation coefficient = 0.93, p < 0.001).



BaPWV and ABI

The baPWV was measured with a commercially available PWV/ABI device (Omron Colin BP-203RPE III). The baPWV measurement was conducted on the same day as echocardiography. For a minimum of 5 min of rest, the individual was first positioned supine in rest, and then around the bilateral upper arms and ankle, four blood pressure cuffs were put before connecting to oscillometric and plethysmographic pressure sensors. At the bilateral brachia and ankles, the devices record the arterial blood pressure, volume pulse form, and phonogram. The distance from the ankle to the right brachium was measured. Automatically, by dividing the transmission distance over the transmission duration, the baPWV was derived. ABI was determined bilaterally by calculating the ankle-SBP to brachium-SBP ratio on both sides. For analysis, the mean baPWV and ABI for both sides were utilized.



Statistical analysis

As mean ± standard deviation (SD) or median and interquartile range, the continuous variables were presented as per the Kolmogorov–Smirnov test for distribution normality, and as frequencies and percentages, the categorical variables were presented. The statistically considerable differences were observed by the Mann–Whitney test or the unpaired student's t-test for normally distributed variables otherwise. The GWI and Ea/Ees correlates were evaluated by Spearman's or Pearson's correlation analysis according to the distribution of the variables. The binary logistic regression was utilized to define the VAC markers and their components (GWI, Ea, Ees, Ea/Ees ratio) with HMOD indices and LV diastolic dysfunction, such as (1) elevated or normal arterial stiffening [baPWV > 1,400 cm/s vs. baPWV ≤ 1,400 cm/s (17), and PP ≥ 60 mmHg vs. PP < 60 mmHg (10)]; (2) echocardiographic LVH or not (LVMI > 115 and > 95 g/m2 for men and women, respectively vs. LVMI ≤ 115 and ≤ 95 g/m2 for men and women, respectively) (10); (3) impaired or normal markers of LV diastolic function (septal e' velocity < 7 cm/sec vs. septal e' velocity ≥ 7 cm/sec, average E/e' ratio > 14 vs. average E/e' ratio ≤ 14 and LAVI > 34 ml/m2 vs. LAVI ≤ 34 ml/m2) (14). Sex, age, MAP, BMI, and antihypertensive therapy were corrected by the forward multiple regression analysis. The 95% confidence interval and the estimated odds ratio were computed. The SPSS version 19.0 statistical software was utilized for all analyses. The two-sided p-values of < 0.05 were regarded as statistically significant.




Results


All participants' baseline characteristics

The hypertensive individuals' median age was 50.00 (44.25–56.75) years. These patients have a median SBP of 144.00 (135.00–154.00) mmHg, median DBP of 90.50 (84.25–97.75) mmHg, and MAP of 107.67 (101.33–115.58) mmHg. The median history of hypertension in these patients was 2.00 (1.00–5.00) years. Table 1 reveals the baseline features, including the study population's echocardiographic VAC and demographic data. Hypertensive and normotensive participants had similar age, fractional shortening (FS), heart rate (HR), LV ejection fraction (LVEF), CI (cardiac index), LAVI, and Ea/Ees, whereas other indicators including baPWV, stroke volume (SV), LVMI, GWI, GLS, average E/e' et al. differed significantly between the two groups. In comparison with the normotensive group, Ea and Ees increased parallel for hypertensives, and Ea/Ees ratio was finally the same in the two groups (0.56 (0.50–0.63) vs. 0.55 (0.51–0.59), respectively, p = 0.577). GWI was considerably higher in hypertensives than in normotensives (2,021.69 ± 348.02 mmHg% vs. 1,757.45 ± 225.86 mmHg%, respectively, p < 0.001). In both groups, no considerable correlation was noted between GWI and Ea/Ees.


TABLE 1 Baseline characteristics of the study population.

[image: Table 1]

Female subjects, as compared to male subjects in hypertensives, had higher GWI values (2,233.03 ± 326.06 mmHg% vs. 1,909.81 ± 306.52 mmHg%, respectively, p < 0.001), however, the GWI values were similar in older and younger patients by utilizing the median age (50 years) as a cut-off.



VAC index in normotensive subgroup

Supplementary Table S1 revealed the relationship between GWI and Ea/Ees with major clinical and echocardiographic parameters in normotensive subjects. GWI was related with SBP, MAP, PP, GLS (r = 0.516, p < 0.001; r = 0.380, p = 0.001; r = 0.450, p < 0.001; r = 0.629, p < 0.001; respectively) and with LAVI (r = 0.449, p < 0.001). No considerable correlation was noted between Ea/Ees index and SBP, MAP, PP, LVMI, baPWV, and LV diastolic function markers except for a significant correlation of the Ea/Ees index with LVEF and GLS (r = −0.971, p < 0.001 and r = −0.268, p = 0.026).



Ventricular-arterial coupling indexes and HMOD and LV diastolic dysfunction in hypertension

Hypertension-mediated organ damage indexes in the study included baPWV > 1,400 cm/s, PP ≥ 60 mmHg, and echocardiographic LVH. Increased baPWV, PP, and echocardiographic LVH were detected in 93, 45, and 32, respectively, hypertensive subjects. The distribution of GWI in hypertension subjects according to the cut-off of baPWV, PP, and LVH is shown in Figure 2. Patients with increased baPWV and PP and echocardiographic LVH had higher GWI (p = 0.004, p < 0.001, p = 0.002, respectively).
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FIGURE 2
 Distribution of GWI in hypertension subjects according to cut-offs of baPWV, PP, and LVH. GWI, global work index; BaPWV, brachial-ankle pulse wave velocity; PP, pulse pressure; LVH, left ventricular hypertrophy.


As shown in Table 2, in simple binary logistic regression, GWI was considerably linked to baPWV > 1,400 cm/s (p = 0.023), PP ≥ 60 mmHg (p = 0.023) and echocardiographic LVH (p = 0.002). By multivariate analysis and adjusting for the sex, age, MAP, BMI, and antihypertensive therapy, GWI was still an independent risk factor of baPWV > 1,400 cm/s, PP ≥ 60 mmHg, and echocardiographic LVH (p = 0.030, p < 0.001, p = 0.018, respectively). However, no considerable correlations were observed between Ea/Ees and baPWV > 1,400 cm/s, PP ≥ 60 mmHg, and echocardiographic LVH.


TABLE 2 Association of global work index, Ea/Ees and its components with hypertension-mediated organ damage end points.
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Left ventricular diastolic function impaired markers in this study including septal e'velocity < 7 cm/s, average E/e' ratio > 14 and LAVI > 34 ml/m2 were detected in 70, 4, and 20, respectively, of hypertensive individuals. There was no patient with TR velocity > 2.8 m/s.

There was also an association of GWI with LAVI in the univariate logistic regression (p = 0.006), and this association was retained statistically significant in a multivariate model such as age, sex, MAP, BMI, and antihypertensive therapy (p = 0.031), as revealed in Table 3. However, no considerable association was noted between Ea/Ees and all these three LV diastolic function impaired markers.


TABLE 3 Association of global work index, Ea/Ees and its components with left ventricular diastolic dysfunction parameters.

[image: Table 3]

The GWI area under the curve (AUC) to predict increased PP and baPWV, echocardiographic LVH, and increased LAVI was 0.799, 0.770, 0.674, and 0.679, respectively (all p < 0.05). The cut-off values were 2,110 mmHg% (sensitivity 75%, specificity 78%), 1,803 mmHg% (sensitivity 70%, specificity 76%), 2,260 mmHg% (sensitivity 50%, specificity 83%), and 2,116 mmHg% (sensitivity 53%, specificity 76%), respectively, as revealed in Figure 3.
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FIGURE 3
 The receiver operating characteristic (ROC) curve of GWI for predicting HMOD and increased LAVI in the hypertensive subjects. GWI, global work index; HMOD, hypertension-mediated organ damage; LAVI, left atrial volume index; PP, pulse pressure; BaPWV, brachial-ankle pulse wave velocity; LVH, left ventricular hypertrophy.





Discussion

The GWI and Ea/Ees were measured in a population of hypertensive and normotensive controls. The research's primary findings were (1) GWI was considerably elevated, but the Ea/Ees was similar in the hypertensives in comparison with the normotensives; and (2) GWI but not Ea/Ees in hypertensives was linked to HMOD, such as increased baPWV and PP and echocardiographic LVH, and also associated with increased LAVI, after adjusting for sex, age, and MAP.

The vessel and heart need to be considered as a unique system; thus, the assessment of cardiovascular performance should incorporate the examination of ventricular properties and the arterial system regulating effects. VAC refers to the heart-pumping action coupled with the arterial system load resistance, which can be easily described as the Ea/Ees ratio, and eventually determined the cardiovascular system performance and efficiency (18). It was a crucial hemodynamic evaluation element in severely ill patients (19) and provided a wider hemodynamic disorders perspective linked to prevalent conditions, such as heart failure (1, 20), septic shock (21), or right ventricular dysfunction (22). However, although the excellent pathophysiological background of Ea/Ees, the traditionally and frequently used echocardiography-derived Ea/Ees ratio method met some endogenous limitations in the clinical setting, especially in hypertension and heart failure with preserved ejection fraction (HFPEF) (23, 24). The pathologic changes of endothelial dysfunction and fibrosis in hypertension affect both arterial walls and myocardium, leading to the increase in the ventricular and arterial stiffening (25). This provided a relatively stable Ea/Ees and implied the shortcoming of Ea/Ees for early assessment of the cardiovascular function in hypertensives. In line with previous studies, no considerable differences were noted in Ea/Ees in hypertensive and normotensive groups in the present study. And neither HMOD indicators, such as increased baPWV, increased PP, and the existence of LVH nor dystoloic dysfunction indexes consisting of septal e' velocity < 7 cm/s average E/e' ratio > 14 and LAVI > 34 ml/m2 were founded to be associated with Ea/Ees ratio in hypertensives.

The global work index was calculated as the LV pressure–strain loop area. As a myocardial work component obtained from a non-invasive LV pressure–strain loop by speckle tracking echocardiography, it was considered a novel VAC marker that affects the myocardial oxygen metabolism and cardiovascular function (7). It has been examined in many cardiac diseases and exhibited a promising application in hypertension (8, 9, 26). As a compensatory strategy to maintain the LV function opposing the elevation in afterload, Chan et al. revealed that, in patients with moderate-to-severe hypertension, the GWI was considerably higher (9). Filip et al. further found that the GWI increased in acute pressure overload and decreased when myocardial remodeling and hypertrophy appears (8). In addition, the GWI was found to be higher in patients with uncontrolled and resistant hypertension (27). The current study further investigated the relationship between GWI and HMOD and diastolic dysfunction. In our study, hypertensives with increased baPWV, PP and LAVI, and echocardiographic LVH had significantly higher GWI. After adjusted parameters such as age, sex, MAP, body size, and antihypertensive therapy, which were known to influence VAC (3, 5, 28, 29), GWI was a risk factor on its own for increased baPWV, PP, LAVI, and echocardiographic LVH. This suggested that the subclinical disease progression with GWI early assessment might have a pivotal function for the linkage with asymptomatic target organ damage, such as arterial stiffening and echocardiographic LVH, and diastolic dysfunction detected by increased LAVI. In addition, further research is mandatory to determine if the interventions targeting to decrease GWI would benefit the HMOD and diastolic dysfunction in hypertension. Furthermore, although the indexes of HMOD involved in the study have been demonstrated to be associated with the prognosis in hypertensives (30–34), whether the GWI was associated with future cardiovascular events and mortality needs to be investigated to determine its clinical value as an indicator of VAC in hypertension.

Of note, although both GWI and Ea/Ees were indexes of VAC, no considerable GWI and Ea/Ees correlation was noted in the hypertensive group, as well as in normotensives, probably owing to the different properties of these two methods.

There are some limitations of this study. First, not all parameters of asymptomatic HMOD were included as it was an exploratory research that aimed to indicate the GWI fundamental clinical value. Second, this research was based in one location, and the cross-sectional aspect did not conclude real causation between GWI and HMOD, such as arterial stiffness and LVH and increased LAVI. Third, the echocardiographic-derived Ea/Ees limitations in the present study, rather than using the gold standard estimate of Ea/Ees from the invasively obtained pressure–volume curve, might partly account for the significant Ea/Ees with HMOD and diastolic dysfunction association. Fourth, patients' hypertension is usually complicated by diabetes, coronary heart disease, and other conditions, but these factors were excluded in this study in order to exclude the influence of these factors on myocardial work and HMOD. Therefore, the results of this study are not applicable to all patients with hypertension. Moreover, we evaluated the arterial stiffening by baPWV but not by the gold standard methodology of carotid-femoral pulse wave velocity (cfPWV) (35). Nevertheless, baPWV has been widely investigated and demonstrated as a good index of arterial stiffening to predict future cardiovascular events and mortality (34).

In summary, in patients with hypertension, the GWI but not the echocardiographic-derived Ea/Ees ratio of VAC is related to HMOD, including arterial stiffening and LVH, and diastolic impairment evaluated by increased LAVI. The GWI may be a new potential marker for the VAC assessment and, finally the early cardiovascular performance in hypertension.
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Objectives: The UEFA 2020 European Football Championship held in multiple cities across Europe from June 11 to July 11, 2021, was won by Italy, providing an opportunity to examine the relationship between emotional stress and the incidence of acute cardiovascular events (ACE).

Methods and results: Cardiovascular hospitalizations in the Cardiac Care Units of 49 hospital networks in Italy were assessed by emergency physicians during the UEFA Euro 2020 Football Championship. We compared the events that occurred during matches involving Italy with events that occurred during the remaining days of the championship as the control period. ACE was assessed in 1,235 patients. ACE during the UEFA Euro 2020 Football Championship semifinal and final, the most stressful matches ended with penalties and victory of the Italian team, were assessed. A significant increase in the incidence of Takotsubo Syndrome (TTS) by a factor of 11.41 (1.6–495.1, P < 0.003), as compared with the control period, was demonstrated during the semifinal and final, whereas no differences were found in the incidence of ACS [IRR 0.93(0.74–1.18), P = 0.57]. No differences in the incidence of ACS [IRR 0.98 (0.87–1.11; P = 0.80)] or TTS [IRR 1.66(0.80–3.4), P = 0.14] were found in the entire period including all matches of the UEFA Euro 2020 compared to the control period.

Conclusions: The data of this national registry demonstrated an association between the semifinal and final of UEFA Euro 2020 and TTS suggesting that it can be triggered by also positive emotions such as the victory in the European Football Championship finals.

KEYWORDS
 cardiomyopathies, ACS, angina pectoris, Takotsubo, cardiovascular disease


Introduction

Football is a highly popular sport in many countries worldwide. Few updated data exist on the cardiac hospitalizations, acute coronary syndromes (ACS), and Takotsubo Syndromes (TTS) during the football championships, especially in the contemporary era, debating the association of acute cardiovascular events (ACE) with watching football matches.

The UEFA Euro 2020 Football Championship, commonly referred to as UEFA Euro 2020, was the 16th UEFA European Championship. The tournament was won by Italy, who in the final match beat England on penalties 3-2, after the 1-1 in extra time. In Italy, the emotional participation of the general population in the European football championship is robust and this year was amplified because Italy entered the semifinals and the final.

The relationship between spectators' emotions and ACE during sporting events has been reported with conflictual results (1–5).

Accordingly, the present study aimed to assess the effect of the UEFA Euro 2020 Football Championship on hospitalizations for ACE in Italy.



Methods

ACE were assessed in an Italian Registry that included 1,235 patients admitted to 49 cardiac care units across all of Italy. The distribution of patients enrolled was geographically balanced (North Italy 34%, Center 33%, South 32%). All patients' data were collected and reported into an electronic database.

The demographic and clinical data of the subjects along with the type of cardiovascular diseases were evaluated. Physicians made the clinical diagnosis of ACS or TTS based on the symptoms, the level of the markers of myocardial necrosis, EKG, Echocardiogram, and coronary angiography according to the current guidelines.

Italy's matches during the UEFA Euro 2020 Football Championship were 7 in total, and they were held on: 11 June (Italy vs. Turkey), 16 June (Italy vs. Switzerland), 20 June (Italy vs. Wales), 26 June (Italy vs. Austria), 2 July (Belgium vs. Italy). Semifinal and final were held on 6 July (Italy vs. Spain, Italy won the penalty shoot-out 4-2) and 11 July (Italy vs. England, Italy won the penalty shoot-out 3-2). The effect of matches was analyzed on the day that the match was played and the day after to avoid misclassification, as some of the matches were played in the evening. The control period (20 days) consisted of the days before and after 2 days of Italian team matches.

The study protocol was approved by the ethics committee of the Magna Graecia University of Catanzaro, Italy and all data were blindly analyzed. All patients provided written informed consent. The study conforms to the principles outlined in the Declaration of Helsinki.

It was not appropriate or possible to involve patients or the public in the design, or conduct, or reporting, or dissemination plans of this research.


Statistical analysis

The distribution of variables was evaluated using the Kolmogorov–Smirnov test. Continuous variables following a normal distribution were presented as mean ± SD and compared using the unpaired-sample Student's t-test. Otherwise, variables that didn't follow normal distribution were presented as median (interquartile range [IQR]) and were compared with the Mann–Whitney U test. Categorical data were presented as numbers and percentages and compared with the chi-square test or Fisher exact tests. A p-value of <0.05 was considered to indicate statistical significance; all tests were two-sided.

We used Poisson regression with a time effect of 0 and +1 day to assess the effect of matches (6).

We calculated incidence ratios for the days of matches played by the Italian team and the remaining days of matches not involving the Italian team as the control period.

Statistical analyses were performed using the MedCalc Statistical Software version 14.8.1 (MedCalc Software, Ostend, Belgium).




Results


Baseline characteristics

A total of 1,235 patients admitted to Cardiac Care Units (CCUs) during the whole period of the UEFA Euro 2020 Football Championship (between 11 June and 12 July 2021) were analyzed. Of these, 499 were admitted during days of matches involving Italy, and 736 were admitted during the remaining days.

Among the patients, there were no significant differences in term of: male gender (66.7 vs. 68.7%, P = 0.50), mean age (66.62 ±12.2 years vs. 67.52 ± 12.31, P = 0.44), arterial hypertension (72.3 vs. 70.1%, P = 0.44), family history of cardiovascular disease (26.1 vs. 70.1%, P = 0.93), dyslipidemia (56.9 vs. 58.3%, P = 0.66), smoking (39.5 vs. 40.2%, P = 0.66), diabetes (29.1 vs. 26.2%, P = 0.27) and previous acute myocardial infarction (17.6 vs. 18.1%, P = 0.88). All the other parameters did not differ between the two groups except for body mass index (BMI) which was greater in the patients hospitalized during the control period in comparison with those hospitalized during days of matches involving Italy (29 ± 3.9 vs. 31.2 ± 3.9, p < 0.0001) (Table 1).


Table 1. Baseline characteristics.
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Incidence of ACE during the UEFA Euro 2020 football championship

On the days of all matches involving the Italian team, there was no difference in the incidence of ACS [IRR 0.98 (0.87–1.11; P = 0.80)]. In particular, the comparative analysis of this group showed no differences in the frequency of admissions due to STEMI [IRR 1.03(0.86–1.24), P = 0.72], NSTEMI [IRR 0.97(0.81–1.15), P = 0.71], unstable angina [IRR 0.90(0.64–1.25), P = 0.52], and TTS [IRR 1.66(0.80–3.4), P = 0.14] compared to the control period (Table 2A).


Table 2A. Incidence of ACE on days during matches involving Italy, as compared with days during the control period.

[image: Table 2]

Interestingly, ACE during the semifinal and final, the most stressful matches that ended with penalties and victory for the Italian team, showed a much more relevant increase in the incidence of Takotsubo Syndrome by a factor of 11.41 (1.6 – 495.1, P < 0.003) as compared with the control period (Figure 1). No differences were found in the incidence of ACS [IRR 0.93(0.74–1.18), P = 0.57] (Table 2B). In particular, we found 58 STEMI, 56 NSTEMI, 16 unstable angina, and 10 TTS (Table 4).


[image: Figure 1]
FIGURE 1. Incidence rate ratios for ACE on days during the semifinal and final of UEFA Euro 2020 Football Championship, as compared with days during the control period. ACE during the semifinal and final, the most stressful matches ended with penalties, and the victory of the Italian team against Spain and England (A), showed a much more relevant increase in the incidence of Takotsubo Syndrome by a factor of 11.41 (p < 0.003) as compared with the control period. No differences were found in the incidence of ACS (P = 0.57) (B).



Table 2B. Incidence of ACE on semifinal and final matches, as compared with days during the control period.
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Characteristics of patients with Takotsubo Syndrome

Among patients with TTS on days when the Italian team played, most were female (70%) with a mean age of 60.7 ± 5.5 y.o. and BMI 24.3 ± 3.02. The proportion with hypertension was 60%, dyslipidemia (20%), and the 30% were active smokers. Nobody had diabetes or known coronary artery disease. Only one suffered from chronic kidney syndrome on dialysis (Table 3).


Table 3. Characteristics of patients with Takotsubo during semifinal and final matches.

[image: Table 3]


Table 4. ACE frequency in different periods.

[image: Table 4]

Among patients with TTS, on days during the semifinal and final of the UEFA Euro 2020 Football Championship, 60% were admitted to centers in northern Italy, 10% to centers in central Italy, and 30% to centers in southern Italy (Figure 2).


[image: Figure 2]
FIGURE 2. Geographic distribution of patients with Takotsubo Syndrome on days during the semifinal and final of UEFA Euro 2020 Football Championship.





Discussion

The major finding of the present study was the significantly increased risk of Takotsubo syndrome induced by a positive event such as the semifinal and final of the UEFA Euro 2020 Football Championship, ended with the victory of the Italian team.

Since its description in 1990 (7), TTS has been defined as a syndrome precipitated by severe negative emotional stress such as pain, anger, or fear (8–10).

These precipitating causes have led to the popular definition of “broken heart syndrome” (11). It is also recognized that TTS predominantly affects postmenopausal women (12). Negative emotional stress can result in excessive or inappropriate stimulation of the sympathetic system or parasympathetic withdrawal (13).

However, TTS can be triggered by not only negative but also positive life events. Anecdotal reports (14–16) and data on the Takotsubo Registry reported that also positive emotions can trigger TTS, called the “Happy Heart Syndrome” (17).

In an international registry, the clinical presentation of patients with “happy heart syndrome” was similar to those with “broken heart syndrome” (17). Symptoms such as chest pain or electrocardiographic parameters, laboratory findings, and the 1-year outcome did not differ in the two forms (17).

The possible mechanisms of football matches induced TTS are not fully understood and might be related to an exaggerated sympathetic stimulation, especially during very stressful matches like finals. The role of the insula in the recognition of emotions such as anger and happiness through interoceptive processing has been previously demonstrated (18). Also, genetically driven variation in the response of brain regions underlying human emotional behavior may affect the differential excitability of the amygdala to emotional stimuli (19).

Early studies have shown an association between watching football matches and an increased risk of an ACS (1, 2).

Interestingly, our study did not find an increase in the rates of ACS on the days of football matches involving Italy during the entire competition or during final and semifinal matches.

However, these findings are consistent with most previous studies (3, 4, 20).

In particular, Barone-Adesi et al. (3) did not find an increase in the rates of admission for AMI on the days of football matches involving Italy during three international football competitions. In addition, in another study watching football matches was also not associated with an increase in cardiac events (4). Conversely, the study of Wilbert-Lampen et al. (1) showed an association between watching football matches and an increased risk of an ACS in the German population during the Football World Cup 2006. The authors reported a 2.7-fold increase in cardiac emergencies in the 12 h before and after football matches involving the German team (1). However, the results of this study were not confirmed by more extensive studies (3, 4, 20) and should not be generalized.

However, there are no systematic updated data available on the role of acute emotional stress induced by football championships as a trigger for Takotsubo Syndrome in the contemporary era.

We showed for the first time, in a large national registry, a significant increase in TTS incidence during stressful football matches associated with a positive event as the victory of the UEFA Euro 2020 Football Championship finals by the Italian team. Moreover, we found a TTS prevalence of 30% among male patients, while recent studies reported a prevalence of TTS approximately in 10% of the male sex (12). This data, although apparently surprising, can be explained by the fact that soccer is usually more followed by a male audience than a female one, especially in Italy as reported in a recent survey of 1,029 respondents1

Only a few reports described a TTS after an acute emotional stress event watching football matches and were all triggered by negative events (5, 21, 22). Fijalkowski et al. described a TTS on a male after an acute emotional stress event caused by the defeat of his favorite soccer team during the Euro 2012 cup (5). Elamin et al. presented a case of a football supporter of Sheffield United who was admitted to the hospital with chest pain following a last-minute goal by the opposing team (21). Y-Hassan et al. reported a case in which a missed penalty kick triggered coronary death in the husband and TTS in the wife (22).

To date, no systematic studies or registries have shown an association between TTS and important football championships after positive emotional stress.



Limitations of the study

Our study has some limitations. First, we did not examine data on stroke, arrhythmias, and sudden death. However, sudden death is much less frequent than hospital admission for ACS.

Second, we assumed that patients with events on match days had indeed been watching the match. However, it is likely that the hospitalized patients have seen the matches considering the TV share over 21 million views during the finals in Italy.

Third, we do not have any information on the time of the onset of symptoms. However, by analyzing the effect of matches on the day of the match and the day after we avoided a misclassification, as some of the matches were watched in the evening and thus were miscounted on a control day.

Fourth, we have no data about recent (or concomitant) COVID-19 infection. Moreover, we have not performed a comparison with the previous year to avoid confounders related to the pandemic.

Fifth, we do not have any data on coronary angiography, CMR, IVUS or OCT findings and long-term follow-up.

Moreover, since the control period consisted of the days before and after the matches, it is unlikely that our results are due to the effects of unmeasured potential confounders such as temperature and pollution that were similar during the entire tournament.



Conclusions

The data of this national Registry demonstrated an association between the semifinal and final of the UEFA Euro 2020 Football Championship and TTS suggesting that it can be triggered by also positive emotions. Conversely, no differences were found in the incidence of ACS. Further prospective studies should be planned to assess the relative association risk of football matches and TTS.
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Footnotes
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A Commentary on
 The impact of UEFA Euro 2020 football championship on Takotsubo Syndrome: Results of a multicenter national registry

by Polimeni, A., Spaccarotella, C., Ielapi, J., Esposito, G., Ravera, A., Martuscelli, E., Ciconte, V., Menichelli, M., Varbella, F., Imazio, M., Navazio, A., Sinagra, G., Oberhollenzer, R., Sibilio, G., Cacciavillani, L., Meloni, L., Dominici, M., Tomai, F., Amico, F., Corda, M., Musumeci, G., Lupi, A., Zezza, L., De Caterina, R., Cernetti, C., Metra, M., Rossi, L., Calabrò P., Murrone, A., Volpe, M., Caldarola, P., Carugo, S., Cortese, B., Valenti, R., Boriani, G., Fedele, F., Ventura, G., Manes, M. T., Colavita, A. R., Feola, M., Versaci, F., Assennato, P., Arena, G., Ceravolo, R., Amodeo, V., Tortorici, G., Nassiacos, D., Antonicelli, R., Esposito, N., Favale, S., Licciardello, G., Tedesco, L., and Indolfi, C. (2022). Front. Cardiovasc. Med. 9:951882. doi: 10.3389/fcvm.2022.951882




I read with interest the paper of Polimeni et al., where they found an astonishing 11-fold increase in risk of Takotsubo Syndrome (TTS) among the Italian population during the final stage of EURO 2020 football tournament (1). This result seems particularly striking, also considering that a large piece of previous research on overall Acute Cardiovascular Events (ACE) did not find a clear association with watching football (2, 3). However, some methodological issues cast doubts about the accuracy of the results of the present study.

First, it is not clear where rates reported in Tables 2A, 2B come from. Apparently, the authors simply divided the number of specific types of ACE by the total number of hospital admissions. However, this procedure would be wrong as, by definition, a rate is the number of cases divided by the person-time of observation.

Second, it is not clear why rates for the control period are different in Tables 2A, 2B, as the same reference was used along the whole paper.

Third, Table 2B shows that rates of TTS on semifinal/final matches and control period were 0.07 and 0.01, respectively. Thus, the crude Rate Ratio (RR) would be expected to be 7, not 11. This issue does not seem due to rounding problems, as the authors used 5-digit numbers in the table when needed. Is this an adjusted RR? If yes, the authors should specify for which variables they have controlled for and possibly providing the crude estimate as well.

Forth, the result of the authors seems also inconsistent with the RR that can be calculated from Table 4 using the reported absolute numbers of cases, namely 10 during the semifinal/final matches and 13 during the control period. The authors stated that the effect of matches was analyzed on the day that the match was played and the day after. Thus, the observation time was 4 days for the semifinal/final stage, while the control period was reported by the authors being of 20 days. As the catchment area of the hospitals (and hence the source population) did not change during the tournament, these figures would correspond to a RR of 3.85 [i.e., (10/4): (13/20)], which is again very different from the reported result. It would be good if the authors could provide the absolute numbers on which their calculations are based.

As a final remark, one could even ask whether an 11-fold increase in TTS after watching a football match is plausible, considering that it is averaged over a 48-h period, whereas triggers typically increase cardiovascular risk over a short time period (2). Assuming that the risk is increased within the first 2 h from the start of a match, the RR of 11 over a 48-h period found by Polimeni would correspond to an acute relative risk of 240 (i.e., an RR of 11 is the 48-h average between an RR of 1.00 during 46 h and an RR of 240 during 2 h). Moreover, only a proportion of the population watches the matches (and is thus exposed). Assuming a proportion of viewers of 50%, the corresponding acute RR among viewers would be 480. To put this number in context, it is worthy to consider that many individually based, case-crossover studies suggest that most triggers increase the cardiovascular risk of 2–7 times in the 1–2 h following the exposure, with the notable exception of cocaine consumption that entails and acute increase in risk of about 20 times (2). This obvious inconsistency with the effects of well-known cardiovascular triggers should suffice to warrant extra-caution in interpreting the results of this study.
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Crenigacestat (LY3039478) inhibits osteogenic differentiation of human valve interstitial cells from patients with aortic valve calcification in vitro
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Calcific aortic valve disease (CAVD) is one of the dangerous forms of vascular calcification. CAVD leads to calcification of the aortic valve and disturbance of blood flow. Despite high mortality, there is no targeted therapy against CAVD or vascular calcification. Osteogenic differentiation of valve interstitial cells (VICs) is one of the key factors of CAVD progression and inhibition of this process seems a fruitful target for potential therapy. By our previous study we assumed that inhibitors of Notch pathway might be effective to suppress aortic valve leaflet calcification. We tested CB-103 and crenigacestat (LY3039478), two selective inhibitors of Notch-signaling, for suppression of osteogenic differentiation of VICs isolated from patients with CAVD in vitro. Effect of inhibitors were assessed by the measurement of extracellular matrix calcification and osteogenic gene expression. For effective inhibitor (crenigacestat) we also performed MTT and proteomics study for better understanding of its effect on VICs in vitro. CB-103 did not affect osteogenic differentiation. Crenigacestat completely inhibited osteogenic differentiation (both matrix mineralization and Runx2 expression) in the dosages that had no obvious cytotoxicity. Using proteomics analysis, we found several osteogenic differentiation-related proteins associated with the effect of crenigacestat on VICs differentiation. Taking into account that crenigacestat is FDA approved for clinical trials for anti-tumor therapy, we argue that this drug could be considered as a potential inhibitor of cardiovascular calcification.
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Introduction

Calcification of the cardiovascular system is a widespread pathology—calcified arteries might be found even in Egyptian mummies (1). Calcific aortic valve disease (CAVD) is one of the most dangerous forms of vascular calcification that caused 102,700 deaths and 12.6 million cases worldwide in 2017 (1, 2). Pathogenesis of CAVD involves the progressive fibro-calcific transformation of aortic valve leaflets, which starts from aortic valve thickening followed by calcification of the valve and this ultimately leads to aortic stenosis. Different stages of CAVD might be found in at least quarter of people older than 65 (3).

Despite such a high frequency in the Eastern world and a high mortality rate, there is no targeted treatment for CAVD yet. As a result, more than 500 thousand aortic valve surgical implantations occur annually all over the world. Only for European medicine, it costs about $13.7 billion and these expenses will only grow with an increasing average age (4). One of the reasons for the absence of target therapy is the difficulty in the development of test systems for analysis of the effects of drugs on CAVD progression in vitro. Moreover, there is still no adequate animal model for preclinical study.

Valve interstitial cells (VICs) play a central role in CAVD progression. Normally, these cells maintain valve leaflets homeostasis, but during CAVD progression, they might undergo osteogenic differentiation, which leads to calcific remodeling of valve tissues (5). Thus, inhibition of VICs osteogenic differentiation would be an effective target of anti-CAVD therapy and the effect of probable drugs on VICs osteogenic differentiation might be a fruitful test system for anti-CAVD therapy development.

Dysregulation of Notch-signaling is assumed to be an important factor of CAVD progression (6). Data on the role of the Notch signaling pathway in CAVD is ambiguous. By some data Notch suppress, but by other data stimulate CAVD progression. We have recently shown a dose-dependent action of Notch signaling on osteogenic differentiation—high dosages of Notch suppress, while moderate dosages stimulate osteogenic differentiation (7). We also have previously shown that VICs from CAVD patients are sensitive to proosteogenic stimuli and demonstrate high osteogenic potential when Notch signaling is activated or dysregulated (8, 9). Thus, we assume that inhibition of Notch-signaling in VICs could be considered as a perspective for CAVD treatment. Moreover, some inhibitors of Notch are already at the clinical trial stage in the case of anti-cancer treatment and it would be easy to apply them for anti-CAVD therapy in the case of their efficiency (10). Here we tested two selective inhibitors of Notch signaling pathway (CB-103 and crenigacestat) as inhibitors of osteogenic differentiation of VICs in vitro. CB-103 is a small molecule selective inhibitor of the CSL-NICD complex. This complex activates Notch-target genes, so its inhibition leads to interruption of Notch signal transmission (11). Crenigacestat (LY3039478) is a small molecule selective inhibitor of Notch cleavage that suppresses Notch signal transduction by preventing the release of NICD (12). Both drugs have successfully passed the first phase of clinical trials and seem to be promising for treatment (11, 12).

We show here that crenigacestat, but not CB-103, inhibits osteogenic differentiation of VICs without obvious cytotoxicity. Thus, for crenigacestat we additionally found the optimal dosage by experiments with several dilutions and described its probable mechanisms of action by proteomics analysis. The high selectivity of crenigacestat and strong anticalcific effect in non-toxic dosage makes him promising for further preclinical studies.



Materials and methods


Cell cultures

Human valve interstitial cells (VICs) were obtained from the tissues of the human aortic valves, which were provided by the Almazov National Medical Research Centre of the Ministry of Health of the Russian Federation. The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the local Ethics Committee of the Almazov Federal Medical Research Center (ethical permit number 12.26/2014).

Isolation of primary cultures of VICs was carried out by tissue dissociation with collagenase II (2 mg/ml) (13). For further VICs cultivation, we used Dulbecco’s modified Eagle’s medium (DMEM; Gibco, USA) supplemented with 15% of fetal bovine serum (FBS; Gibco, USA), 1% of penicillin/streptomycin (Invitrogene, USA), 1% of L-glutamine (Invitrogene, USA). The culture media was changed twice a week. All cell lines were maintained in a 5% CO2 at 37°C. Cells of passage 3–5 were used. The absence of mycoplasma contamination was checked using quantitative polymerase chain reaction (qPCR) according to Janetzko et al. (14). All experiments were carried out in biological triplicates (cells isolated from three donors).



Osteogenic differentiation

Osteogenic differentiation of VICs was induced by osteogenic medium (DMEM supplemented with 10% of FBS, 1% of penicillin/streptomycin and 50 μM of ascorbic acid, 100 nM of dexamethasone, and 10 mM of β-glycerophosphate (Sigma, USA) (15). For induction of osteogenic differentiation, the cells were plated at 26 × 103/cm2 cell density. Other cultivation conditions were the same as for standard cultivation above; osteogenic medium was also changed twice a week.

Calcium deposition was detected by Alizarin Red stain (Sigma, USA) on day 21 of differentiation according to Gregory et al. (16) with minor modifications. The cells were washed with PBS, fixed in 70% ethanol for 60 min, washed twice with distilled water, and stained with Alizarin Red solution. After staining Alizarin Red was extracted by 10% acetic acid and measured by spectrophotometry at 426 nm in Varioskan Lux plate spectrophotometer (Thermo Fisher Scientific, USA). Data processing was performed using Microsoft Excel and GraphPad Prism.



Inhibitors of osteogenic differentiation

CB-103 and crenigacestat (LY3039478; Medchemexpress, USA) were dissolved in DMSO (dimethyl sulfoxide) to the 100 mM for CB-103 and 10 mM for crenigacestat concentrations.



Real-time quantitative polymerase chain reaction

For RNA isolation we used an RNA extraction reagent (Eurogen, Russia) in accordance with the manufacturer’s instructions. After isolation, we used 1 μg of total RNA for reverse transcription using the MMLV reverse transcriptase (Eurogen, Russia).

Real-time PCR was performed with SybrGreen qPCR mastermix “qPCRmix-HS SYBR” (Eurogene, Russia) in the LightCycler 96 System (Roshe, Switzerland) according to the following scheme: (1) pre-amplification denaturation of 300 s at 95°C; (2) 45 cycles of three-step amplification (15 s at 95°C, 30 s at 60°C, 30 s at 70°C); (3) the high-resolution melting. Gene expression of RUNX2, GAPDH, HEY1, COL1A1, NOTCH1-3, JAG1 was evaluated 96 h after induction of osteogenic differentiation using specific forward and reverse primers for target genes (Table 1).


TABLE 1    Primers used for quantitative polymerase chain reaction (qPCR).
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Cell viability

To estimate effect of crenigacestat and CB-103 on cell growth and cell viability we seeded the VICs (for crenigacestat) or HEK-293 cells (for both crenigacestat and CB-103) at 26 × 103/cm2 cell density and then treated they with 50, 100, 300, or 500 nM of crenigacestat for 24, 48, or 96 h. After treatment we quantified cell numbers in treated and control wells and performed MTT assay.

Five hundred microliters of MTT solution (0.5 mg/ml) was added to the cultures with further 2-h incubation at 37°C. Then, the cell medium was removed and formazan crystals were dissolved in DMSO. Formazan was measured by CLARIOstar (Labtech, Germany) plate reader at 590 nm.



Protein isolation

For proteomics analysis, we used VICs at Day 10 after the induction of osteogenic differentiation with osteogenic medium (OM), OM + DMSO, or OM + crenigacestat. The cells were lysed in a Petri dish with RIPA buffer (Thermo Fisher Scientific, USA) supplemented with a complete protease inhibitor cocktail (Roshe, Swithzerland). Cell lysates were stored at –80°C prior to use.

The samples were sonicated and centrifuged (12,000 g, 20 min, 4°C). Proteins were acetone precipitated from the supernatant and washed several times by acetone (EM grade; EMS, USA).

The protein pellet was resuspended in 8 M Urea/50 mM ammonium bicarbonate (Sigma Aldrich, USA). The protein concentration was measured by a Qubit fluorometer (Thermo Fisher Scientific, USA) with “QuDye Protein Quantification Kit” (Lumiprobe, Russia). Twenty micrograms of protein from each sample were used for further analysis.



“In-solution” digestion

Each sample was analyzed via the shotgun proteomics approach. In the first step, the samples were digested by trypsin. Disulfide bonds were reduced and alkylated by incubation of samples with 5 mM DTT (Sigma Aldrich, USA) for 1 h at 37°C with subsequent incubation in 15 mM iodoacetamide (Sigma Aldrich, USA) for 30 min in the dark at room temperature. For tryptic digestion, the samples were diluted with seven volumes of 50 mM ammonium bicarbonate and incubated for 16 h at 37°C with 400 ng of Trypsin Gold (1:50 ratio; Promega, USA). Tryptic peptides were desalted by solid-phase extraction using stage tips. Stage-tips were prepared according to Matamoros et al.: polypropylene Vertex pipette tips (200 μl; SSIbio, USA) were filled with four layers of C18 reversed-phase excised from Empore 3M C18 extraction disks (17). The desalted peptides were evaporated in a Labconco Centrivap Centrifugal Concentrator (Labconco, USA) and stored at –20°C prior to analysis.



LC-MS/MS

Desalted peptides were dissolved in water/0.1% formic acid for further LC-MS/MS analysis. Approximate 1,000 ng of peptides were used for shotgun proteomics analysis in TimsToF Pro mass spectrometer (Bruker Daltonics, Germany) with nanoElute UHPLC system (Bruker Daltonics, Germany). All samples were analyzed in technical triplicates. UHPLC was performed in two-column separation mode with Acclaim™ PepMap™ 5 mm Trap Cartridge (Thermo Fisher Scientific, USA) and Aurora Series separation column with nanoZero technology (C18, 25 cm × 75 μm ID, 1.6 μm C18; IonOpticks, Australia) in gradient mode with 400 nl/min flow rate with 50°C column temperature. Phase A was water/0.1% formic acid, phase B was acetonitrile/0.1% formic acid. The gradient was from 2 to 35% phase B for 25 min, to 40% of phase B for 5 min, to 95% of phase B for 1 minute with subsequent wash with 95% phase B for 15 min.

The separation column was equilibrated with 4 column volumes and a trap column was equilibrated with 10 column volumes before each sample. CaptiveSpray ion source was used for electrospray ionization with 1,600 V of capillary voltage, 3 L/min N2 flow, and 180°C source temperature. The mass spectrometry acquisition was performed in automatic DDA PASEF mode with 0.5 s cycle in positive polarity with the fragmentation of ions with at least two charges in m/z range from 100 to 1,700 and ion mobility range from 0.85 to 1.30 1/K0.



Statistical analysis

The data obtained by qPCR was processed using Microsoft Excel (calculations) and GraphPad Prism (graphs, statistical analysis). Changes in the expression levels of the target genes were calculated as multiple differences using the comparative method ΔΔCT. mRNA levels were normalized to GAPDH and FURIN as house-keepers. The results are presented as an average of biological and technical repeats. Standard Errors of the Mean (SEM) are indicated. Relative expression levels were compared by ANOVA in GraphPad Prism.

Alizarin red stain quantitative data was analyzed by ANOVA in GraphPad Prism. Standard Errors of the Mean (SEM) are indicated.

MTT data was recalculated to relative cell viability relatively to control and analyzed by non-linear regression in GraphPad Prism. Standard Errors of the Mean (SEM) are indicated.

Annotation of LC-MS/MS data was performed in Peaks Xpro software (license to St. Petersburg State University) using human protein SwissProt database (organism: Human [9606]1 ; uploaded 02.03.2021; 20394 sequences) and protein contaminants database CRAP (ftp://ftp.thegpm.org/fasta/cRAP; version of 2019-03-04). The database search parameters were: parent mass error tolerance 10 ppm and fragment mass error tolerance 0.05 ppm, protein and peptide FDR less than 1%, two possible missed cleavage sites, proteins with at least one unique peptide were included for further analysis. Cysteine carbamidomethylation was set as fixed modification. Methionine oxidation, acetylation of protein N-term, asparagine/glutamine deamidation were set as variable modifications. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (18) partner repository with the dataset identifier PXD029632 and 10.6019/PXD029632.

Statistical analysis of proteomics data was performed in R (version 4.1.1) (19). First of all, we performed qualitative analysis—all proteins presented in all three biological and technical replicates were identified and the biological groups were compared by Venn diagram. Then the proteins with NA in more than 85% of samples were removed and imputation of missed values by k-nearest neighbors was performed with further log transformation and quantile normalization. Then we removed the donor batch effect by the “ComBat” function from the “SVA” package with further analysis of differential expression by “limma” package was performed (20).

The main task was to compare VICs after induction of osteogenic differentiation by OM and by OM + crenigacestat. It is known that DMSO has an impact on cell physiology, but we found that this biological effect was strong at the selected time-point (Figure 4). In general, DMSO is considered to have a small impact on cells on at low concentrations, but its cytotoxicity was significantly demonstrated in concentration higher than 1% (21). While crenigacestat was dissolved in DMSO, the effect of DMSO needs to be considered and we included an additional group—OM + DMSO. As a result, we used a design matrix according to Law et al. (22), which includes both differences between samples with Crenigacestat, DMSO, and classic OM: design matrix = Crenigacestat-(DMSO + OM)/2. This leads to a decrease in the number of identified differentially expressed proteins. Nevertheless, these proteins are strongly correlated with crenigacestat effect.

Finally, we performed ordination of samples by sparse partial least squares discriminant analysis (sPLS-DA) in the package “MixOmics.”, “ggplot2” and “EnhancedVolcano” packages were used for visualization. Functional annotation was performed by the “rWikiPathways” package with Gene Ontology.

Reproducible code for data analysis is available from https://github.com/ArseniyLobov/Proteomics-analysis-of-VICs-treated-by-crenigacestat (accessed on 19.08.2022).




Results


Crenigacestat inhibits osteogenic differentiation of valve interstitial cells while CB-103 has no significant effect

To reveal the potential anticalcific effect of crenigacestat and CB-103 on VICs we cultured the cells in control, osteogenic medium (OM), and OM supplemented with either crenigacestat or CB-103. On day 21 from the start of differentiation, we stained cells with Alizarin Red to measure the level of calcification of the extracellular matrix (ECM). We found that CB-103 had no significant effects on osteogenic differentiation of VICs (Figure 1A). In contrast, crenigacestat strongly inhibited osteogenic differentiation (Figures 1B,C). The quantitative measurement of Alizarin Red stain by spectrophotometry revealed that the level of calcification was significantly lower in the cells treated with crenigacestat compared to the control cells after osteogenic differentiation alone (Figure 1C).
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FIGURE 1
Effect of CB-103 and crenigacestat (LY3039478) on osteogenic differentiation of human valve interstitial cells (VICs) in vitro. (A) Alizarin Red stain of VICs in control, osteogenic medium (OM), and osteogenic medium supplemented with 100 nM of CB-103 (OM + CB-103). (B) Alizarin Red stain of VICs in control, osteogenic medium (OM), and osteogenic medium supplemented with 100 nM of crenigacestat (OM + crenigacestat). (C) Quantitative measurement of Alizarin Red stain by spectrophotometry of VICs in control, osteogenic medium (OM), and osteogenic medium supplemented with crenigacestat (OM + cre.). Groups are compared using ANOVA, ***P < 0.001.


To analyze the effect of different dosages of crenigacestat on the VICs we cultured cells under osteogenic conditions with different crenigacestat concentrations from 10 to 500 nM. At the concentrations bellow 20 nM, suppression of osteogenic differentiation was not observed (data not shown). The concentrations from 50 to 100 nM efficiently suppressed the osteogenic differentiation. The concentration from 300 nM caused the death of most cells at the 21st day of cultivation (Figure 2A).


[image: image]

FIGURE 2
Effect of different dosages of crenigacestat (LY3039478) on survival and osteogenic differentiation of human valve interstitial cells (VICs) in vitro. (A) Alizarin Red stain of VICs on the 21st day of cultivation in control, osteogenic medium (OM), and osteogenic medium supplemented with different dosages of crenigacestat (cre.) from 50 to 500 nM. (B) Boxplot demonstrated the number of VICs cultured in osteogenic media in control conditions or with treatment by different dosages of crenigacestat at 96 h after induction of differentiation and crenigacestat treatment. (C) Plot representing effect of different crenigacestat dosages on cell viability relatively to control group in different timepoints. Each point represents an average of three independent replicates with standard error of the mean. (D) Sigmoidal curve for MTT assay showing IC50 value of crenigacestat on VICs. Each point represents an average of three independent replicates with standard error of the mean.


To analyze crenigacestat cytotoxicity, cells were treated with different crenigacestat dosages under cultivation in OM at the 24, 48, and 96 h after treatment and then we quantified cell numbers and performed MTT-test. We found that cell count was not significantly differ between control and concentrations bellow 100 nM (Figure 2B) and we see low cytotoxicity in these concentrations (Figures 2C,D). Concentrations higher than 100 nM have cytotoxic effect (Figure 2C) and IC50 for MTT test on 96 h for crenigacestat is 163.9 nM (Figure 2D).

To compare cytotoxicity of crenigacestat with CB-103 and to compare our data with a previous study on cancer cells we performed MTT-tests for both drugs using HEK-293 cell line (Supplementary File 1). IC50 for MTT test on 96 h for crenigacestat in HEK-293 was 8.8 nM which is 18-fold lower comparing to VICs. CB-103 has lower IC50—2.36 nM at the 96 h.

Thus, crenigacestat is non-toxic in concentrations from 10 to 100 nM. Summarizing these data, the optimal crenigacestat concentration for inhibition of osteogenic differentiation is 100 nM. This dosage was used in further experiments.



Crenigacestat suppresses Runx2 and Hey1 expression in osteogenic conditions

To confirm that crenigacestat inhibits not only ECM mineralization but also osteogenic differentiation of VICs and to evaluate its effect on Notch signaling we measured the expression Runx2—transcriptional factor regulating osteogenic differentiation.

The level of RUNX2 expression in cells with inhibited osteogenic differentiation by crenigacestat (OM + 100 nM of crenigacestat) is similar to control cells (Figure 3), while expression of RUNX2 significantly increased in cells cultured in OM were observed normal osteogenic differentiation (Figure 3).
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FIGURE 3
Effect of crenigacestat (LY3039478) on Runx2 (the main regulatory gene of osteogenic differentiation), Hey1 (one of the main Notch target genes) and components of Notch-signaling (Notch1-3, Jag1) in control cells (Control), cells treated with osteogenic medium (OM), and cells treated with osteogenic medium and 100 nM of crenigacestat (OM + cre). Groups were compared using ANOVA, *P < 0.05, **P < 0.01.
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FIGURE 4
Comparison of proteomics profiles of human valve interstitial cells (VICs) cultured for 10 days in osteogenic medium (OM), OM supplemented with DMSO (DMSO), OM supplemented with 100 nM of crenigacestat (LY3039478) dissolved in DMSO (Crenigacestat). (A) Venn diagram representing proteins unique for biological groups compared by shotgun proteomics. (B) Partial least-squares discriminant analysis. (C) Volcano plot representing differentially expressed proteins (protein names were converted to gene symbols) of VICs cultured with OM supplemented with crenigacestat against VICs cultured with OM and OM supplemented with DMSO. Log2Fold Change, level of change in expression; -Log10P, negative logarithm of the p-value. Dotted lines cut off transcripts with p-value < 0.05 and Log2Fold Change > |1|. (D) Results of Gene Ontology term enrichment analysis of proteins downregulated in VICs by crenigacestat treatment.


Crenigacestat is a selective inhibitor of gamma-secretase and therefore assumed to prevent VICs osteogenic differentiation through suppression of Notch receptor cleavage and Notch signal transduction. To evaluate effect of crenigacestat on Notch we quantified expression levels of Notch components and HEY1—Notch target gene known to be activated by Notch in VICs. Crenigacestat suppresses activation of HEY1 during osteogenic differentiation and has no significant effects of expression of components of Notch signaling (Figure 3).



Proteomics profile of valve interstitial cells treated with crenigacestat is different comparing to cells in osteogenic medium

To understand molecular mechanisms of inhibition of osteogenic differentiation by crenigacestat we performed proteomics analysis of VICs in OM, OM with crenigacestat dissolved in DMSO, and OM with DMSO 10 days after induction of osteogenic differentiation.

We identified 4,971 proteins. Only 2,828 of them were identified in all technical replicates of all donors at least in one biological group (Figure 4A). For these 2,828 proteins, we performed qualitative analysis and found that each group had unique proteins. The highest number of them were in samples of VICs treated with DMSO (91) and crenigacestat (125; Figure 4A). Similar to those, in the clusterization by sparse partial list discriminant analysis (sPLS-DA) we found differences between VICs in OM and in crenigacestat/DMSO with fewer but still clear differences between crenigacestat and DMSO groups (Figure 4B).

Thus, we performed analysis of differentially expressed genes between VICs in OM supplemented by crenigacestat and VICs in OM. To get a more accurate analysis we used a design matrix which also includes the effect of DMSO. As a result, we revealed 37 differentially expressed proteins, specific for VICs cultured in OM treated with crenigacestat (Figure 4C). Results of analysis of differential expression and proteomics data are represented in the Supplementary File 2.

Functional annotation of differentially expressed proteins by Gene Ontology revealed that proteins upregulated in VICs treated with crenigacestat are associated with fatty acid derivative biosynthetic process (TECR, ACSL1, GGT5, and HACD2) and sulfur compound biosynthetic process (ACSS2, ADI1, TECR, ACSL1, GGT5, and HACD2).

Among downregulated proteins (Figure 4D) one of the most enrichment groups are proteins associated with ossification (MMP14, MYBBP1A, LTF, CCN1, DDX21, COL1A1, GTPBP4, and SPARC), skeletal system development (PRRX1, MMP14, GLA1, LTF, CCN1, COL1A1, MTHFD1L, and ENG), and negative regulation of peptidase activity (ITIH3, ITIH2, C4A, LTF, A2M, GPX1, and APLP2). Interestingly, that 15 out of 52 of downregulated proteins are associated with extracellular exosomes (GO cellular compartment database, p = 0.029).

Many of proteins, specific for VICs treated with crenigacestat and found by qualitative comparison were associated with cellular membrane (27 proteins; GO cellular compartment database, p = 0.0029). Among top Gene Ontology biological processes were the following: mRNA polyadenylation (four proteins, p = 0.00088), protein transport (10 proteins, p = 0.0015), autophagy (six proteins, p = 0.0021), vesicle-mediated transport (six proteins, p = 0.0038), regulation of protein binding (three proteins, p = 0.0072), protein processing (four proteins, p = 0.013), negative regulation of sphingolipid biosynthetic process (two proteins, p = 0.014), smooth endoplasmic reticulum calcium ion homeostasis (two proteins, p = 0.014), mesoderm formation (three proteins, p = 0.01), endosome organization (three proteins, p = 0.02).




Discussion

Notch signaling is an important factor of osteogenic differentiation of VICs, therefore we tested two inhibitors of Notch signaling for suppression of osteogenic differentiation of VICs isolated from patients with CAVD. As a result, we identified a concentration of crenigacestat, which completely inhibited osteogenic differentiation of VICs in vitro, while CB-103 had no significant and reproduced effect on VICs osteogenic differentiation.


Crenigacestat is a perspective inhibitor of cardiovascular calcification

It was demonstrated, that half-maximal inhibitory concentration (IC50) of crenigacestat is ∼1 nM in most of the tumor cell lines tested (23). Nevertheless, in some other cell lines, crenigacestat was effective in 100 nM–10 μM concentrations for Notch inhibition (24). In our experiments we also found 18-fold differences in IC50 for VICs and HEK-293 (Supplementary File 1). Still, 50–100 nM of crenigacestat was effective for complete inhibition of VICs osteogenic differentiation, which roughly corresponded to the concentrations, which were effective for tumor cells in vitro (23, 24). In the MTT test crenigacestat demonstrated no cytotoxicity for VICs in concentrations bellow 100 nM and thus it seems promising for preclinical studies. Nevertheless, it is important to study its effect using other cells—similarly to HEK-293 crenigacestat might be quite cytotoxic for specific cell types. Comparing our data with previous in vitro studies, we assume, that dosages of crenigacestat used for anti-tumor therapy might be also effective for CAVD. In clinical trials crenigacestat is generally used in oral form with 25, 50, and 75 mg dosages with optimal oral dosage at 50 mg and maximal dosage at 100 mg (25, 26). It has a controllable toxic (connected manly with gastrointestinal tract) effect without dangerous side effects. In the case of potential therapy against cardiovascular calcification, injections might be more effective compared to peroral form. It has been demonstrated in clinical trials using healthy individuals that intravenous dose of 350 μg of crenigacestat gives only minor side effects (n = 39) (26).

Thus, we know the effective dosage of crenigacestat to completely inhibit osteogenic differentiation of VICs in vitro and dosage interval which is safe for humans in oral or intravenous injection. We assume that crenigacestat would be effective in clinical trials against vascular calcification, but still argue that additional experiments with tissue (calcified aortic valve) and animal models are necessary.



Crenigacestat influences the proteins associated with osteogenic differentiation

To understand the molecular mechanisms by which crenigacestat inhibits osteogenic differentiation of VICs we performed shotgun proteomics analysis of VICs treated with crenigacestat at the 10th day after induction of osteogenic differentiation.

Comparing qualitative differences between investigated groups we might emphasize that many of the proteins identified only in VICs treated with crenigacestat are associated with membrane compartment where gamma-secretase (crenigacestat target) is localized. Nevertheless, for most of the identified proteins, we have not found any described interactions with gamma-secretase by the STRING database (data not shown; https://string-db.org/, accessed 08.11.2021) (27). Some of these proteins also might be associated with the inhibition of osteogenic differentiation. For example, sphingolipids might promote osteogenic differentiation, so identified proteins associated with negative regulation of sphingolipid biosynthetic process might be important in inhibition of VICs osteogenic differentiation by crenigacestat (28).

Some of the proteins upregulated by crenigacestat were demonstrated to be upregulated during VICs osteogenic differentiation by previous proteomics and transcriptomics study, e.g., METTL7A, MAOA, SAMHD1, and HTRA1 (29, 30). Moreover, MAOA upregulation in disease-derived population of VICs was found by proteotranscriptomic data and, alongside with METTL7A, assumed to be one of the genes promoting calcification of VICs in vivo (31). SAMHD1 was also found to be associated with VICs osteogenic differentiation. Comparison of VICs with various ability to undergo osteogenic differentiation isolated from various donors revealed, that SAMHD1 is one of the markers of calcification-prone VICs (32).

At the same time, crenigacestat causes downregulation of the proteins, specific for osteogenic differentiation, COL1A1 and SPARC as well as downregulation of Runx2 expression and suppression of ECM mineralization. Other downregulated proteins are also associated with osteogenic differentiation, e.g., A2M was identified to be marker of later, calcific stage of CAVD according to spatiotemporal multi-omics data (33); IGF2R is involved in vascular calcification through Erk1/2 and Akt signaling (34); apolipoprotein CIII (APOC3) is associated with CAVD progression (35).

Xu et al. performed single-cell RNA-seq analysis of calcified valve and described cell subpopulations present in the calcific aortic valves. One of the VICs subpopulation segregated by enhanced level of both SPARC and COL1A1 (36), which was downregulated by crenigacestat treatment in our experiments. We, thus, assume that crenigacestat blocks some intermediate stages of VICs osteogenic differentiation.

We demonstrated that anticalcific effect of crenigacestat is associated with suppression of Notch signal transduction. Nevertheless, CB-103 had no anticalcific effect. While crenigacestat is gamma-secretase inhibitor, CB-103 is target to suppression of Notch transcription factor complex (11, 12). Gamma-secretase inhibitors often have off-targets while gamma-secretase, in turn, has a wide list of targets besides Notch (37, 38). Despite the fact, that crenigacestat treatment was associated with suppression of Notch in our experiments, we cannot exclude additional mechanisms, responsible for crenigacestat effect on VICs calcification. Possible mechanisms of crenigacestat action include, but are not limited to, blocking calcium phosphate precipitation, inhibition of alkaline phosphatase or suppression of mineralizing extracellular vesicle release.

The main limitation of our research is the absence of in vivo data. The pathophysiology of aortic stenosis is quite unique to humans (39, 40) and the lack of good animal models is currently an important problem of the CAVD field. There are rare examples of animal, in particular mouse, models with quite low penetrance, see recent papers (41, 42). Experimentally induced calcification in VICs in vitro is currently considered to be an accurate and affordable model of in vitro aortic valve calcification, which is suitable for screening potential pharmacological inhibitors (32). In our experiments we used primary cultures of VICs isolated from calcified aortic valves, i.e., we show the inhibitory effect on diseased human cells. Moreover, we have previously shown that the cells from CAVD patients retain their diseased properties even in in vitro cultures (8, 13). Thus, we argue that our data might be extrapolated to the CAVD pathogenesis in vivo. Nevertheless, we still consider that in vivo experiments in a new model system are necessary to perform in the future. Another important point is that, in opposite to anti-cancer therapy, anti-CAVD therapy suggests lifelong prolonged treatment. Generally, gamma-secretase inhibitors are not suitable for prolonged treatment due to various side effects and such side effects was the main reason for rejection gamma-secretase inhibitors for Alzheimer disease treatment (38). Crenigacestat seems to have much less side effects and assumed to be more suitable for prolonged therapy, but it needs additional studies (12, 24, 26, 38).




Conclusion

We demonstrated that inhibitor of gamma-secretase crenigacestat (LY3039478) inhibit osteogenic differentiation of human valve interstitial cells isolated from patients with calcific aortic valve disease (CAVD). Working concentrations of crenigacestat did not show significant cytotoxicity. Thus, we suggest that crenigacestat is a perspective drug for a development of therapy against vascular calcification.
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Background: Cardio-oncology is a rapidly growing field that requires a novel service design to deal with the increasing number of patients. It is reported that the volume of patients at the cardio-oncology clinic in the United Kingdom is 535 patients/5 years and in Canada is 779 patients/7 years. The pharmacist has a role in reducing the consultation time of physicians.

Objective: To identify the role of a qualified cardiology pharmacist at the cardio-oncology clinic using a new paradigm based on complementary interventions with the cardiologist for the management of patients with cancer and cardiovascular risk factors and/or cardiovascular diseases (CVRF/CVD).

Methods: A prospective observational study was conducted at the cardio-oncology clinic in the Medical City in Baghdad, Iraq between December 2020 and December 2021. Patients with CVRF/CVD were registered. The Iraqi Cardio-Oncology Program-Pharmacist (ICOP-Pharm) paradigm was designed to involve a qualified cardiology pharmacist for initial cardiovascular (CV) drug interventions.

Results: Among 333 patients who attended our clinic over the 1-year interval, 200 (60%) CVRF/CVD cases were enrolled in the study, and of them 79 (40%) patients had CV drug interventions. A total of 196 interventions were done, including 147 (75%) cases performed by the cardiology pharmacist, and 92 (63%) of the latter were CV drug initiations. Among the total CVRF/CVD treated initially by the cardiology pharmacist, hypertension 32 (26%) and cancer therapy-related cardiac dysfunction 29 (24%) were the main types.

Conclusion: The qualified cardiology pharmacist was responsible for three-quarters of the initial CV drug interventions at the cardio-oncology clinic in a complementary approach to the cardiologist. The role of the cardiology pharmacist in the ICOP-Pharm paradigm may be one of the reasons for the ability of the heart team to manage 3-fold of the patient volume when compared with those in the United Kingdom or Canada.
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Introduction

Cardio-oncology is a rapidly growing field in all aspects, including emerging training programs, clinical research and publications, and cardiac imaging (1–4). For such development, a new cardio-oncology clinic paradigm, with the involvement of pharmacists and the conduction of national and international registries, is required to optimize cardiovascular (CV) care for patients with cancer (1, 5, 6). Among the obstacles in the cardio-oncology clinic, particularly in developing countries, is the limitation of advanced cardiac imaging facilities, such as cardiac magnetic resonance. Therefore, echocardiography is mostly utilized for the evaluation of cardiac function and cardiotoxicity (7). However, performing echocardiography is time-consuming in patients with cancer due to patients’ overload and poor acoustic window related to radiotherapy and mastectomy in patients with breast cancer (3). Consequently, such factors lead to prolonged consultation time and a limited number of patients to be seen at each clinic. A patient’s medical history taken by a pharmacist is one of the solutions to reduce the time length of a physician consultation (8). In 2019, the Iraqi Cardio-Oncology Program (ICOP) was established with a mission to reduce the burden of cardiovascular disease (CVD) among patients with cancer and to emphasize the role of a qualified cardiology pharmacist within the heart team. This study aimed to identify the role of a qualified cardiology pharmacist in the management of patients with cancer and CV risk factor (CVRF) and/or CVD, including cancer therapy-related cardiac dysfunction (CTCRD) using a new cardio-oncology service paradigm based on a “complementary” or “sequential” approach with the cardiologist/cardiology fellow in training (FIT).



Materials and methods


Ethical approval

The study was approved by the National Research Ethics Committee.



Study setting and population

The Iraqi Cardio-Oncology Program-Pharmacist (ICOP-Pharm) is a prospective observational study, conducted at the cardio-oncology clinic in the Medical City in Baghdad, Iraq between December 2020 and December 2021. The clinic works 1 day a week, excluding national holidays and vacations, and is staffed by a senior consultant cardiologist who is qualified in cardio-oncology, a qualified cardiology clinical pharmacist, and a cardiology FIT. The pharmacist in this study is a board-certified cardiology pharmacist, has 8 years of experience in the field of clinical cardiology and 6 years of experience as a clinical researcher and data collection officer in six international registries of the EurObservational Research Program sponsored by the European Society of Cardiology in addition to the national registries. The number of patients per clinic is 17–22 patients. The study followed the ICOP-Pharm paradigm, which was designed in this study for the management of patients with cancer and one or more CVRF/CVD including CTRCD. Based on this model, and after completing a face-to-face patient interview, the board-certified cardiology pharmacist suggested the CV drug interventions to patients with CVRF/CVD who were on suboptimal medical therapy or those who developed CTRCD. The suggested interventions are based on the recommendations of the updated American and European guidelines in the management of CVD. Then, a discussion takes place with the senior consultant cardiologist/FIT regarding the suggested interventions. Confirmation or further modification of the drug interventions will be required from the cardiologist/FIT in this setting. Therefore, a drug intervention is performed by using a “complementary” or “sequential” approach, which means that CV drug interventions are completed in three stages: (1) the cardiology pharmacist suggests CV drug interventions based on the updated international guidelines for the management of CVD, (2) the cardiology pharmacist discusses the suggestions with the cardiologist/FIT, who will agree or disagree with these suggestions, and (3) the cardiologists/FIT will check if there are any additional CV drug interventions which may be missed by the cardiology pharmacist. Finally, the patient-centered decision is taken collaboratively and the patient shares in the final decision to decide which drug to be initiated. The details of interventions are recorded by the cardiology pharmacist in the registry, including information about the scientific name of the drug, dose, and frequency. The time between each patient’s interview is gained by the cardiologist/FIT to perform echocardiography for another patient.



Iraqi Cardio-Oncology Program-Pharmacist paradigm

The flow work based on the ICOP-Pharm paradigm consists of five steps. Step 1: The cardiology pharmacist performs a face-to-face interview with the first patient including registration, reviews home medications, and documents suggestions for cardiovascular drug intervention. Step 2 (time-gain step): The cardiologist performs echocardiography for the first patient. At the same time, the cardiology pharmacist meets the second patient for the same action that was mentioned in step 1. Step 3: The cardiology pharmacist discusses with the cardiologist patient’s medical history and the suggested drug interventions. After that, the cardiologist may add additional drug interventions that might have been missed by the cardiology pharmacist. Step 4: Patient-centered discussion with the first patient including patient’s opinion to initiate CV drug, selection of specific CV therapy, and patient education by the cardiology pharmacist to improve drug adherence. Step 5: The second patient will be ready for echocardiography and will follow other steps. During this time, the cardiology pharmacist meets the next patient (Figure 1).
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FIGURE 1
The Iraqi Cardio-Oncology Program-Pharmacist (ICOP-Pharm) paradigm at the cardio-oncology clinic. The workflow consists of five steps. During Step 2 the cardiologist performs echocardiography on the first patient, at the same time, the cardiology pharmacist meets the second patient for the same action in Step 1, resulting in less patient waiting time. *If a patient presents only for baseline echocardiography and has no cardiovascular risk factors or disease, the cardiology pharmacist performs a face-to-face interview and registration without drug interventions. **When the cardiologist completes echocardiography, he informs the cardiology pharmacist about the cardiac condition, so the cardiology pharmacist adds any additional suggestions for drug interventions while the cardiologist is printing the echocardiography report before moving to Step 3.




Statistical analysis

Data were represented as percentages for categorical variables and as mean and standard deviation (SD) for continuous variables, using Excel for Mac, Version 15.13.3.




Results

Among 333 patients referred to the cardio-oncology clinic over 1 year, 200 (60%) patients had CVRF/CVD, and of them, 79 (40%) patients were included in the study analysis (Figure 2).
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FIGURE 2
The ICOP-Pharm study flow diagram. At the cardio-oncology clinic, 200 of 333 patients with cancer had CVD/CVRF. Among patients with CVRF/CVD, drug interventions by the heart team were done for 79 patients who were included in the ICOP-Study analysis. *Patients without CVRF/CVD were referred to the clinic either for baseline echocardiography before starting cardiotoxic cancer therapy or for suspected cardiac disease. **Patients without drug interventions because they did not bring their home cardiovascular drugs and they did not know their medication name. Therefore, drug interventions were not applicable. For those patients, appointments were scheduled for drug optimization. CVD, cardiovascular disease; CVRF, cardiovascular risk factor; and FIT, fellow in training.



Characteristics of the studied population with drug intervention

Most of the patients were women 60 (76%) and among the cancer cases, breast cancer represented 46 (58%) cases, followed by gynecology cancer 10 (13%). Impaired left ventricular ejection fraction (LVEF) at baseline was found in 18 (23%) patients. More than two drug interventions were performed for 46 (58%) patients (Table 1).


TABLE 1    Characteristics of patients with drug interventions at the first established cardio-oncology clinic in Iraq.
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Cardiovascular risk factors and cardiovascular diseases at baseline and post-initiation of cancer therapy

A total of 143 CVRF/CVD cases were enrolled, including 60 (42%) cases with hypertension (HTN), 23 cases (16%) with diabetes mellitus, and 20 cases (14%) with ischemic heart disease (IHD) (Table 2). Smoking status was reported at baseline only. A majority of 20 (87%), 50 (83%), and 14 (70%) cases, of those with diabetes mellitus, HTN, and IHD, respectively, were diagnosed at baseline (Figure 3). However, all the cases of atrial fibrillation and deep vein thrombosis were diagnosed post-initiation of cancer therapy.


TABLE 2    Frequency of CVRF/CVD among the study population.
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FIGURE 3
Cardiovascular risk factor/cardiovascular disease at baseline and post-initiation of cancer therapy. The majority of DM, HTN, and IHD are documented at the baseline as CVRF and CVD among patients with cancer. AF, atrial fibrillation; CVD, cardiovascular disease; CVRF, cardiovascular risk factor; DM, diabetes mellitus; DVT, deep vein thrombosis; HF, heart failure; HTN, hypertension; IHD, ischemic heart disease; and TIA, transient ischemic attack.




Types of cardiovascular drug interventions

Types of CV drug interventions were divided into four main categories with their sub-types (Table 3 and Supplementary Table 1). The main categories were: dose titration, switch between CV drugs, cessation of one or more CV drugs, and CV drug initiation for optimizing CV drug therapy. Most types of interventions were drug initiation 135 (69%), followed by drug cessation 31 (16%) (Table 4).


TABLE 3    Types of drug interventions.
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TABLE 4    Frequency of the main types of drug interventions by the heart team.
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Complementary drug interventions

The heart team performed 196 drug interventions on 79 patients at the cardio-oncology clinic (Figures 2, 4). Among the 147 (75%) drug interventions performed by the cardiology pharmacist, drug initiation was the most common type of intervention reaching 92 (63%), while switching between CV drugs was the least performed type with only10 (7%) interventions (Figure 5). Of 165 CVRF/CVD reported cases in the complementary interventions by the heart team, 120 (73%) cases were optimized initially by the cardiology pharmacist, mainly in 31 HTN (26%) and 29 CTRCD (24%) (Figures 6, 7).
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FIGURE 4
Complementary drug interventions according to the main types of interventions. The cardiology pharmacist performed most of the drug interventions due to her initial interventional complementary role in the heart team with the cardiologist/FIT. FIT, fellow in training.
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FIGURE 5
Drug interventions by the cardiology pharmacist. Drug initiation was the most common drug intervention by the cardiology pharmacist; it represented more than one-half of the total interventions followed by cessation of unnecessary cardiovascular drugs or drugs that exacerbate the cardiovascular disease.
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FIGURE 6
Complementary drug interventions in different CVRF/CVD. Based on the complementary approach, most of the drug intervention by the cardiology pharmacist was in patients with baseline HF followed by CTRCD. Others included transient ischemic attack, hypertriglyceridemia, and right atrial thrombus. CVD, cardiovascular disease; CTRCD, cancer therapy-related cardiac dysfunction; CVRF, cardiovascular risk factor; HF, heart failure; HTN, hypertension; IHD, ischemic heart disease.
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FIGURE 7
Most common CVRF/CVD treated initially by the cardiology pharmacist. Based on the total drug interventions by the cardiology pharmacist, HTN, followed by CTRCD, were the main CVRF/CVD cases treated initially by the cardiology pharmacist. CVD, cardiovascular disease; CTRCD, cancer therapy-related cardiac dysfunction; CVRF, cardiovascular risk factor; HF, heart failure; HTN, hypertension; IHD, ischemic heart disease.




Drug interventions based on cardiovascular risk factors/cardiovascular diseases

The most common CVRF/CVD-associated cases with drug interventions were 46 HTN (28%), 39 IHD (24%), and 38 CTRCD (23%) (Table 5). CV drug initiation was mainly for IHD, HTN, and CTRCD, with a frequency of 36 (27%), 35 (26%), and 32 (24%), respectively. Among 135 drug initiations, angiotensin-converting enzyme inhibitors (ACEI) and beta-blockers were the most common drugs used, with 37 (27%) and 39 (25%), respectively. Switching between CV drugs was widely done in patients with HTN; 8 (73%). While dosing titration was substantially performed in 6 CTRCD cases (32%), and 5 heart failure (HF) cases (26%) (Figure 8).


TABLE 5    Frequency of drug interventions by the heart team in different CVRF/CVD.
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FIGURE 8
Frequency of different CVRF/CVD in different types of drug interventions. The most common drug interventions in different CVRF/CVD cases were dose titration in CTRCD, switching between drugs in HTN, and drug initiation in IHD. CVD, cardiovascular disease; CTRCD, cancer therapy-related cardiac dysfunction; CVRF, cardiovascular risk factor; HF, heart failure; HTN, hypertension; IHD, ischemic heart disease.




Cessation of drugs

Among 31 drug cessations, non-steroidal anti-inflammatory drugs (NSAIDs) and antiplatelets were the most common medicines to be stopped, each in 6 (19%) cases (Figure 9).
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FIGURE 9
Frequency of drug cessation and initiation at the cardio-oncology clinic. Non-steroidal anti-inflammatory drugs and antiplatelets were the most common drugs to be stopped at the cardio-oncology clinic due to the lack of indication for their use or due to exacerbation of the underlying cardiovascular disease or risk factor. ACEI and beta-blockers were the most common drugs to be initiated at the clinic because of their integral role in the management of CVRF/CVD, in addition to cancer therapy-related cardiac dysfunction. ACEI, angiotensin-converting enzyme inhibitors; BB, beta-blockers; CCB, calcium channel blockers; NSAID, non-steroidal anti-inflammatory drug; MRA, mineralocorticoid receptor antagonist.




Examples of drug interventions from the real-world practice

Examples for each type of drug intervention were reported from real-world practice during drug optimization at the cardio-oncology clinic (Supplementary Table 1).




Discussion and conclusions

The Iraqi Cardio-Oncology Program-Pharmacist is a 1-year experience study focused on the CV drug interventions by the heart team for patients with cancer and CVRF/CVD. It showed the important role of the cardiology pharmacist in the management of cardiac conditions, including the newly diagnosed CTRCD.


Available evidence about the role of a qualified cardiology pharmacist in cardio-oncology

To date, there is no published data about the role of a qualified cardiology pharmacist in the management of patients at the cardio-oncology clinic. Usually, cardiologists are responsible for CV drug optimizations at such specialized clinics (9, 10).



Patients overload at the cardio-oncology clinic

The volume of patients at our cardio-oncology clinic in this study was 333 patients/1 year; about 3-fold compared with those in the cardio-oncology clinic at the Royal Brompton Hospital, London, United Kingdom and the clinic at the Ottawa Hospital, Canada (9, 10). The number of patients in the clinic at the Royal Brompton Hospital over 5 years was 535 patients (average 107 patients/year), and in the clinic at the Ottawa Hospital, it was 779 over 7 years (average 111 patients/year) (9, 10). The explanations for the ability to deal with the 3-fold patient volume might be interpreted by two factors. First, different service models at the clinics; in the United Kingdom, a one-stop day case service, and in Canada, one afternoon weekly, while in Iraq one day per week. Second, the impact of initial CV drug interventions by the qualified cardiology pharmacist in a sequential approach with the cardiologist saves time for the management of a larger number of patients with cancer.



Gender, cancer diagnosis, cardiovascular risk factors, and cardiovascular diseases

More than two-thirds of the patients were women, in line with the results in both the United Kingdom and Canada, where female patients accounted for 55.8 and 66% of the cases, respectively (9, 10). This finding is closely related to breast cancer which is the leading type of malignancy presented to our clinic as they constituted more than half of the patients in this study. Similarly, they represented 52% of the Canadian group, whereas, in the United Kingdom, they represented 30% of the cases (9, 10). Female gender is a known risk factor for anthracyclines-related cardiotoxicity, which might be explained by the lower hepatic clearance of anthracycline compared with men (11, 12). In our study, HTN was the main baseline CVRF, and similarly, UK data showed that HTN was the main CVRF among patients with cardio-oncology (33.8%), while in Canada it ranked second (43%) after smoking (45%) (9, 10). Responses to a survey conducted in Iraq revealed that HTN was reported by 71% of oncologists as the most common baseline CVRF in patients with cancer (13). Therefore, baseline CV risk assessment using HFA/IC-OS proformas, which includes HTN in all its six proformas, and optimal management are paramount for better patient outcomes (14, 15). In general, the rate of blood pressure control in patients with HTN ranges between 30 and 45% (16, 17). However, involving a pharmacist in the heart team could increase patients’ adherence to antihypertensive agents and improve blood pressure control (16, 18). Interestingly, it was shown that telemonitoring with a pharmacist had increased the blood pressure control at 6-month follow-up to 57.2% and at 12 months to 71.2% (16).



Cardiovascular drug interventions with a complementary approach

Based on the complementary approach, it was found that the cardiology pharmacist was responsible for three-quarters of total CV drug interventions. Moreover, in reference to the type of CVRF/CVD, the cardiology pharmacist optimized more than three-quarters of baseline HF, CTRCD, and arrhythmia cases. The predominant role of the cardiology pharmacist is explained by the initial sequential approach that is used in the current paradigm for the optimization of CV drug therapy among patients with cancer. While at the cardio-oncology clinic in the United Kingdom or Canada, the cardiologists are responsible for the CV drug interventions (9, 10). Among total CV drug interventions completed by the cardiology pharmacist, initiation was the highest type of intervention, followed by cessation, titration, and then switching.



Cardiovascular drug initiation

Cardiovascular drug initiation was the most common intervention by the heart team and by the cardiology pharmacist in all types of CVRF/CVD. It was performed in more than two-thirds of the patients at the cardio-oncology clinic mainly in patients with IHD, HTN, and CTRCD. Of note, CV drug interventions were done with a similar rate (41%) in Canada (10). Regarding CTRCD, CV drug intervention was similar to that of the United Kingdom; 23.2%, among all of the study population (9). In agreement with the report from Canada, the most common CV drugs initiated in the cardio-oncology clinic were ACEI and beta-blockers, as ACEI and beta-blockers were used in 18 and 12% of cases, respectively, and were used in combination in 14% of patients (10). Notably, ACEI and beta-blockers have an integral role as cardioprotective agents in CTRCD, and in the management of HF, IHD, and HTN (14, 19–22).



Cardiovascular drug dose titration

Dose titration was the second intervention in all cases of CVRF/CVD except in HTN. Dose titration was done mainly for patients with CTRCD followed by HF. Early management of CTRCD with CV drug optimization during follow-up is associated with LVEF recovery (23, 24). Clinical pharmacists have an essential role at the HF clinic in the initiation and titration of guideline-directed medical therapy collaboratively with the HF team, decreasing the risk of re-hospitalization and reducing all-cause mortality by 13% (25–27).



Cardiovascular drug switching

Switching between CV drugs is primarily performed in HTN and HF, which indicates the presence of a gap in following the guideline recommendations for managing HTN. A study in Sudan (published in 2021) at the HF clinic showed a significant role for the clinical pharmacist in the optimization of guideline-directed medical therapy, such as drug initiation, up-titration, cessation, and switching with improvement in LVEF and NYHA classes (28).



Cessation of drugs

The pharmacist has already an integral role in reducing medication errors and preventing adverse drug events (26, 27). We found that cessation of non-indicated CV medicines or drugs that exacerbate CVD, in this study, was the second most common drug intervention by the heart team at our cardio-oncology clinic. The highest frequency for drug cessation was found with NSAIDs and antiplatelets. It is well known that NSAIDs are associated with the exacerbation of HTN and HF along with the increased risk of CVD and CV-related death (29, 30). In addition, data about the role of aspirin and other NSAIDs in reducing or increasing the risk of cancer are still controversial (29).



Iraqi Cardio-Oncology Program-Pharmacist paradigm

The ICOP-Pharm paradigm was designed with the enrollment of a qualified cardiology pharmacist in the heart team to manage CVRF/CVD and CTRCD in patients with cancer for drug therapy optimization, reducing drug errors, and patient education to improve drug adherence. Additionally, due to a lack of regional data in this field, ICOP-Pharm enhances data registration for clinical research to improve the standards of care and ultimately the outcome. Furthermore, to collaborate in the final decision for treating patients with reference to a patient-centered approach. Thus, shortening the consultation time required by the cardiologist as well as reducing the patient’s waiting list for echocardiography, and saving time for managing a larger volume of patients. Accordingly, ICOP-Pharm proves the important role of the involvement of a qualified cardiology pharmacist at the cardio-oncology clinic, which may to some extent explain the ability to manage the 3-fold patient volume compared with that recorded in other countries.

The study is limited by the small sample size as the data were collected one time per week at our cardio-oncology clinic, which is currently the only clinic in Iraq during its first year of establishment.

In conclusion, the qualified cardiology pharmacist accomplished three-quarters of CV drug interventions at the cardio-oncology clinic in a complementary approach to the cardiologist. Most of the drug intervention by the cardiology pharmacist was drug initiation. Among the total CVRF/CVD treated initially by the cardiology pharmacist, hypertension and cancer therapy-related cardiac dysfunction were the main types. The role of the cardiology pharmacist in the ICOP-Pharm paradigm may be one of the reasons for the ability of the heart team to manage the 3-fold patient volume compared with those records from the United Kingdom or Canada.
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Background: Sleep syncope is a subtype of vasovagal syncope in which patients experience syncope after awakening from their sleep. The aim was to investigate the association of clinical characteristics and gastrointestinal symptoms with syncope, as well as the body position in which symptoms began.

Methods: A systematic search of studies was performed in MEDLINE and EMBASE without language restrictions, from inception to 9 January 2022. Studies were included if they reported data on the proportion of patients who experienced symptoms (nausea, vomiting, abdominal pain, and diarrhea) associated with syncope.

Results: Data were included for 116 patients in 13 studies. Patients were 46.9 ± 4.3 years and 61.4% were female. In 52.5% of patients, a supine body position at the time of syncope was reported. A history of phobias was reported by 67.6% of patients, and 96.5% of patients also had typical daytime vasovagal syncope. In the 5 studies reporting the results of head-up tilt testing (n = 77), 90.9% of patients had positive tests. Gastrointestinal symptoms were present in the majority of patients with reported rates of 65.6% for upper gastrointestinal symptoms and 86.0% for lower gastrointestinal symptoms.

Conclusion: Patients with sleep syncope patients are predominantly female with a history of daytime vasovagal syncope. Gastrointestinal symptoms are present in the majority of patients and is therefore an important feature of sleep syncope.
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Introduction

Supine vasovagal syncope, also known as sleep syncope, is a subtype of vasovagal syncope in which a patient experiences the onset of recurrent syncope nocturnally, interrupting their sleep (1). While vasovagal syncope usually occurs during an upright position or in the presence of pain, injury, trauma, or medical settings, none of these commonly occur while asleep. In fact, assuming a supine position is a recommended strategy to prevent syncope during a vasovagal response. However, syncope in a supine position is still possible (1). Due to limited awareness of sleep syncope and its infrequency, the diagnosis is often missed (2). Sleep syncope is often misdiagnosed as epilepsy, since seizures are a common reason of transient loss of consciousness in the supine position (3).

The physiologic cascade culminating in sleep syncope is poorly understood. Physiologic stress is possible, but unlikely given that the subject is asleep at the onset of the spells. Many subjects with sleep syncope experience gastrointestinal symptoms such as nausea, abdominal pain, and the urge to defecate. These symptoms often awaken patients, causing them to stand up and head to the bathroom. These initial symptoms may be due to vagal efferent traffic in keeping with the onset of the vasovagal reflex cascade (4), and for most the ensuing upright posture culminates in hypotension and syncope.

To better understand the progression of the symptoms of sleep syncope, we conducted a systematic review regarding the clinical characteristics and symptoms of sleep syncope patients. The focus was on the presentation and time of the onset of symptoms, the association of gastrointestinal symptoms with sleep syncope, and the body position in which syncope occurred.



Materials and methods

The search strategy for this study was designed based on theoretical deduction, and the methodology adhered to the preferred reporting items for systematic reviews and meta-analyses [PRISMA (5)] statement. The study protocol was not registered or published prior to performing the search strategy. The data underlying this article will be shared on reasonable request to the corresponding author.


Data sources and search strategy

A systematic literature search was performed in the MEDLINE and EMBASE databases from inception until June 8, 2022. The search combined subject headings (e.g., MEDLINE MeSH) and keywords (title/abstract words and synonyms) from two concepts: (1) vasovagal/supine syncope and (2) sleep. The detailed search string is presented in Supplementary Material 1. There were no language restrictions applied. The reference lists of included studies were also reviewed to identify additional studies of relevance.



Eligibility criteria

Observational studies (case reports, case series, case-control studies, and cohort studies), and both randomized and non-randomized clinical trials on patients with sleep syncope were eligible for inclusion. Inclusion criteria were limited to studies published in any language that reported the symptoms of patients with sleep syncope as proportions or odds ratios. The diagnosis of sleep syncope was made according to the local institution but was verified during this review process. No restrictions were made with regards to patient characteristics or frequency of syncope episodes.



Study screening

Titles and abstracts were screened in duplicate (P.L.R. and B.V.) for relevance. The remaining full-text manuscripts were reviewed in duplicate (P.L.R. and B.V.) to verify the study design, patient population and outcome. Manuscripts published by the same research groups were reviewed in detail to assess whether they included unique patients. In case of duplicate patients, studies by the same group could only be included if they presented unique data, not present in other manuscripts. Discrepancies were resolved through consensus opinions and if required by discussion with the senior authors (R.S.S. and S.R.R.). The study selection process is shown in Figure 1.
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FIGURE 1
PRISMA flowchart.




Data extraction

Data were extracted in duplicate by two of the reviewers (P.L.R. and B.V.) and included patient demographics, study design, number of syncopal events, body position at syncope, and frequency of specific gastrointestinal symptoms. Any discrepancies regarding data extraction were resolved in consultation with senior authors on the team (R.S.S. and S.R.R.). As study data were not reported homogeneously or completely across studies not all data fields were complete.

The symptoms commonly associated with sleep syncope that were recorded included nausea, vomiting, abdominal pain, and diarrhea. The four symptoms were compiled in two categories: upper gastrointestinal symptoms (nausea and vomiting) and lower gastrointestinal symptoms (abdominal pain and diarrhea). Other symptoms that were collected included: episodes during childhood, profuse sweating or diaphoresis, significant bradycardia (<30 bpm) or asystole (>3 s) during monitored episodes, and vagotonia. The latter was defined as several vasovagal episodes, usually associated with severe bradycardia or asystole over a few hours (6).



Quality assessment

The risk of bias was assessed independently and in duplicate by B.V. and R.S.S. and discrepancies were resolved by consensus. Cohort studies and case-control studies were evaluated using the Newcastle-Ottawa scale (NOS) (7). The originally defined measures were slightly modified to be used in a syncope cohort. The measures used were:


i Selection:

a.Adequate case definition (1 point)

b.Representativeness of the cases (1 point)

c.Selection of controls (1 point)

d.Definition of controls (1 point)




ii Comparability:

a.Comparability of cases and controls: (2 points)




 iii Exposure and outcome:

a.Ascertainment of syncope (1 point)

b.Same ascertainment for controls (1 point)

c.Adequacy of follow-up (1 point)



A maximum of 9 points was awarded. A score ≤3 was considered poor quality, between 4 and 6 as fair quality, and ≥7 as good quality. Case reports and case series were evaluated using a previously published tool by Murad et al. (8). Causality statements regarding the use of drugs were excluded. A maximum of 6 points was awarded: 1 point for selection criteria, 2 points for ascertainment, 2 points for causality and 1 point for reporting. A score ≤2 was considered poor quality, between 3 and 4 as fair quality, and ≥5 as good quality. For visualization, scores received color coding with green, orange, or red for good, fair, and poor quality, respectively.



Statistical analysis

Continuous data are presented as mean ± standard deviation (SD) and categorical variables as absolute number and percentages (%). If applicable, data were calculated or transformed to present data in the most uniform way. Weighted means and standard deviations were calculated where applicable. Analysis was performed using Stata 17.0 (Stata Corp. LLC, TX, USA).




Results


Study selection

Among the 1,869 unique studies identified by the search strategy, 43 studies were retrieved for full-text review (Figure 1). Of these, 13 met the inclusion criteria and were included in this review (Table 1) (6, 9–20). The studies by Busweiler et al. (10) and Jardine et al. (6) reported on patients from the same cohort; however, the study by Busweiler et al. (10) reported unique data on the body position and upper gastrointestinal symptoms which was not available in the larger, more recent cohort presented in Jardine et al. (6). As such, the study by Busweiler et al. (10) was included, but only for the specific research questions. The control data from 3 papers were excluded as the data were not obtained from sleep syncope patients (6, 10, 14). Furthermore, one of two case studies from a fourth paper was excluded because the subject did not have sleep syncope (16). Of the included studies, 5 were case reports, 3 case series, 3 cohort studies, and 2 case-control studies.


TABLE 1    Overview of final study selection.
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Study quality

The risk of bias assessment for each study is shown in Table 2. The case reports and case series had a mean score of 4.4 (maximum 6, median 5), ranging 3–6. Three studies were deemed of fair quality (15, 16, 18) and 5 of good quality (9, 11, 12, 17, 20). The modified NOS scores had a mean score of 6.6 (maximum 9, median 7), ranging 5–8. Two studies were deemed of fair quality (13, 14), and 3 of good quality (6, 10, 19).


TABLE 2    Quality assessment of included studies.
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Patient characteristics

Among all included studies there were 116 unique patients diagnosed with sleep syncope. The patients had a mean age of 46.9 ± 4.3 years and 61.4% were female. A detailed history of the patients is presented in Figure 2 and Table 3. All the included patients had a history of prior syncope and 96.5% also had daytime vasovagal syncope. Syncope during childhood were reported in 44 of 81 patients (54.3%). A supine position at the time of syncope was reported in 52.5% patients (53 of 101 available), while in the remaining the syncope occurred shortly after standing. In 2 available studies, 50 of 74 patients (67.6%) had a history of phobias. Results of head-up tilt testing was reported in five studies (n = 77), and they were positive in 70 patients (90.9%). No detailed description of phobias or Holter findings were available.
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FIGURE 2
Overview of patient characteristics.



TABLE 3    Study participants syncope history.
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Upper gastrointestinal symptoms

A total of six studies reported the prevalence of upper gastrointestinal symptoms (Table 4). From these reports, 65.6% of patients experienced nausea and 42.9% experienced vomiting. Combined upper gastrointestinal symptoms were present in 65.6% of patients. When evaluating only the 5 studies who specified the presence of symptoms prior to syncope, the prevalence of nausea prior to syncope was 90.0%. Only the study by Jardine et al. (6) reported a detailed medical history. There was a trend toward a higher prevalence of gastrointestinal medical conditions in sleep syncope patients (11.6% vs. 3.4%, p = 0.06), but the use of proton pump inhibitors and anti-emetics were not significantly different.


TABLE 4    Syncope-related symptoms in study participants.
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Lower gastrointestinal symptoms

Lower gastrointestinal symptoms were reported in six studies, 86.0% of patients experienced an urge to defecate or abdominal pain (Table 4). Diarrhea was only reported in 2 case reports. Combined lower gastrointestinal symptoms were present in 86.0% of patients. In the 4 studies that specified the urge to defecate or abdominal pain occurring before syncope, all 8 patients (100%) reported this symptom.



Other symptoms

Profuse sweating or diaphoresis was reported in 43 of 67 patients (64.2%) and significant bradycardia or asystole during witnessed or monitored episodes were present in 7 of 13 patients (53.8%). Only the study by Jardine et al. (6) reported vagotonia, defined as clustered vasovagal episodes over a few hours, which was present in 21 of their patients (30.4%).




Discussion

This systematic review included 116 unique sleep syncope patients and reports 3 important findings. First, the population was predominantly female, 96.5% of patients also had typical daytime vasovagal syncope, and 54.3% of patients had syncope episodes during childhood. Second, 52.5% of patients were supine at syncope onset, while the remaining lost consciousness shortly after a change to upright body position. Third, the prevalence of any gastrointestinal symptom associated with syncope was 65.6% for upper and 86.0% for lower gastrointestinal symptoms.

Although sleep syncope is considered a rare subtype of vasovagal syncope, the reported prevalence in retrospective studies ranged between 2.5 and 21.3% (6, 14, 19) of patients with vasovagal syncope. This large variability might be related to the difficult differentiation of sleep syncope from situational syncope, for which a detailed history and physical examination is required. Tewfik et al. (19) reported a prevalence of 21.3%, however they could only determine the presence of sleep syncope in 66.9% of patients, whereas Khadilkar et al. (14), and Jardine et al. (6) reported the prevalence as the proportion of patients compared to all who were referred for vasovagal syncope. In the prospective cohort study by Jardine et al. (6) sleep syncope was diagnosed in 2.5% of all referrals to the syncope clinic over a 14-year period. Given the few studies and the low level of evidence, sleep syncope can be considered an underreported clinical entity likely due to the limited awareness amongst physicians.

Sleep syncope was initially defined in 2006 by Jardine et al. (1) as loss of consciousness in a non-intoxicated adult occurring during the normal hours of sleep, where the patient wakes up, often with gastrointestinal symptoms, and briefly loses consciousness supine in bed or immediately upon standing. A remarkable high proportion of patients reported phobia-related and childhood syncope. This association has been reported before in family correspondence studies (21, 22). In this current systematic review gastrointestinal symptoms were present in about 86.0% of patients, and in the studies which reported whether gastrointestinal symptoms were present before fainting the rate reached 90%. These rates are significantly higher than those reported in general vasovagal syncope populations (Figure 3), particularly with regards to lower abdominal discomfort. Sheldon et al. (23) described historical criteria to diagnose vasovagal syncope in a comparable population of 235 patients with 61% females and a mean age of 42 years. Nausea or vomiting prior to syncope was present in 36.8% of patients. Romme et al. (24) reported a higher prevalence of 49.3% for nausea during the prodrome in 303 patients included in the FAST study. Abdominal discomfort was reported in 12.7% by Sheldon et al. (23) and syncope or presyncope occurred on the way to the toilet in 13.0%. In Romme et al. (24) the prevalence of abdominal discomfort was 13.2%.
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FIGURE 3
Comparison of gastrointestinal symptoms in literature.


The high prevalence of gastrointestinal symptoms suggests an important pathophysiological role for excessive vagal tone in sleep syncope. Although vasovagal syncope usually occurs in an upright position (23), vasovagal responses or syncope may also occur in a supine position, as is seen with phobia- or emotional-triggered episodes. An upright position should be considered a mediator that increases the likelihood of fainting because of a reduced venous blood return due to blood pooling below the diaphragm. This may explain our finding that about half of patients only faint after standing up to go to the toilet, after not fainting in the preceding supine position. The proportion of patients that were supine at syncope onset, 52.5%, is remarkably high. The accuracy of position ascertainment in the included studies is uncertain, and the rates in different body positions may be influenced by publication bias. A few possible mechanisms predisposing patients to sleep syncope have been suggested (1). During deeper phases of non-rapid eye movement (REM) sleep there is an increased vagal activity, while muscle sympathetic nerve activity is reduced. Also, during sleep baroreflexes may be modified and there is a more inter-dependent relation between respiration and cardiac output. Patients with sleep syncope have similar responses to sympathovagal function tests, but decreased responses to non-baroreflex-mediated function tests (25).

The question remains: what initiates the pathophysiological cascade of sleep syncope? Sleep syncope might be a primarily brain-initiated vasovagal cascade. Although a clear trigger was suggested and treated in a few case reports (11, 15), in general it is believed that the lower and upper gastro-intestinal prodromes are a result of exaggerated vagal activity mediated by the dorsal motor nuclei of the vagus nerve (1, 26). The latter contains parasympathetic motor neurons regulating subdiaphragmatic organs involved with feeding and digestion (26). The activity of the dorsal motor nucleus of the vagus nerve (1, 26) is controlled by local circuits and by inputs from other brain regions including the hypothalamus.

The hypothalamus is considered the primary control center of homeostasis and it acts via 2 effector systems: the autonomic nervous system and the endocrine system (27). The hypothalamus communicates directly with extra-hypothalamic nuclei such as the dorsal motor nucleus of the vagus nerve and the nucleus ambiguous. The nucleus ambiguous contains preganglionic parasympathetic neurons innervating the postganglionic parasympathetic neurons in the heart and is responsible for the cardioinhibitory response. Further, the hypothalamus is closely involved with the neural and hormonal regulation of sleep (28). We therefore hypothesize that there might be a crucial role for the hypothalamus in the initiation of sleep syncope events, potentially triggered by transitions in the sleep/wake cycle or intense dreams such as nightmares. This ties together the gastrointestinal symptoms mediated by the dorsal motor nerve, and the vasovagal cascade mediated by the nearby nucleus ambiguous.

The broad differential diagnosis of sleep syncope can be narrowed with a detailed clinical history, physical examination, electrocardiogram, and electroencephalogram (1, 29). It has even been suggested that the diagnostic gold standard is a detailed history of an eyewitness describing typical features (1). Recognizing vasovagal prodromes can increase the specificity to differentiate vasovagal syncope from other causes of syncope (23). It should be kept in mind that prodromal symptoms are age- and sex-related with decreasing rates with increasing age and lower rates in man versus women (24). However, there was no difference in prodromal symptoms between different body positions (14). Besides typical vasovagal prodrome symptoms, particular attention should be paid to the association of fainting with a history of daytime vasovagal syncope, episodes during childhood, body position, clustering of events within a few hours, and intense triggers, such as pain, smell, and phobias (10, 14). Many of the included studies were missing a detailed description of heart rate, Holter recordings, carotid sinus hypersensitivity, and head-up tilt testing, so the diagnostic potential of these tests is unclear.

In Jardine et al. (6) heart rate response during head-up tilt testing was not different from patients with classic vasovagal syncope. Further, Jardine et al. (6) showed that patients with sleep syncope had a higher prevalence of gastrointestinal disease in the medical history. Fortunately, in their prospective cohort study with a median follow-up of 15 year, the clinical outcome was not significantly different from patients with vasovagal syncope (6). After assessment in their syncope clinic, 24.2% of patients had recurrence of sleep syncope but only 8.1% continued to have a high burden of sleep syncope (6). Only 2 patients (2.9%) of their sleep syncope patients underwent permanent pacemaker insertion during follow-up (6). This illustrates that even in these more symptomatic patients, the insertion of a pacemaker is not required and remains an individual treatment decision.

Future research should focus on a more detailed phenotyping of these patients. This will allow for a more detailed understanding and determine whether this disorder warrants a new diagnostic category as sleep or nocturnal syncope, or merely represents an extremely symptomatic subgroup of classic vasovagal syncope.


Limitations

The studies included in this systematic review had an overall low level of evidence and limited sample size, as eight studies were either case reports or case series. This reduced the power of this systematic review and prevented us from performing a meta-analysis, but equally illustrates what might be an underreported prevalence of sleep syncope. Given the sparse amount of available data, particularly the absence of patient-level data, and underreported prevalence, bias was assumed but not formally tested. Lastly, the quality assessment of cohort studies and case-control studies was performed using a modified NOS based on the purposes of this specific study cohort, and hence was not externally validated.




Conclusion

This systematic review on sleep syncope found a predominantly female population with a history of typical daytime vasovagal syncope. About half of patients had syncopal events in a supine position, whereas the remaining fainted shortly after assuming an upright position. Gastrointestinal prodromes are present in most patients, which suggests that this is an important feature of sleep syncope. While observational data suggest that sleep syncope is not rare, it is likely underreported due to limited awareness amongst physicians.
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Cardiovascular disease (CVD) is the principal cause of mortality and morbidity globally. With the pressures for improved care and translation of the latest medical advances and knowledge to an actionable plan, clinical decision-making for cardiologists is challenging. Artificial Intelligence (AI) is a field in computer science that studies the design of intelligent agents which take the best feasible action in a situation. It incorporates the use of computational algorithms which simulate and perform tasks that traditionally require human intelligence such as problem solving and learning. Whilst medicine is arguably the last to apply AI in its everyday routine, cardiology is at the forefront of AI revolution in the medical field. The development of AI methods for accurate prediction of CVD outcomes, non-invasive diagnosis of coronary artery disease (CAD), detection of malignant arrythmias through wearables, and diagnosis, treatment strategies and prediction of outcomes for heart failure (HF) patients, demonstrates the potential of AI in future cardiology. With the advancements of AI, Internet of Things (IoT) and the promotion of precision medicine, the future of cardiology will be heavily based on these innovative digital technologies. Despite this, ethical dilemmas regarding the implementation of AI technologies in real-world are still unaddressed.
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Highlights


-Artificial intelligence is a computer science field that studies the problem of building agents which take the best possible course of action in a specific situation.

-Cardiology is at the forefront of artificial intelligence revolution in medicine.




-AI allows accurate prediction of cardiovascular outcomes, non-invasive diagnosis of coronary artery disease, detection of malignant arrhythmias and diagnosis, treatment, and prediction of outcomes for heart failure patients.

-The advancements of artificial intelligence, Internet of Things, and precision medicine will lead to future innovations in the field of cardiovascular research.

-Artificial intelligence in cardiology is limited by ethical and data privacy concerns, which are still to be addressed.

-Regulations are required to be implemented for the safe use of artificial intelligence in cardiology and medicine in the future.





Introduction

Cardiovascular disease (CVD) is the principal cause of mortality and morbidity globally. The diagnosis and treatment of CVD relies on data in several forms, such as patient history, physical examination, laboratory data, invasive and non-invasive imaging techniques. With the pressures for improved care and translation of the latest medical advances and knowledge to an actionable plan, clinical decision-making for cardiologists is challenging (1). On the other hand, emerging new technologies and the growth of artificial intelligence (AI) and machine learning (ML) in the last few decades have offered physicians opportunities to conduct more efficient and data-driven research. The availability of large-volume data from electronic health records (EHRs), mobile health devices and imaging data enables the rapid development of AI algorithms in medicine. Cardiology has been one of the few medical specialties in which AI technologies have been examined systematically (2).



Artificial intelligence

It is difficult to determine the exact year that AI was born. The English mathematician Alan Turing, named by some as the father of AI, developed the famous code breaking machine The Bombe for the British government, which broke the Enigma code, used by the German army in the Second World War. The Bombe was considered the first working electro-mechanical computer (3). In 1950, inspired by his achievement, Turing published his article “Computing Machinery and Intelligence,” where he proposed the famous question “Can machines think?” and recommended definitions for the terms machine and think (4). He also outlined the world known Turing Test–which is considered today as the standard method to identify intelligence of an artificial system. According to the Turing Test, if a human is interacting with another human and a machine and cannot distinguish the machine from the human, then the machine is considered to be intelligent (3). In 1955, during the Dartmouth Research Project, AI was defined as the problem of “making a machine behave in ways that would be called intelligent if a human were so behaving” (5). In 1968, the cognitive scientist Marvin Minsky outlined AI as the “science of making machines do things that would require intelligence if one by men” (6). More recently, in his published paper “What is Artificial Intelligence,” John McCarthy gives the following explanation regarding AI: “It is the science and engineering of making intelligent machines, especially intelligent computer programs. It is related to the similar task of using computers to understand human intelligence, but AI does not have to confine itself to methods that are biologically observable” (7). Kaplan and Haenlein in 2019 summarised AI as “a system’s ability to interpret data correctly, to learn from such data, and to use those learnings to achieve specific goals and tasks through flexible learning” (3). Stuart Russell and Peter Norvig, authors of “Artificial Intelligence: A Modern Approach,” have defined AI by dividing it into four goal-based categories (Table 1; 8). The definitions are laid out in two scopes. One dimension is whether the goal of AI is to match human performance or ideal rationality. The other aspect is whether the goal is to build systems that think or systems that act (9).


TABLE 1    Definitions of Artificial Intelligence (AI) by four goal based categories (8).
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Traditionally, statistics has been the standard method used in medical research to show the benefit of new treatments, identify risk factors for a disease and predict prognosis. Traditional medical research proposes a hypothesis, which is then tested with statistical analysis. Statistics analyses a given dataset using mathematical equations and discovers relationships between data points and outcomes. It is focused on validation of the hypothesis and understating of the causality and the mechanisms (10). AI is data driven and does not require the formulation of a hypothesis. It makes predictions with high accuracy, without needing to interpret the data given (1). Its goal is to identify hidden patterns in the data and predict new data. AI is able to use very complex nonparametric models from a vast amount of data in comparison to simple parametric models requiring a suitable-sized data set used in statistics (10).


Machine learning

Machine learning (ML) is a subfield of AI (Figure 1). ML allows a system to learn from data rather than through explicit programming. It uses algorithms that learn from data, identify specific patterns, and make decisions/predict outcomes based on the learned model (10). Once the ML algorithm is trained with data, the ML model will be provided with an input. The output will be a predictive model, based on the data that trained the model (11). In ML, the machine learns from the data through three different methods: supervised, unsupervised, and reinforcement learning (Figure 2).
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FIGURE 1
Relationship between Artificial Intelligence (AI), Machine Learning (ML), and Deep Learning (DL).
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FIGURE 2
Overview of the role of AI in cardiovascular medicine. Abbreviations: EHRs, electronic health records; CMR, cardiac magnetic resonance; CT, computed tomography; IoT, internet of things; SPECT, single photon-emission computerised tomography.


Supervised learning is the most widely used technique today. The model is provided both the inputs and the outputs at the time of training. It then goes on to produce a prediction model through categorising future events or finding which variables are most applicable to the outcome (1). Most commonly used supervised learning tasks include classification (identification of the group a new measurement belongs to) and regression (prediction of a continuous value of a new observation) (10).

In unsupervised learning the model learns patterns from the input, without feedback provided from humans (8). Therefore, the algorithm needs to explore the data and find hidden patterns. The most common tasks in unsupervised learning are clustering (dividing objects in groups with similar characteristics) and dimensionality reduction (reducing the number of variables of data through keeping initial variables that explain the data), which can also be applied in supervised learning (10).

Reinforcement learning involves receiving an output variable to be amplified and a sequence of choices that can be taken in order to influence the output (3). The model is not told which actions to take, but it needs to discover which actions will lead to the highest level of reward, by trying them. Trial-and-error-search and delayed-reward are the two features that distinguish reinforcement learning (12).

Machine learning operates via a variety of algorithms, which serve different tasks. Understanding the different types of ML algorithms aids the researcher to choose the best type of algorithm for their project. One of the most known examples is the Bayesian algorithm. It allows the scientist to encode previous beliefs of what a model should look like, irrespectively of what the data states. This is used in cases where the amount of data available is small for the purpose of training a model. Decision tree algorithms use a branching like structure to map possible outcomes of a decision, with a percentage assigned to each node, depending on the chance of the outcome occurring (11). A random forest algorithm consists of the output of multiple decision trees, to reach a single result. Support vector machine algorithms draw a boundary line which increases the margins from each class and new observations are classified based on this line (10). Ensemble learning is another ML method, in which multiple weak algorithms are combined to obtain a good prediction. Bagging, boosting, and stacking are the three approaches of ensemble learning. In bagging, multiple weak learners (algorithms) are trained in parallel, and the results of each learner are combined to produce a final output. In boosting, multiple weak learners are combined in series and trained consequently, considering errors from previous algorithms, in order to reduce bias. In stacking, the results of weak learners are used as input for another ML algorithm (10).



Deep learning

Deep learning (DL) is a subfield of ML (Figure 1). It is inspired by the complexity of the human brain in handling data and generating patterns, used for decision making (1). DL is comprised of deep neural networks. A neural network has three or more layers: an input layer, one or many hidden layers, and an output layer. Data is consumed via the input layer. Then the hidden layers extract the salient features from the input data to produce an output that closely approximates the ground-truth. A neural network may comprise of millions of simple processing nodes which are firmly unified (11). In DL there are multiple hidden tiers of artificial neural networks that can create automated forecasts from training datasets. DL requires complex data for training but is not required to extract features from the input data. Once implemented it is self-directed, thus eliminating manual human interaction. It can extract important results from vast amount of data through iterative processing (10).

Neural networks can be used for various tasks such as classification, clustering, dimensionality reduction, pattern recognition, natural language processing, computer vision, and predictive analysis (13). Neural networks consist of multiple layers of interconnected artificial neurons. A neuron receives inputs multiplied with random weights, to which a bias value is then added. An activation function is then applied and defines the final value to be given out of the neuron. There are different types of activation functions, depending on the input values (14). Neural networks are classified depending on their structure, data flow, neurons used and their density. The most important types of neural networks involve:


1.Feed Forward Neural Network

2.Multilayer Perceptron

3.Radial Basis Function Neural Network

4.Recurrent Neural Network

5.Modular Neural Network

6.Convolutional Neural Network



Feed Forward Neural Networks (FFNNs) are the simplest form of neural networks, as data travels in just one direction, passing from input and exiting through output nodes (hidden layers may or may not be present). They can be either single-layered or multi-layered FFNNs and the number of layers depend on how complex the function is. FFNNs are usually applied in face recognition or simple classification. In Multiplayer Perceptron (MLP), input data travels through various layers of artificial neurons. It is a fully connected neural network, as all nodes are connected to all the neurons in the next layer. Input and output layers and multiple hidden layers (three or more) are present, and propagation is bi-directional (forward and backward). MLP is used in speech recognition, machine translation and complex classification. In a Recurrent Neural Network (RNN), the output of a layer becomes the input to the next layer—which is the only layer in the network. Therefore, the output of a layer becomes an input to itself and forms a feedback loop. This means then network has internal memory, which influences the current output. RNNs are used in tasks such as text processing and text to speech processing. An example of this is when typing in Google, it automatically completes the sentence for us! The Radial Basis Function Network (RBFN) is based on the radial basis function (activation function), which is included in the hidden layer. The input is designated to a centre and the output combines the outputs of the radial basis function and weight parameters to perform classification or inference. It is used for prediction analysis and function approximation. A Modular Neural Network (MNN) is consisted of multiple different networks which work independently and perform different tasks, towards achieving the output. It is usually used in stock market prediction systems and in cases of compression of high level input data (13).



Convolutional neural networks

Convolutional Neural Networks (CNNs) are a group of deep neural networks, used in various fields including face recognition, speech processing and computer vision. They are a powerful tool in DL, as they necessitate minimal amount of pre-processing information (15). The CNN’s architecture is inspired by neurons in human and animal brains. It consists of multiple stacks (blocks) of convolution layers and pooling layers, followed by a fully connected layer and a normalising layer (Figure 3). The convolutional layer is the most important component of the CNN architecture. Its convolutional topology allows CNNs to perform dimensionality reduction, effective automated feature extraction (in contrast to traditional algorithms’ labour hand-crafted feature extraction) and perform operations from 2D and 3D images. Its most important characteristics, weight sharing (all neurons of neighbouring layers share the same weight) and local connectivity [neurons in one layer are connected to neurons in the next layer that are spatially close to them, thus keeping the ones that carry the most important information (memory-effective)], make the CNN’s training process more simplified and efficient, as a small number of parameters is utilised with minimal human effort (16).
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FIGURE 3
Demonstration of a Convolutional Neural Network (CNN) architecture. A CNN is composed of several blocks which include convolutional layers, pooling layers, and fully connected layers.


A collection of filters (kernels), which are part of the convolutional layer, perform convolution (a sliding window across an input, creating one averaged output for each stride the window takes) of the input image to generate output feature maps. The outputs are passed to an activation function. The most common non-linear activation function currently used for CNNs is ReLU. The large feature maps created by convolutional operations, are then sub-sampled by the pooling layers. The basic idea of down-sampling is that only the most important information of the feature map is maintained. In the fully connected layer, each neuron is connected to all neurons of the previous layer, thus forming a fully connected neural network. When the features extracted by the convolution layers and sub-sampled by the pooling layers are created, they are mapped by fully connected layers to the final outputs of the network, same as the probability for each class in classification tasks. An activation function is also applied to the last fully connected layer, depending on the task. For multiclass classification task, the softmax function converts the output real values from the last fully connected layer to aim class probabilities, ranging from 0 to 1 and with a sum of 1 (17). Multiple different CNN architectures have been created over the last few years. Model architecture is vital in performance improvement of different applications (Table 2).


TABLE 2    Most used Convolutional Neural Network (CNN) architectures.
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The aim of a CNN’s training is to find kernels (filters) in convolution layers and weights in fully connected layers which will reduce the difference between output predictions and ground truth labels on a training dataset. The data available is split into a training set, a validation set and a test set. The training set is used to train the network, in two phases. In forward propagation, the input is passed completely through the network, where loss values are calculated. In backpropagation, each layer will receive the gradient of loss with respect to its outputs and return the gradient of loss with respect to its inputs, leading to update of the learnable parameters. The validation set evaluates the model during the training process and performs model selection. The test set is used at the end to evaluate the performance of the final model selected in the previous steps (17). The CNN’s architecture and function, makes it attractive for the purpose of solving classification problems in a high dimensional space. The reason for this is that CNNs are universal, meaning they can be used to approximate any continuous function to an arbitrary accuracy when the depth of the neural network is large enough. CNNs and DL in general, work well in exceptionally large networks with a vast number of parameters, as they are surprisingly good at extrapolating when fed data similar to what they were trained on (18).



Generative adversarial networks

Generative adversarial networks (GANs) were introduced by Goodfellow et al. in, as a new framework for the creation of synthetic data, which aim to mimic the real dataset (19). GANs are an unsupervised learning algorithm and consist of two neural networks. The generator network generates new examples, and the discriminator network evaluates whether the generated examples belong to the real training dataset (classifies them as real or fake). The two models are trained at the same time, until the generator is generating realistic examples. GANs have been mainly used to generate images and healthcare records data in the medical field (20). For example, Amirrajab et al. used a heart stimulator and combined it with a GAN to generate synthetic short-axis cine CMR images at multiple slice locations (21). In a different study, a GAN was used to convert CMR images to computed tomography, for better visualisation of calcified structures, which are difficult to detect on CMR (22). GANs have shown to improve the performance of predictive models by filling the missing data. Che et al., added GAN-generated synthetic data to real patient data, leading to an improved CNN-based risk prediction model (23).



Limitations of artificial intelligence models

Machine learning models are best trained and have higher accuracy when using big data. Big data is any kind of data source that has the following characteristics: exceptionally large amount of data, the capability to transfer that data at a great velocity of speed, a mounting range of data sources and validity so that data sources reflect the truth (11). A large dataset allows for subsampling of the data for bootstrapping approaches (thus providing measures of robustness of an approach) and computational reasons (a model structure can be developed on a subset of a large dataset). In the case of a small DL dataset, techniques such as data augmentation (modification of training data through random transformations so the model does not see the same inputs during the training iterations) and transfer learning (features learned on a large dataset can be shared in a similar target dataset) can be applied, to train the model efficiently.

Overfitting is one of the most important issues that need to be addressed when building an AI model. Effectively overfitting violates the principle of parsimony, a well-known law in statistical analysis. Parsimony highlights that a problem should be stated in the simplest possible terms and explained with the fewest assumptions possible. With overfitting, the model tries to fit the training data entirely and ends up memorising irrelevant data patterns, noise and random fluctuations and performs less well in a subsequent unseen dataset. This can be recognised in cases where the model performs well on the training set but not on the validation set. Cross-validation can detect overfitting by identifying how well the model can generalise to other datasets. Regular monitoring of the loss and accuracy on the training and validation sets, can lead to early recognition of overfitting. Obtaining a larger training dataset, data augmentation and reduction of architectural complexity are some of the ways overfitting can be mitigated (17).

Outliers are another important issue in AI applications. These are values that look different (are in the extremes) from other values in the data, may carry undue weight on their final classification and therefore mislead the training process and produce less accurate models. The ML algorithm should be able to deal with outliers and similar technical problems if challenged. Detection of outliers through visualisation techniques (i.e., box plot) and mathematical functions and prevention of them via larger datasets, can solve this problem (24).

When dealing with large datasets, it is important to be aware of the risks when calculating the effect size and the statistical significance. Effect size is essentially the quantification of the size of difference between two groups. Statistical significance provides the likelihood that the difference between two groups could be an accident of sampling and is calculated with the p-value. The main issue of statistical significance is that the p-value depends on the size of the effect and the size of the sample. With larger datasets, everything becomes statistically significant, even if practically is not significant. Less emphasis should be given on p-values and more importance should be attributed to the effect size calculation along with a margin error/confidence interval when involving big data, as larger datasets produce more accurate effect size (25).

The widespread use of Big Data in the field of AI, does not come without challenges. As a dataset grows larger, it can lead to class imbalance. The ML model’s performance decreases, as datasets include data from classes with various probabilities of occurrence (26). Different methods have been applied to solve this issue, including down-sampling large classes or up-sampling small classes, and constructing models for every hierarchical level (17). As the volume of data increases, variance and bias also increases. Variance involves the consistency of a learner’s ability to predict random things, whilst bias is the learner’s ability to learn the wrong thing. If bias is introduced in the data, generalisation of the data is compromised. Regularisation techniques are well-established methods in ML which improve generalisation (26).

Adversarial attacks compromise the reliability and robustness of DL methods and their safe application in medicine. They encompass mildly altered images, which resemble original images, but they are maliciously designed to confuse pre-trained models. This can lead to a completely different prediction for the image the neural network analyses. Various methods are being proposed for defence against such attacks, but none has been proven safe enough yet (27). Lastly, what a neural network considers meaningful information for extraction from the data presented to it, remains an unaddressed question. Attention mapping is a scalar matrix, which aims to augment the significant image regions and suppress the irrelevant information in other regions, with respect to the target task. It amplifies the importance of input variables in terms of their impact on outcomes (28). Whilst attention mechanisms are potentially able to boost the performance of a neural network, they are not without limitations. They require vast amount of data for training, are not robust when generalised in other tasks other than the one they were trained for, cannot control spurious correlations in the data and no research has been undertaken to compare different attention models’ performances (29, 30).




Applications of artificial intelligence in cardiology

Artificial intelligence applications in cardiovascular research are increasingly becoming more popular over the last decade (Figure 2). AI algorithms have been broadly used for diagnosis from an image, image segmentation and reconstruction, image quality control, patient prognostication, phenogrouping, and gaining of scientific insight. Patient meta-data (demographics, co-morbidity) has been used to improve the performance of ML algorithms. AI based software devices and risk assessment tools have also been adapted in the field of Cardiology. Table 3 demonstrates examples of such achievements.


TABLE 3    Overview of the use of AI in cardiology.
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Electrocardiography

The electrocardiogram (ECG) is considered the first-line non-invasive diagnostic investigation for the evaluation of cardiovascular pathology. However, its interpretation can be time-consuming and challenging at times. Automated ECG interpretation, via digital ECG machines nowadays is almost universal. Despite the significant progress made in the development of computerised interpretation of the ECG, various limitations are still present, with systematic over-reading of the ECG deemed necessary (31). AI methods are increasingly used with aim to improve the accuracy of automated ECG interpretation and aid patient stratification and prognostication. Modern ML models identify the P and T waves and the QRS complexes and calculate parameters such as the heart rate (HR), the cardiac axis, different interval lengths of a patient’s ECG, ST-changes and common rhythm abnormalities such as atrial fibrillation (AF) (32). In a recent study, a 34-layer DNN (33 convolutional layers followed by a linear output layer into a softmax) has been developed, which detects various arrythmias and outperforms a board-certified cardiologist in recall and precision (33). In another study, three neural networks—back propagation, self-organising map and radial basis function—were used to categorise ECG indicators of cardiac patients into three states (normal, abnormal, and life-threatening) and were found to be accurate in 99% of test cases (34). Zhao et al., used a support vector machine (SVM) and identified five common arrythmias from ECG tracings of a large dataset. Sinus rhythm (SR), left bundle branch block (LBBB), right bundle branch block (RBBB), premature ventricular contraction (PVC), and premature atrial contraction (PAC) were classified with accuracy of 100, 98.66, 100, 99.66, and 100, respectively (35).

Atrial fibrillation is one of the most common arrythmias. Subclinical AF can cause strokes, which can lead to disability and premature death. Efforts to diagnose asymptomatic AF are increasingly gaining momentum. Recently, a risk prediction model (baseline and time-varying neural networks) was used for AF diagnosis from a cohort of 604,135 patients in a retrospective study. At the end of the follow up period (8 years), 3% of subjects had been diagnosed with AF, with the algorithm achieving an area under the curve (AUC) [the integral of the ROC (receiver operator characteristic) curve, thus the proportion of correctly classified outcomes] of 0.87 in differentiating between patients with AF and those without AF (36). In a different study, CNNs were used to screen 12-lead ECGs for features not noticeable by the physician and detected subclinical paroxysmal AF from ECGs with normal rhythm (SR). 454,789 ECGs from 126,526 individuals were included in the training dataset, 64,340 ECGs were included in the internal validation set and 130,802 ECGs in the testing set (37).

The decision to start antithrombotic therapy for patients with newly diagnosed AF relies on the balance between two risk stratification methods. The CHA2DS2-VASc score measures the possibility of a future ischemic stroke and the HAS-BLED score predicts a patient’s bleeding risk. They both aid in the decision-making process of AF treatment on an individual basis. In a recent retrospective cohort study of 9,670 patients, diagnosed with non-valvular AF and followed up for up to 1 year, multilabel ML methods were compared to the currently used risk scores for prediction of outcomes in AF patients. SVM, gradient boosting machine (GBM) and multi-layer neural networks (MLNN) were the ML algorithms used to predict a patient’s risk of ischemic stroke, major bleeding and death, and were compared to clinical risk scores by the AUC. GBM, the best performing ML algorithm of all, showed modest performance improvement for stroke compared to CHA2DS2-VASc (AUC = 0.685 vs. AUC = 0.652), but significant improvement in predicting major bleeding in comparison to HAS-BLED (AUC = 0.709 vs. AUC = 0.522) and death in comparison to CHA2DS2-VASc (AUC = 0.765 vs. AUC = 0.606) (38).



Artificial intelligence and machine learning medical devices

Atrial fibrillation detection can be a difficult task as the current diagnostic methods (pulse palpation, ECG, ambulatory Holter monitoring) all have limitations. Today various mobile devices can be used for detection of AF. These include smartphones, smart bands or smartwatches, earlobe sensors, and handheld electrocardiogram devices. These devices are characterised by their non-invasive nature, safety, and instantaneous access to patients (39).

Wearable devices are user friendly and allow uninterrupted monitoring and instantaneous individual analysis of ECG signals. The Apple Watch and AliveCor are the most distinguished examples of wearable. The KardiaBand from AliverCor is an example of a smartphone application, based on ML for the recognition of AF from an ECG (40). In a RCT of AF screening, the AliveCor Kardia monitor connected to a WiFi-enabled iPod attained iECGs from 1,001 ambulatory patients. The study showed that screening with a twice weekly single lead iECG and remote analysis in ambulant patients aged 65 and above at high risk of stroke, was considerably more likely to detect AF in comparison to routine monitoring over a 12-month period (41). In another RCT the occurrence of recurrent AF or atrial flutter via daily ECG self-recordings and the time to treatment of the recurring arrythmia in patients undertaking catheter radiofrequency ablation or direct current cardioversion for AF or atrial flutter, were evaluated. The chance of recurrence identification was higher in the group which used the AliveCor KardiaMobile ECG monitor (intervention group). The time from detection to treatment was also shorter for that group (42).

The Apple Heart Study showed that the utilisation of smartphones was effective in identifying patients with subclinical paroxysmal AF. It included data from 420,000 participants, with a median follow up time of 117 days. It detected 0.5% of patients with possibly irregular pulse, 34% of which were diagnosed with AF confirmed by ECG. The notification group (set informed of irregular pulse) had higher possibility of commencing anticoagulant or antiplatelet treatment. Also, from the patients diagnosed with AF, 24% underwent cardioversion, 3% received an implantable loop recorder, 20% started anti-arrhythmic medication, and 18% undertook ablation (43).

Voice technology has been increasingly utilised for mainstream use via voice assistants, such as Amazon’s Alexa or Google Assistant. These advanced software architectures are based on neural network techniques undertaking the task of speech recognition. They interpret a complex conversation and generate human like responses. They are available either on smart speakers or on smartphones. Voice assistants are emerging tools for remote monitoring and undertaking of medical services. For example, they can be used for educational purposes, such as in the case of the Mayo Clinic First Aid skill, a voice application which can provide various medical guidelines including on cardio-pulmonary resuscitation. The CardioCube voice application enhances paperless medical history taking, in an outpatient cardiology clinic in Los Angeles. Patients answer verbally a set of pre-prepared questions and produce high accuracy reports in the her system. Another application by CardioCube (FCNcare), was implemented at a family care network in Belligham (USA) and allowed HF and diabetic patients to update their medical status observations from home. Telemedicine nurses obtained instant reports from the produced EHRs and were able to triage the patients accordingly. Voice applications can therefore be used as digital screening tools and red-flagging systems for patients with chronic diseases (44).

Artificial intelligence and ML based medical devices undergo a premarket review by the Food and Drug Administration (FDA), before their widespread commercial use. The FDA has three levels of clearance for AI/ML based algorithms. 510(k) clearance is granted when the algorithm has been shown to be at least as effective as another similar legally marketed algorithm. Premarket approval is granted for Class III medical devices, which may have a vast impact in human health and require more thorough evaluation, to define their safety. De novo pathway approval involves those novel medical devices for which there is no similar legally marketed product but have shown to be safe and effective for use. Table 4 illustrates examples of FDA approved medical devices used in the field of cardiovascular medicine (45).


TABLE 4    FDA approved AI/ML based medical technologies/software.
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Transthoracic echocardiography

Echocardiogram is characterised by its easy application and widespread availability. It is an imaging modality that provides a real-time imaging of the heart and instant identification of any structural defects. AI enables the enhancement of imaging measurements’ accuracy, via the decrease in inter- and intra-operator inconsistency and by offering further information, subtle to be detected by the human eye (46). ML algorithms have been broadly used in the field of transthoracic echocardiography, with aim of diagnosis from an image, image segmentation and patient prognostication.

An innovative 2-dimensional echocardiographic image analysis system used AI-learned pattern recognition and automatically calculated left ventricular EF (LVEF) (measure of contractile function). The results of the study were similar to the results from the standard manual estimation (biplane Simpson’s method) and had less variability than visual EF (47). A multicentre study investigated the possibility of a fully automated computer vision software (AutoLV) using ML-enabled image analysis, for measurements of left ventricular volumes and EF, and average biplane longitudinal strain (LS) (a technique for evaluation of the left ventricular function). The automated measurements were achievable in 98% of the studies, with an average analysis time of 8± s per patient. The study demonstrated a rapid and efficient way of assessment LVEF and LS (48).

Another ground-breaking publication concerns the fully automated echocardiogram interpretation in clinical practice, via ML methods. 14,035 echocardiograms with 70,000 pre-processed images were used to train and evaluate a CNN and achieve detection of 23 viewpoints and segmentation of the cardiac chambers across 5 common views. The CNN was a VGG network which took a fixed-sized input of grayscale images, passed it through 10 convolution layers, five max-pool layers, and three fully connected layers. The output was fed into a 23-way softmax layer, to represent 23 different echocardiography views. Training data comprised of 10 random frames from each manually labelled echocardiographic video. The study found that the automated measurements were comparable or superior to the manual measurements across 11 internal consistency metrics (49). In another study, a CNN (consisting of six convolutional layers, two fully connected layers, and a softmax classifier) was trained and validated on 200,000 images, and was able to classify 15 standard echocardiography views, based on labelled still images and videos. The model classified among 12 video views with a 97.8% overall test accuracy. It also exceeded board-certified echocardiographers’ accuracy among 15 views on single low-resolution images (91.7 vs. 70.2–84, respectively) (50).

From a cardiomyopathy point of view, ML algorithms were trained from clinical, conventional echocardiography data and speckle tracking echocardiography variables, to distinguish constrictive pericarditis from restrictive cardiomyopathy. The associative memory classifier (AMC) was found to be the best performing algorithm with AUC of 89.2%. This method was found to be superior to the use of commonly used echocardiography variables, for the differentiation between these two diseases which carry many similarities (51).

Similarly, an ensemble ML algorithm model encompassed by three algorithms (SVM, RF, and MLP with back propagation), incorporated speckle-tracking echocardiographic data, to automatically distinguish the condition of inherited hypertrophic cardiomyopathy (HCM) from hypertrophy physiologically seen in athletes. The model demonstrated increased sensitivity and specificity in comparison to standard diagnostic variables (52). Valvular disease can also be assessed using AI methodology. SVM classifiers were used for classification and determination of the severity of mitral regurgitation (MR), a common valve disease. The method achieved sensitivity of 99.38% and specificity of 99.63% for the identification of the severity of MR in normal subjects (53).

The most recent advancement of AI in echocardiography concerns a video-based DL algorithm, which exceeded human experts’ performance in tasks such as EF estimation, assessment of cardiomyopathies and left ventricle segmentation. The variance in predictions from this algorithm is equivalent to or less than measurements of cardiac function by human experts. EchoNet-Dynamic is an end-to-end deep learning approach. It uses the standard apical four-chamber view echocardiogram videos as input. Spatiotemporal convolutions with residual connections are used for prediction of EF of each cardiac cycle. Weak supervision from expert human tracing is used to generate frame-level semantic segmentations of the left ventricle. The outputs are combined to create beat-to-beat predictions of the EF and the presence of HF with reduced EF (via AUC). EchoNet-Dynamic was created by using 10.030 apical four-chamber echocardiogram videos during training of the model. It is the first video-based DL model for echocardiogram and its performance in measuring EF is better than previous DL models. It can rapidly identify subtle changes in EF and aid the precise diagnosis of CVD in real time (54).



Cardiac computed tomography angiography

Coronary artery disease (CAD) risk assessment is fundamental in the efforts to reduce future cardiovascular events. Traditional prediction models have limitations, including variations among the validation cohorts, a small number of predictors, and the absence of important variables. The need for robust prediction tools for accurate prediction of CAD burden and the recent advancements in AI, led to the development of ML-based risk prediction models (55). Cardiac computed tomography angiography (CTA) is a non-invasive imaging investigation that permits a direct evaluation of the patency of coronary arteries and has been vital in ascertaining the incidence of coronary artery disease (CAD) and consequent prognostication (56). Coronary artery calcium scoring (CACS) with or without CTA can provide qualitative and quantitative details on atherosclerosis, whilst CTA can determine the stenosis of an atherosclerotic lesion (32). ML methods are applied in CTAs, to maximise information extraction via image acquisition, and improve diagnostic accuracy and prognostic outcomes via precision risk stratification.

Data from 8,844 patients from a multi-centre registry were used to compare the AUC for conventional CTA risk scores in comparison to a score created using a boosted ensemble algorithm for risk stratification. With a mean follow-up time of 4.6±1.5 years, the AUC was considerably better for the ML based approach, indicating that ML can improve risk stratification, compared to the current CTA risk scores (57). In another multicentre study, 13,054 participants with suspected or previously established CAD, underwent CACS measurements. The CACS was used in a gradient boosting ML algorithm (XGBoost) (boosting tree-based ensemble algorithm), in combination with clinical risk factors, for assessment of potential improvement of risk stratification. The study showed around a 9% increase in the ability to approximate pre-test probability of obstructive CAD, when adding CACS in the baseline model. In the subgroup of younger patients (less than 65 years old) this was increased to around 17% (58). Another study investigated ML based risk stratification in an asymptomatic healthy population. 85,945 asymptomatic participants underwent a CTA scan with CACS, with 66 available parameters. A ML algorithm was used to predict moderate (CACS > 100) and high-risk (CACS > 400) CAD patients and was compared a conventional risk prediction score. 8.4 and 2.4% of the population had indication for moderate and high-risk CAD, respectively.

The study showed that the ML algorithm was superior to the conventional risk prediction score, in both the moderate and high risk for CAD groups (59). From a clinical perspective, the use of ML for prediction of CAD for all patient subgroups leads to effective precision risk stratification (exploration of all available information for calculation of each individual’s risk), less exposure radiation (as CTA with CACS has not been found to be superior of ML with CACS alone) and a more automated and accurate selection process for further diagnostic evaluation of the appropriate candidates with better clinical outcomes. The use of ML for CAD prediction aims to create risk stratification models that are more accurate and cost and time efficient in clinical practice, compared to conventional models (58).

Motwani et al., studied 10,030 patients with suspected CAD during a 5-year follow-up from an international multicentre study. All patients underwent clinically indicated CTA. 25 clinical and 44 CTA parameters were measured. The ML approach concerned automated feature selection by information ranking, model building with a boosted ensemble algorithm (LogitBoost) and 10-fold stratified cross-validation, through the whole process. The primary outcome of the study was all-cause mortality (ACM). 745 patients died during the 5-year follow up. The ML approach was identified as a significantly better predictor of a 5-year ACM, in comparison to the clinical or CTA measures alone, as indicated by the higher AUC in all comparisons (60).

Most cases of acute coronary syndrome (ACS) are caused by unstable but non-obstructive atherosclerotic plaques. The current available non-invasive diagnostic tests which detect coronary artery stenosis or stress-induced myocardial ischemia, are unable to detect these unstable non-obstructive plaques. It is established that vascular inflammation causes atherosclerotic plaque formation and rupture, leading to ACS. The perivascular fat attenuation index (FAI) is an AI-derived imaging biomarker, which captures the alterations in perivascular fat attenuation, caused by vascular inflammation. Two independent cohorts including 1,872 patients undergoing CTA, investigated the prognostic value of perivascular fat attenuation mapping for all-cause and cardiac modality. Perivascular fat attenuation mapping was performed around the three major coronary arteries. In both the derivation and validation cohorts, high perivascular FAI values around the proximal right coronary artery and left anterior descending artery, were projecting of all cause and cardiac mortality. A cut-off of −70 for the perivascular FAI was determined, above which sharp rise in cardiac mortality was observed. This ground-breaking study showed that perivascular FAI, an AI-derived biomarker, provides a quantitative measure of coronary inflammation and increases cardiac risk prediction and reclassification over current-state-of-the-art valuation via CTA. Non-invasive detection of coronary inflammation via FAI can lead to timely and aggressive initiation of primary prevention for patients with no visible CAD but unstable atherosclerotic plaques that can potentially lead to myocardial infarction if untreated. Prompt prevention will lead to reduced incidence of clinically diagnosed CAD and requirement for further intervention. FAI can also guide future trials in assessing novel but affordable therapeutic agents that target inflammation (61).



Single-photon emission computed tomography

Assessment of myocardial perfusion correlates to the existence of obstructive CAD. This can be implemented with single-photon emission computed tomography (SPECT) stress testing (32). AI methodology has been applied in this modality, aiming to improve tasks such as image acquisition, image reconstruction and automated quantitation. An ensemble-boosting ML algorithm, LogiBoost, incorporated from clinical data and quantitative image features, compared the diagnostic accuracy of the model for estimation of obstructive CAD to the standard quantification [total perfusion deficit (TPD)] and visual analysis by two experienced readers. The accuracy of the ML algorithm was similar to Expert 1 and superior to combined supine/prone TPD and expert 2, showing an improvement in the diagnostic performance of myocardial perfusion imaging (MPI), by integration of ML (62). The automatic prediction of obstructive CAD from myocardial perfusion imaging (MPI) by DL, compared to TPD, was assessed in a more recent multicentre study. 1,638 patients without known CAD underwent stress MPI and invasive coronary angiography (ICA) within 6 months of MPI. AUC for disease prediction (obstructive disease defined as > 70% of narrowing of coronary arteries) by DL was higher than TPD, showing the potential for improvement of automatic interpretation of MPI, by AI methods (63). In another multicentre study, 1,980 patients with suspected CAD, underwent stress MPI with novel SPECT scanners. All patients had subsequent ICA within 6 months. LogiBoost, was also utilised in this study to forecast early coronary revascularisation within 90 days after the SPECT MPI and was compared to standard quantitative analysis (TPD) and expert interpretation. The ML outperformed both TPD and expert analysis, with an AUC of 0.79 (64).



Cardiac magnetic resonance imaging

Cardiac MR is an imaging modality utilised for non-invasive assessment of CVD. It evaluates the cardiac morphology, function, perfusion, and quantitative myocardial tissue measurement (65). It is considered the gold standard for non-invasive evaluation of EF and left ventricular volume (66). CMR is broadly used for the diagnosis of cardiomyopathies, congenital heart disease, valvular heart disease, IHD, pericardial lesions, and cardiac tumours. However, it requires acquiring images characterised by high temporal and spatial resolution, different contrasts and/or whole-heart coverage, leading to a lengthy scanning time. ML incorporation to CMR, can lead to a more efficient scanning and accurate interpretation process. DL based MRI reconstruction is based on a model which learns the factors of the reconstruction procedure beforehand, so that it can be applied to all new data as a simple operation. Most important tasks utilised with DL are image construction, image segmentation and image quality control in the field of CMR (65).

Whilst CMR is executed at high resolution, analysis of the scan by the clinician remains variable, time consuming and prone to errors. Deep learning methodology has been used to overcome the challenge of automated derivation of information from CMR images (67). An automated 2-dimensional CNN (adapted from the VGG-16 network) was used to take CMR image as input, learn image features from fine to coarse scales through a series of convolutions, concatenate multi-scale features and predict a pixelwise image segmentation (67). The CNN was trained on 599 independent multicentre disease cases and subsequently was compared to an expert cardiologist and a trained junior cardiologist for the identification of left ventricular chamber volumes, mass, and EF, from 110 patients who underwent scan: rescan CMR within a week. The study showed that clinicians can detect a 9% change in LVEF with the greatest source of human error being attributed to the observer. The precision of the CNN was similar to human analysis, but its performance was 186 times faster (68). In another study, a ML approach was used for the identification of diagnostic features in pulmonary arterial hypertension (PAH) using CMR. A multilinear principal component analysis (MPCA) algorithm was utilised to extract low-dimensional features from high dimensional input to tensor representations of data. The algorithm distinguished patients with and without PAH with higher accuracy in comparison to manually drawn CMR measurements with an AUC of 0.92. Additionally, the diagnosis that used the ML approach was less time consuming (within 10 s) and had less variability (69).

Bai et al., trained a 16-layer CNN (adapted from the VGG-16 network) on a 4,875-subject dataset from the UK biobank, to automatically analyse CMR images. Its performance was assessed using technical [dice coefficient (metric of the similarity of the two segmentations)] and clinical [left ventricle (LV) end-diastolic volume (LVEDV) and end-systolic volume (LVESV), LV mass (LVM); right ventricle (RV) end-diastolic volume (RVEDV) and end-systolic volume (RVESV)] parameters. The automated method achieved great performance in segmentation of the LV and RV on short-axis CMR images (dice metric of 0.94 and 0.90 accordingly) and the left atrium (LA) and right atrium (RA) on long-axis images (dice metric of 0.93 and 0.96 accordingly), from an intra-domain UK biobank test set of 600 subjects. The automated method using the CNN was comparable to human inter-observer variability (67). CNNs perform segmentation tasks with great precision if the training and test images originate from the same scanner or site. However, their performance decreases when the test images come from different scanners or sites. Chen et al., trained a 2D CNN (U-net) on 3,975 subjects from the UK biobank. The U-net architecture has been the most widely used architecture for biomedical segmentation. In Chen’s paper, the network was identical to the original except of two differences, application of batch normalisation after each hidden convolutional layer to stabilise the training and the use of dropout regularisation after each concatenating operation to avoid over-fitting. The U-net was tested on 600 subjects from the UK biobank for the purpose of intra-domain testing and on 699 subjects from two other sets (ACDC dataset and BSCMR-AS dataset) for cross-domain testing. Chen’s proposed method was compared to Bai’s automated methodology. Despite both achieving comparable dice scores on the intra-domain UK biobank test set with high accuracy, Chen’s method achieved superior mean dice scores for all of the three structures (LV, RV myocardium) on the two cross-domain datasets. The proposed method achieved better overall segmentation accuracy with lower variance on the three datasets, improving CNN-based model generalisability for the CMR image segmentation task across different scanners and sites (70).

Late gadolinium enhancement (LGE) CMR imaging is the cornerstone of non-invasive myocardial tissue characterisation. An important example consists of the relationship between the presence and extend of LGE and adverse outcomes, in patients with HCM. However, LGE necessitates the administration of an intravenous gadolinium-based contrast agent, which should be used cautiously in patients with severe renal failure or allergy to gadolinium-based contrast. In a recent RCT of 1,348 patients with HCM, a new DL driven CMR technology named virtual native enhancement (VNE), was used to generate images identical to the standard LGE, without the need of a gadolinium-based contrast agent. The DL algorithm consisted of three parallel CNNs streams which processed and enhanced signals in native T1 maps (pixel-wise maps of tissue T1 relaxation times) and cine imaging (sequence of images at different cardiac phases) of cardiac structure and function. Each stream had an encoder-decoder U-net architecture. The encoder computed image features from fine to coarse and produced a multiscale feature representation, which the decoder combined to produce final feature maps. The feature maps from U-nets were concatenated and input into a further neural network, to produce a final VGE image. The neural networks were trained with the use of a modified conditional GAN approach. When compared, the VNE imaging achieved better image quality than LGE and was in high agreement with it in visuospatial distribution and myocardial lesion quantification. Overall, VNE resembles conventional LGE, but does not require intravenous access or administration of contrast, can be repeated if required to confirm the imaging findings without the consequences of giving contrast, and can be completed within 15 min as uses native imaging. Its advantages make it an attractive technology which can potentially be extended for diagnosis of other myocardial pathologies in the future (71).

In addition to image construction and segmentation, DL methodology has recently been utilised for image quality control purposes in the field of CMR. In a retrospective study of 3,827 subjects (including healthy and pathological hearts), a set of algorithms including CNNs were used for the development of a framework for the automatic detection and quality-controlled selection of cine images, used for cardiac function analysis from routine clinical CMR exams. The framework encompassed three steps. The first pre-processing step excluded still images. In the second step, one CNN classified images in standard cine views and a second CNN classified images depending on the image quality and orientation. The final algorithm selected one good image of each class, which was then used for analysis of cardiac function. The classification CNN achieved accuracy between 0.989 and 0.998, whilst the quality control CNN achieved accuracies of 0.861 for 2-chamber, 0.806 for 3-chamber, and 0.859 for 4-chamber views. The complete framework also achieved accuracies of 89.7, 93.2, and 93.9% for 2-, 3-, and 4-chamber acquisition from each study, respectively. This study demonstrates the future potential for high quality automated cine CMR analysis from the scanner to report (72).



Heart failure

Heart failure (HF) affects 1–2% of the adult population in developed countries and more than 10% of patients > 70 years of age (73). Early diagnosis or prediction of HF has a high impact on successful treatment and prolongation of life expectancy for patients. ML applications have been used for the early detection of HF, classification, severity estimation, and prediction of adverse events (e.g., 30-day re-hospitalisation) (32).

A multi-level risk assessment for developing HF, with prediction of five risk levels (no risk, low, moderate, high, and extremely high risk), via the use of a decision tree classifier, was established in a study by Aljaaf et al. They also added three new risk factors (obesity, physical activity, and smoking) in a previously used dataset and enhanced the accuracy of predicting HF. This was the first study with a multi-level prediction of HF, in contrast to the binary outcomes from previous studies. The predictive model showed an improvement from existing studies with a sensitivity of 86.5% and specificity of 95.5% (74) A SVM was trained on clinical parameters from 289 patients and triaged patients into three categories (HF, HF-prone, and healthy). The overall classification accuracy was 74.4%, with precisions of 78.79, 87.5, and 65.85% for ascertaining the healthy group, HF-prone group and HF group, respectively. The scoring model showed improved accuracy in classification of HF, in comparison to clinical practice criteria (25–50% accuracy) (75).

More recently, a DL approach was used to screen individuals for asymptomatic left ventricular dysfunction (ALVD). ALVD is prevalent in 1.4–2.2% of the population and if left undiagnosed, it can lead to increased morbidity and mortality. Early identification of ALVD and commencement of treatment, can prevent its progression to symptomatic HF and reduce mortality. A CNN was trained on 12-lead-ECG and echocardiography information, including LVEF, from 44.959 individuals to identify patients with ventricular dysfunction (EF 35%). The CNN was composed of three parts. Six convolutional blocks (convolution, batch normalisation, Relu, max pooling) extracted temporal features, one convolutional block (convolution, batch normalisation, Relu) extracted spatial features and two fully connected layers (fully connected, batch normalisation, Relu, dropout) regressed the features to a softmax activated output. The DL algorithm was tested on a set of 52.870 patients and showed AUC, sensitivity, specificity and accuracy of 0.93, 86.3, 85.7, and 85.7%, respectively. Patients without ventricular dysfunction with a positive AI screen were four times more probable to develop future ventricular dysfunction, in comparison to patients with a negative screen. An inexpensive, non-invasive test such as AI screening from ECG data, can be a powerful future tool for screening asymptomatic individuals (76).

Readmission rates after hospitalisation with HF remain high and lead to increased disease burden and costs for healthcare systems. The performance of current predictive methods for the likelihood of HF readmissions is modest. Accumulating publications show positive results from ML-driven methods for predicting readmission of patients with HF (77–79). In one of the studies, EHRs were used to enrol 1,653 patients within 30 days of their discharge after an index admission for HF. ML algorithms were compared to the traditional method of logistic regression (LR), for effectiveness in predicting 30 and 180 days all cause readmissions and readmissions due to HF. For the 30-day all-cause readmission prediction, random forest (RF) showed a 17.8% improvement over LR. For readmissions because of HF, boosting showed a 24.9% improvement over LR. Lastly, the ML models stipulated enhanced recognition of groups at low and high risk for readmission, by increasing the predictive range compared with LR (80). A retrospective study applied DL methodology [deep unified networks (DUNs)] to data from EHRs of 11,510 patients, in order to generate a risk prediction model to forecast 30-day readmissions in patients with HF. DUNs consist of a mesh-like network structure which avoid overfitting. The DUNs’ AUC (0.705) had the best result of 10-fold cross-validation, compared to LR (0.664), gradient boosting (0.650) and maxout networks (activation function used in neural networks) (0.695). The DUNs model also showed an accuracy of 76.4% at the classification threshold with greatest net savings for the hospital (81).

Cardiac resynchronisation therapy (CRT) is fundamental to the management of symptomatic HF with left ventricular systolic dysfunction and intraventricular conduction delay (reduced EF and wide QRS complex). Conventionally, patients eligible for CRT implantation, should have an ECG morphology with LBBB and QRS duration ≥ 150 ms. Patients with these ECG characteristics have greater benefit on reduction of mortality and readmissions after receiving CRT. However, around 30% of patients meeting these criteria and receiving an implant, do not experience clinical benefit from CRT. Therefore, predicting a patient’s outcome after CRT is an essential step in the decision-making procedure pre-implantation. In a retrospective study, ML models were developed for prediction of ACM or HF hospitalisation at 12 months post-CRT. Clinical characteristics and ECG features were used in model development. A RF algorithm was found to be the best performing model, when compared to other ML models and the traditional ECG prediction methodology (LBBB and QRS ≥ 150 ms). Whilst the ECG morphology did not reach significance for differentiation of survival difference across subgroups (p = 0.08), the RF model formed quartiles of patients with an 8-fold change in survival between those with the maximum and minimum predicted probability for events (p < 0.0001). Furthermore, the RF model achieved better discrimination of the risk of the composite end point of ACM and HF readmission, than the ECG morphology-based subgroup analysis (82).

Another retrospective study concerned data from 1,510 patients who underwent CRT implantation. ML models were trained from 33 pre-implant clinical features, to predict 1–5-year ACM. The best performing ML model (highest AUC for the prediction of all-cause mortality at 1, 2, 3, 4, and 5 year follow up), a RF model, was chosen for further assessment and it was referred as the SEMMELWEIS-CRT score. This was compared to pre-existing scores and showed significantly better response prediction and improved discrimination of mortality. An online calculator was developed, which will enable a personalised calculation of predicted mortality in patients undergoing CRT implantation (83). Similarly, in another study a ML-based approach was used to phenogroup a HF cohort and identify responders to CRT. 1,106 patients from a multicentre trial, were randomised into two groups [CRT with a defibrillator (CRT-D) or an implantable cardioverter defibrillator (ICD)]. An unsupervised ML algorithm, via dimensionality reduction and clustering, classified patients into groups, based on clinical parameters, left ventricular volume, and deformation traces at baseline. The treatment effect of CRT-D on the primary outcome (all cause death/HF event and on volume response) was compared among the different groups. From the four phenogroups identified, two had a greater proportion of known clinical characteristics prognostic of CRT response and were linked to an improved treatment effect of CRT-D on the primary outcome (84).

Machine learning has enabled physicians to use data from ECGs and draw specific echocardiography results, without the use of the echocardiogram. A randomised controlled trial (RCT) aimed to identify patients with low ejection fraction (EF), via AI-enabled ECGs. Low EF is an important marker of heart failure which can be effectively treated to improve survival if recognised early. The study showed that the use of an AI algorithm (using neural networks) based on ECGs, led to the diagnosis of patients with low EF at an early stage in the setting of routine primary care (85). Other studies enabled the calculation of other parameters such as left ventricular hypertrophy (LVH) and left ventricular diastolic function (LVDF) based on ECG features and ML methods (86, 87).

Machine learning application in the field of HF, has enabled the accurate prediction of HF, ALVD, and low EF in asymptomatic individuals. Early identification of patients at risk of developing HF or at an early onset of the condition, can lead to prompt and aggressive primary prevention/initiation of treatment and more rigorous follow up of these patients, with improved clinical outcomes. Prompt detection of patients who might require re-admission after hospitalisation with HF, can initiate a well-structured outpatient pathway for this cohort, which will aim to keep these patients in the community and reduce re-admissions and subsequent morbidity and mortality and hospital costs. This could be achieved, through liaison of the secondary care team with the community heart failure team and the patients’ GP and maximisation of their treatment in the community, via more regular reviews at home, at the GP practice or in an outpatient clinic or ambulatory setting. Moreover, accurate and personalised prediction of the cohort of patients which would have a good outcome if having a CRT-D inserted, can lead to the reduction of unnecessary procedures (and subsequently reduced hospital costs and resources) and the associate medical risks for those patients who would not have the same outcome. Overall, the incorporation of ML methodology into the field of HF aims the early detection of those patients most at risk of developing the disease, correct classification of patients based on their personalised risk and prompt intervention which can be beneficial for both the patients (improved morbidity and mortality via early initiation of treatment) and secondary care (via shifting treatment and follow up in the community and reducing hospital admissions). Lastly, an important aspect of ML models and their application in clinical practice is the myriad of signals they can highlight within the data, which can potentially aid in the better understanding of a particular aspect of the disease (which would not be noticeable either way) and lead to further scientific discoveries in the future.



Other applications

An algorithm for heart murmur detection was developed in a virtual clinical trial, with aim to enhance the precision of screening for valvular and congenital heart diseases. 3,180 heart sounds recordings (pathologic murmur, innocent murmur, no murmur), from 603 outpatient visits were chosen from a large database. Algorithm assessment of heart rate (HR) showed great similarity to the gold standard. Pathologic cases were identified with sensitivity of 93%, specificity of 81%, and accuracy of 88%. This trial was the first to objectively evaluate an AI-based murmur detection algorithm, making it a potentially useful screening tool for heart disease (88).

Various studies have been carried out to demonstrate effectiveness of AI-driven phenogrouping, in all fields of cardiology. Such landmark study concerns the development of a phenomapping-derived tool, for selection of anatomical or functional testing in patients with stable chest pain. The decision support tool named ASSIST (Anatomical vs. Stress testing decision Support Tool), was developed using data from the PROMISE (PROspective Multicentre Imaging Study for Evaluation of Chest pain) trial. Data from 9,572 patients undergoing anatomical (4,734) or functional (4,838) imaging were used to create a topological presentation of the study populations, based on 57 pre-randomisation variables. Individual patient-centred hazard ratios for MACE were calculated with Cox regression models, within each patient’s 5% topological neighbourhood, leading to heterogeneity in the map and distinction of phenotypic neighbourhoods favouring either anatomical or functional imaging. A gradient boosting algorithm was used in 80% of the PROMISE population, in order to predict a personalised outcome if using anatomical or functional testing and create the ASSIST tool. The ASSIST tool was tested in the rest 20% of the PROMISE population and in an external validation cohort (from the SCOT-HEART trial), undergoing anatomical or functional testing as first assessment. The testing stagey recommended by ASSIST showed a significantly lower incidence of each study’s endpoint and of ACM or non-fatal AMI. The personalised novel tool can support physicians in the decision to proceed with anatomical or functional testing when evaluating patients with stable chest pain (89).

An interesting example of the use of AI methodology, is a recent study by a Chinese group of scientists who developed a CNN (50-layer ResNet classification network) which detected CAD (stenosis > 50% documented by angiography), via analysing the patient’s facial photo. 5,796 patients were divided to a training (5,216) and validation sets (580) for the algorithm development. The AI algorithm’s AUC was 0.730 and was found to be higher than the standard prediction scores. Sensitivity was 80% and specificity was 54%. Further studies would need to be conducted, as the study had several limitations including the geographical characteristic of the cohort (only Chinese population). Significant CAD was defined based on coronary angiogram or CTA data, which led to small selection bias, which could have potentially altered the algorithm outcome. Lastly, in the visualisation tests, the cheek, forehead, and nose contributed more to the algorithm than other areas of the face. This could be the result of the extraction of features by the DL algorithm that are associated with CAD but are not obvious to human observers. Despite its limitations, this example shows the vast advancements and the future potential of AI applications in cardiology, with the generation of results from a simple intervention such as taking a selfie (90)!

In a recent prospective, single-centre study, contactless facial video recording was used to train a 12-layer DNN for the detection of asymptomatic AF. A camera based remote photoplethysmography (rPPG) was used during a 10-min facial video recording of 453 study participants. Its signals were extracted and segmented into 30 s clips, which were used to train a CNN. If more than 50% of the subject’s rPPG segments were identified as AF rhythm by the model, the participant would be classified as AF. The accuracy of the DL model for discrimination of AF from NSR and other ECG abnormalities, was compared to the standard 12 lead ECG. The DL model achieved a 90 and 97.1% accuracy in detecting AF in 30 s and 10-min recordings, respectively (91).



Internet of things

Internet of Things (IoT) is described as “a network of devices interacting with each other via machine to machine (M2M) communications, enabling collection and exchange of data” (92). IoT can be applied in medicine in fields such as remote health monitoring, chronic diseases management, obedience to treatment and medication at home and elderly care (93). When it comes to cardiology applications, IoT can be applied for the identification of cardiac emergencies remotely. Wolgast et al., designed a body area network for measurement of an ECG signal and its transmission via Bluetooth to a smartphone for data analysis. The user’s own smartphone would process the data and built-in communications could be used to raise an alarm if a heart attack was identified (94). In another study, subjects were observed for a period of 3 months, using a wearable sensor which documented physiological data. Data were uploaded constantly via a smartphone to a cloud analytics platform. A ML model was used to design a prognostic algorithm which detected HF exacerbation and predicted rehospitalisation after a HF admission (95).




Ethical dilemmas

Despite its huge potential, AI is still something new, unfamiliar, and sometimes difficult to comprehend. It therefore carries various ethical dilemmas and limitations that need to be addressed. Firstly, the design of studies based in AI and the training and validation process of the new technology, can be flawed. Most of the studies reporting AI applications have retrospective design and small sample size, which can potentially lead to bias. More importantly, AI-driven studies can have selection bias, which includes sampling and observer selection bias (32). From another perspective, since AI-driven technologies achieve their results from existing features and dynamics of the populations they analyse, this can lead to reproduction, amplification of patterns of marginalisation, inequalities and discrimination that exists in these populations. Again, the features of the data chosen to train the algorithms are chosen by the investigators and the AI-driven application can replicate the investigator’s preconceptions and biases (96).

Foundation models are AI systems that are trained on broad data and can be adapted to a variety of downstream tasks (33). An example of such model is AlphaFold, which is an AI system developed by DeepMind and can predict a protein’s 3D structure from its amino acid sequence. These predictions are easily available to the scientific community and can provide individual downloads for the human proteome and the proteomes of 47 other key organisms in research (97). Such systems require vast amount of data for training and large amount of computing resources to effectively use that data. Consequently, the ownership of the data and their models is often centralised, giving power and decision rights to organisations with the most resources (big tech companies) and reducing opportunities for others, leading to inequalities, or one can say anti-democratic situations. Despite efforts to build models through distributed training, it is highly likely that this large gap will remain between the two (98).

Since ML models learn on high dimensional correlations which exceed the interpretive abilities of humans, the rationale behind algorithmically produced outcomes which affect decision making for patients, can remain unjustifiable. The absence of a familiar logic behind its output, might lead the clinician who is interpreting it to pause. Also, when decisions, predictions or classifications are made based on AI systems, individuals are unable to hold direct accountability for these outcomes. In the case of harm of the patients, this accountability gap can affect their autonomy and violate their rights (96). The question of trusting a system, which might not even be understood by the decision maker, is raised. In the end, could such systems beat a clinician’s judgement, if there is a conflict in management plans? For example, would the automated diagnosis of an ECG-reading algorithm saying that a patient has a STEMI (ST elevation myocardial infarction) surpass a clinician’s view who is aware that the ECG changes are due to long-standing LBBB? The answer is no. Recently, it was found that DL models made incorrect decisions by using cautiously engineered inputs, raising concerns that such systems are not yet ready for mainstream use (99). The same concern is raised with non-robust CNNs and ML models under various circumstances, such as in the previously discussed case of adversarial attacks. Physicians should have the last and most important say when AI is applied for decision-making in the medical field.

Another recent development, which aims to mitigate the famous issue of “black-box” AI methodologies, is explainable AI (XAI). As AI becomes more advanced, it is less understood by humans. Whilst lower performance systems such as ML learning are more understandable, higher performance models such as DL techniques are difficult to comprehend even from the engineers or data scientists who created the algorithms, since they are directly created from data. In safety critical situations, such as in medicine, the non-transparency of these techniques can lead to wrong decision making and pose serious danger to human lives (100). The aim of XAI is to allow humans to comprehend how the algorithm works, trust its results and the output it produces, unmask potential biases, and characterise the model’s accuracy and transparency. XAI ensures AI systems meet regulatory standards and adopt good practice towards accountability, making them easier and faster to deploy in businesses and high risk environments such as the medical field (101).

The rapidly increasing use of smart medical devices and digital health applications through IoT and AI, imposes a danger of dehumanisation of medicine. More and more intelligent applications replace the work of physicians in various sectors. For example, the detection of new AF via a wearable device, aids the diagnosis of a potential arrythmia, but takes away the clinician’s opportunity to demonstrate their knowledge and practice their skills (e.g., detect the arrythmia from a real time ECG for the first time). On the other hand, the potential of AI in reducing admin burden for physicians (e.g., analysing EHRs), can create the opportunity for having more interaction and quality time with their patients. Balance is what is required, in order to maintain healthy physician to patient relationship, with integration of AI technologies when needed to relieve admin burden (102).

Introduction of IoT and AI-driven tools for medical monitoring of various parameters in individuals has generated ethical concerns (102). AI technologies can utilise such personal data, without obtaining the proper consent of the data subject or handle it in a manner personal information is revealed. One can say that the ability to lead a private life, could be jeopardised (96). The concern of personal data privacy is raised, as most data protection laws are based on principles established in 1980, which might not be reflecting the current reality. As per current laws, personal data should be collected and used for a specific purpose. Also, data should be sufficient, relevant, and restricted to what is required in the context of the purpose of its use. However, when AI is concerned, neither of the above can be guaranteed. The AI algorithms are complex, not always understood by their programmer, can generate surprisingly different results from what was expected and can lead to a change in the purpose, through the learning and development process. Data can neither be restricted or deleted after its original use, as keeping data is vital for the models’ optimal performance. It is now more essential than ever that the data protection laws are re-visited and adjusted to work better towards data privacy issues arising from the vastly growing fields of AI, big data and IoT (103).



Translation of artificial intelligence to future clinical practice

Despite the landmark studies exhibiting the potential of AI in transforming medicine, the ethical dilemmas concerning its real-life implementation are still unaddressed. AI systems can be flawed and their generalisability to new populations and settings, may produce bad outcomes and lead to poor decision-making.

Going forwards, education of scientists, physicians but also of the public regarding AI and the logic behind its applications is vital. This can lead to better understanding and improved engagement in commercialisation of AI applications. Medical engineering has been incorporated in several universities’ curriculum. Subjects such as computational sciences, coding, and algorithmics, should also be incorporated in the curriculum. Universities have also started providing short courses and postgraduate level degrees on AI in healthcare. Educated physicians in AI, could aid adoption of innovative applications, but also raise awareness when ethical and privacy issues are risen.

Another important aspect is the achievement of robust regulation and quality control of AI systems. As AI is a new and rapidly evolving innovative field, it carries significant risks if underperforming and unregulated. As previously mentioned, the FDA has recently released a regulatory framework with aim to establish safe and effective AI- based medical devices, which can progress for patient use (104). The European Union has also proposed a regulatory framework on the use of AI, with plan to come into force in the second half of 2022, in a transitional period (105). Regulations should also be established for upgrades of AI products, throughout the lifespan of the product. Some AI systems have been built with continuous updates, but this could potentially result to drift with time. Periodical updates after a complete evaluation of the clinical significance of the AI product are preferred. Guidelines should also be developed for the purpose of evaluation of the product’s performance and the detection of deficits over time (106).

Due to the various limitations and ethical dilemmas AI carries and its potential harm to the public, it is necessary to incorporate AI ethics and safety, during the development of AI systems. AI ethics “is a set of values, principles, and techniques that employ widely accepted standards of right and wrong to guide moral conduct in the development and use of AI technologies.” An ethical platform is required for the responsible delivery of an AI project. This necessitates cooperation from all the team members of the multidisciplinary team, in order to maintain a culture of responsibility and execute a governance architecture that will adopt ethically practices at every point in the innovation and implementation lifecycle. Overall, the AI project needs to be ethically acceptable, fair and non-discriminatory, justifiable and worthy of public trust (96).



Conclusion

In our fast-paced world, time is precious and limited. Healthcare is facing a crisis of understaffed departments and more informed patients who demand the best treatment. There is an unmet need for the effective triage of patients, efficient clinical evaluation and incorporation of clinical expertise with evidence-based medicine and the latest technologies and accurate decision making for the right diagnostics and treatment plans. AI will be a part of every cardiologist’s daily routine to provide the opportunity for effective phenotyping of patients and design of predictive models for different diseases. It will enhance the use of non-invasive diagnostics and reduce the need for costly and complicated invasive tests, for the diagnosis of CAD. Future cardiologists will be able to tell an asymptomatic patient, whether they will develop a lethal arrythmia or an MI and what needs to be done to avoid this. Cardiologists should educate themselves in the development of AI and take part in AI innovations and utilise them in their practice. However, they will need to take into consideration the ethical dilemmas generated in areas where AI is replacing human and aim to integrate their knowledge and AI-derived suggestions, for a mature and accurate decision making in every step in the decision process.
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ACM, all-cause mortality; ACS, acute coronary syndrome; AI, artificial intelligence; AF, atrial fibrillation; AHA, American heart association; ALVD, asymptomatic left ventricular dysfunction; AMI, acute myocardial infarction; AUC, area under the curve; CACS, coronary artery calcium scoring; CAD, coronary artery disease; CNN, convolutional neural network; CRT, cardiac resynchronisation therapy; CT, computerised tomography; CTA, cardiac computed tomography angiography; CTP, computed tomography myocardial perfusion; CVD, cardiovascular disease; DD, diastolic dysfunction; DL, deep learning; DUN, deep unified network; ECG, electrocardiogram; ECR, early coronary revascularisation; EF, ejection fraction; EHR, electronic health record; ESC, European society cardiology; FAI, fat attenuation index; FDA, food and drug administration; FNNN, feed forward neural network; HCM, hypertrophic cardiomyopathy; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HR, heart rate; ICA, invasive coronary angiography; IoT, internet of things; LBBB, left bundle branch block; LR, logistic regression; LS, longitudinal strain; LV, left ventricle; LVDF, Left ventricular diastolic function; LVEDV, left ventricle end diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricle end systolic volume; LVH, left ventricular hypertrophy; LVM, left ventricle mass; MACE, major adverse cardiac event; ML, machine learning; MLP, multiplayer perceptron; MNN, modular neural network; MPI, myocardial perfusion imaging; MR, mitral regurgitation; PAH, pulmonary arterial hypertension; PCI, percutaneous coronary intervention; PVC, premature ventricular contraction; RBBB, right bundle branch block; RBFN, radial basis function network; RCT, randomised controlled trial; RF, random forests; RNN, recurrent neural network; ROC, receiver operator characteristic; RV, right ventricle; RVEDV, right ventricle end diastolic volume; RVESV, right ventricle end systolic volume; SPECT, single-photon emission computed tomography; SR, sinus rhythm; SVM, support vector machine; TPD, total perfusion deficit.
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Objectives: This study aimed to explore the correlation between left ventricular (LV) myocardial work (MW) indices and invasively-derived LV stroke work index (SWI) in a cohort of patients with advanced heart failure (AHF) considered for heart transplantation.

Background: Left ventricular MW has emerged as a promising tool for diagnostic and prognostic purposes in heart failure (HF) but its relationship with hemodynamic data derived from right heart catheterization (RHC) has not been assessed in patients with advanced heart failure yet.

Materials and methods: Consecutive patients with AHF considered for heart transplantation from 2016 to 2021 performing RHC and echocardiography as part of the workup were included. Conventional LV functional parameters and LV MW indices, including LV global work index (GWI), LV global constructive work (GCW), LV global wasted work (GWW), LV global work efficiency (GWE), and other were calculated and compared with invasively-measured LV SWI.

Results: The population included 44 patients. Median time between RHC and echocardiography was 0 days (IQR: 0–24). Median age was 60 years (IQR: 54–63). For the most part, etiology of HF was non-ischemic (61.4%) and all patients were either on class NYHA II (61.4%) or III (27.3%). Median left ventricular ejection fraction was 25% (IQR: 22.3–32.3), median NT-proBNP 1,377 pg/ml (IQR: 646–2570). LV global longitudinal strain (GLS) significantly correlated with LV SWI (r = –0.337; p = 0.031), whereas, LV ejection fraction (EF) did not (r = 0.308; p = 0.050). With regard to LV MW indices, some of them demonstrated correlation with LV SWI, particularly LV GWI (r = 0.425; p = 0.006), LV GCW (r = 0.506; p = 0.001), LV global positive work (LV GPW; r = 0.464; p = 0.003) and LV global systolic constructive work (GSCW; r = 0.471; p = 0.002).

Conclusion: Among LV MW indices, LV GCW correlated better with invasively-derived SWI, potentially representing a powerful tool for a more comprehensive evaluation of myocardial function.

KEYWORDS
myocardial work, stroke work, left ventricle, advanced echocardiography, advanced heart failure, speckle tracking analysis, speckle tracking echocardiography, right heart catheterization


Introduction

The prevalence of people being affected by heart failure (HF) worldwide is incessantly increasing and is now over 60 millions (1). Consensually, the ranks of those in advanced stages of the disease are expanding. Heart transplantation (HTX) is recognized as the most effective destination therapy since median survival time after transplantation exceeds 10 years nowadays (2). In a growing donor organs shortage era, potential receiver patients must undergo a fine selection after comprehensive multi-organ evaluation. Particularly, right heart catheterization (RHC) is routinely performed in order to evaluate pulmonary hemodynamic, since pulmonary hypertension is generally considered a contraindication to HTX.

Right heart catheterization is a tremendously informative exam whose results far exceed a mere pressures measurement. Indeed, RHC provides data regarding flow and resistances, which give additional details about cardiopulmonary physiology. Moreover, measures of stroke work, representative of the area inscribed in the pressure-volume (PV) loop whether of the right or the left ventricle, can be easily derived from other data, bringing deeper insight into myocardial functioning, thus helping the clinician to better characterize the failing heart.

The PV diagram is a well-known tool describing cardiac mechanics and energetics. However fascinating on a theoretical level, its applicability has long remained confined to research setting. A novel echocardiographic method derived from speckle tracking echocardiography (STE) analysis, called “Myocardial Work” (MW), has recently been introduced as a non-invasive derivative of PV curve (3). MW analysis produces a pressure-strain (PS) loop using STE as a surrogate of volume and brachial cuff blood pressure to estimate left ventricular pressures during cardiac cycle.

Myocardial work has already emerged as a promising tool for various pathological conditions (4–16), both for diagnosis and prognosis, but it has only been compared with a completely invasive strategy involving micromanometer and sonomicometry use in animal models to date (3). Therefore, this study aimed to explore the correlation between left ventricular (LV) MW indices and RHC-derived LV stroke work index (SWI) in patients with advanced heart failure considered for heart transplantation.



Materials and methods


Patient population

All consecutive patients with advanced heart failure (AHF) considered for HTX from 2016 to 2021 were retrospectively reviewed. Inclusion criteria were: RHC and echocardiography availability, informed consent from the patient. Exclusion criteria were: time between echocardiographic exam and RHC > 3 months, previous left ventricular assist device (LVAD) implantation, previous heart valve surgery/interventions, single chamber ventricular pacing and poor echocardiographic windows. The study was performed in accordance with the Declaration of Helsinki. Local ethical committee approved the study protocol.



Data collection and standard echocardiography

Patients’ baseline characteristics, vital signs, laboratory tests, medications, echocardiographic data and RHC parameters were retrospectively collected.

All echocardiographic examinations were performed by experienced operators using GE Vivid E80/E95 equipped with an adult 1.5–4.3 MHz phased array transducer, and with an ECG continuously traced, according to the American Society of Echocardiography/European Association of Cardiovascular Imaging recommendations (17, 18).



Speckle tracking analysis

For STE analysis, endocardial borders and myocardium of all segments from the apical views (four chambers, two chambers, and apical long axis) had to be clearly visualized throughout the whole cardiac circle and ECG track had to be present in each echocardiographic exam. Left ventricular speckle tracking strain is semi-automatically performed by the software in the three apical views and adjusted by the operator, in terms of region of interest (ROI) width and positioning, to optimize endomyocardial tracking. The software warns the operator whether a specific wall segment is not automatically recognized and they may manually adapt ROI and force analysis.

For subsequent MW analysis, markers for aortic, and mitral valves opening and closure are required to set the beginning and the end of each main phase of cardiac cycle (isovolumetric contraction, ejection, isovolumetric relaxation, filling) and they were visually set from the apical long axis view. Moreover, brachial cuff blood pressure are needed to warp in time and amplitude the reference curve for left ventricular pressures estimation and the one detected at the time of echocardiography was used in order to conclude the analysis.

Finally, the software’s output is a series of indices which depict the PS loop from various perspectives (19, 20). In addition, it is provided a graphic representation of the PS loop. The main MW indices are Global Work Index (GWI), which is the total work performed by the heart from mitral valve closure to mitral valve opening, Global Constructive Work (GCW), which is the work performed during shortening in systole adding work during lengthening in isovolumetric relaxation, Global Wasted Work (GWW), which is the work performed during lengthening in systole adding work performed during shortening in isovolumetric relaxation and Global Work Efficiency (GWE), which is constructive work divided by the sum of constructive and wasted work. Additional MW indices are provided: Global Positive Work (GPW), which is the work performed during shortening in systole adding work performed during isovolumetric ventricular contraction, Global Negative Work (GNW), which is the work performed during lengthening in diastole adding work performed during isovolumetric ventricular relaxation, Global Systolic Constructive Work (GSCW), which is the work performed during shortening in systole and Global Systolic Wasted Work (GSWW), which is the work performed during lengthening in systole. MW analysis was performed using EchoPAC software v204 (GE Healthcare).



Right heart catheterization

Vascular access for RHC examination was obtained with ultrasound guidance through the internal jugular vein under local anesthesia. Adequate zero level was searched using the medium-thoracic line of the supine patient as a reference. Pulmonary artery catheters, also known as Swan-Ganz catheters, were used to measure central venous pressure (CVP), diastolic, and systolic right ventricular pressures, diastolic, systolic, and mean pulmonary artery pressures (PAP) and pulmonary capillary wedge pressure (PCWP). The height of PAP waves was manually measured. Cardiac output was derived by the thermodilution technique (average of five cardiac cycles with < 10% variation) and by the Fick equation. Cardiac index, stroke volume, and stroke volume index were derived indexing cardiac output for body surface area and dividing cardiac output and cardiac index for heart frequency, respectively. Vascular resistances were calculated by the following equations: [(mean pulmonary artery pressure–pulmonary capillary wedge pressure) × 80/cardiac output] for pulmonary vascular resistance and [(mean arterial pressure–right atrial pressure) × 80/cardiac output] for systemic vascular resistance. LV stroke work index (SWI) was retrospectively calculated through the following formula: (mean systemic arterial pressure–mean pulmonary artery wedge pressure) × stroke volume index × 0.0136. All the other parameters were already calculated at the time of catheterization.



Statistical analysis

Continuous data are presented as mean and standard deviation or as median and interquartile range, as appropriate. Kolmogorov–Smirnov test was used to verify normal distribution of variables. Categorical data are summarized as absolute and relative frequencies. Correlation was calculated using Pearson’s and Spearman’s correlation coefficients, as appropriate. Receiver operating characteristic curves were generated to assess predictive performance of STE-derivate indices for LV SWI. A p-value < 0,05 was considered statistically significant. Analysis was performed using SPSS, version 26 (SPSS, Chicago, IL, USA).




Results


Patient population

One hundred and eighty-two patients with AHF who were evaluated for HTX in our center between 2016 and 2021 were reviewed (n = 182). Among them, 86 patients were excluded because they had not performed RHC yet, whereas, five were excluded because of unavailable echo. Moreover, 46 patients were excluded according to exclusion criteria (Figure 1). Therefore, LV MW analysis was performed in 44 patients. Of note, median time between echocardiographic exam and RHC was 0 days (IQR: 0–24).
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FIGURE 1
Study flow chart. Inclusion and exclusion criteria as well as patients eventually included in the analysis are reported. HF, heart failure; HTx, heart transplant; RHC, right heart catheterization; LVAD, left ventricular assist device; MW, myocardial work.


Median age was 60 years (IQR: 54–62.8) and most of the patients were men (77.3%). Etiology of HF was predominantly non-ischemic (61.4%) and all patients were either on NYHA class II (61.4%) or III (27.3%). HF therapy is described in Table 1. Median NT-proBNP was 1,377 pg/ml (IQR: 646–2,570). For complete baseline characteristics, see Table 1.


TABLE 1    Patients characteristics.
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Echocardiography

Median left ventricular end-diastolic diameter was 75 mm (IQR: 63–79) and median left ventricular ejection fraction (EF) was 25% (IQR: 22–32). Mean right ventricular mid end-diastolic diameter was 31 ± 4 mm and mean fractional area chance was 39 ± 7%. Diastolic function was impaired, with a median E/e’ of 12 (IQR: 9–16). Median systolic pulmonary artery pressure was 27 mmHg (IQR: 25–44). Only 9.1% of patients had no or mild mitral regurgitation, whereas, only 4.6% of patients had at least moderate aortic regurgitation. Regarding STE parameters, global longitudinal strain (GLS) was impaired, with a median of –5% (IQR: –8—3) [normal range < –19.7% (21)], as well LV MW indices. In particular, mean GWI was 471 ± 294 mmHg% [normal range 1292–2505 mmHg% (22)], median GCW was 612 mmHg% (IQR: 450–932) [normal range 1582–2881 mmHg% (22)], mean GWW was 269 ± 132 mmHg% [normal range 226 ± 28 mmHg% (22)] and median GWE was 67.5% (IQR: 62.0–77.8) [normal range 91 ± 0.8 mmHg% (22)]. For complete echocardiography, parameters see Table 2.


TABLE 2    Echocardiographic parameters.
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Right heart catheterization

Mean right atrial pressure was 7 ± 4 mmHg. Mean pulmonary artery pressure (mPAP) was increased (25 ± 10 mmHg) and median pulmonary capillary wedge pressure (PCWP) was 14 mmHg (IQR: 10–22). Mean vascular pulmonary resistance was 2.46 ± 1.19 mmHg/l/min. Mean LV SWI was 29.84 ± 9.51 mmHg*ml/m2. RHC parameters are shown in Table 3.


TABLE 3    Right heart catheterization parameters.
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Correlation analysis

Among traditional parameters of LV systolic function, EF did not significantly correlate with SWI (r = 0.308; p = 0.050), whereas, GLS did (r = –0.337; p = 0.031). Among MW indices, GWI, GCW, GPW and GSCW significantly correlated with SWI (r = 0.425, p = 0.006; r = 0.506, p = 0.001; r = 0.464, p = 0.003; r = 0.471, p = 0.002, respectively). For the complete correlation analysis results, see Table 4; Figure 2. Correlation analysis results between combination of STE-derived indices and left ventricular stroke work index are shown in Table 5. Combination of GCW and GWI showed the best correlation with SWI (r = 0.522, p = 0.002).


TABLE 4    Correlation analysis results between some echocardiographic indices and left ventricular stroke work index.
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FIGURE 2
Correlation of left ventricular myocardial work indices and global longitudinal strain with invasive measurement of left ventricular stroke work index. GCW and GWI significantly correlate with invasive measurement of stroke work; GLS significantly correlates as well. LVSWI, left ventricular stroke work index; LVGCW, left ventricular global constructive work; LVGWI, left ventricular global work index; LVGLS, left ventricular global longitudinal strain.



TABLE 5    Correlation analysis results between combination of STE-derived indices and left ventricular stroke work index.
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Receiver operating characteristic curves

Performance for prediction of LV SWI was greatest for LV GCW (AUC 0.824), followed by LV GCSW (AUC 0.818), LV GPW (AUC 0.800), LV GWI (AUC 0.735), and LV GLS (0.714). For ROC curves see Figures 3, 4.
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FIGURE 3
Receiver operating characteristic curves for predictive performance of LVGWI, LVGCW, LVGPW, and LVGSCW for LVSWI. LVGWI, left ventricular global work index; LVGCW, left ventricular global constructive work; LVGPW, left ventricular global positive work; LVGSCW, left ventricular global systolic constructive work; LVSWI, left ventricular stroke work index.
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FIGURE 4
Receiver operating characteristic curve for predictive performance of LVGLS for LVSWI. LVGLS, left ventricular global longitudinal strain; LVSWI, left ventricular stroke work index.





Discussion

The main findings of the study can be summarized as follows:


1.Non-invasive measurement of stroke work through myocardial work (MW) calculation significantly correlated with invasively-derived stroke work index in a population of advanced heart failure patients.

2.Among echocardiographic parameters of LV systolic function, correlation with invasive measures increases from classical indices to most recent ones.

3.Ejection fraction is the less reliable tool to evaluate LV systolic function in patients with severely compromised EF, compared to advanced echocardiographic parameters.



The measurement of work performed by the heart has long remained of difficult clinical applicability due to the invasiveness of catheterization. “Myocardial work,” a novel non-invasive echocardiographic method for calculation of work, has already proven its diagnostic and prognostic usefulness in various pathological conditions (5, 8–10, 12, 13). However, it has only been compared with a completely invasive strategy involving micromanometer and sonomicometry use in animal models to date. In fact, in the original paper by Russell et al. (3) the clinical study only compared two groups of patients with invasive vs. non-invasive LV pressure measurements, but both groups involved the use of STE, therefore limiting the comparison to a non-invasive vs. a “hybrid” method. In this study, a correlation analysis between LV MW indices and a completely invasive measurement of work through RHC in patients with advanced heart failure considered for heart transplantation has been performed.

Our results have shown a significant correlation between some indices of myocardial work and invasively-derived stroke work index. More specifically, only the indices, which include the area inscribed in the pressure-strain loop correlated with invasive measurements, that is GWI, GCW, GPW, and GSCW. In fact, each of these indices includes the broader slice of stroke work, namely shortening during the ejection phase. This is not surprising, since invasively calculated work is only stroke work, that is the area inscribed in the pressure-volume loop. Correlation index has reached the highest value with the combination of GWI and GCW, therefore combining two indices could provide more reliable insights into myocardial function. In addition, ROC curves generated to assess predictive performance of significantly correlated STE-derivate indices for LV SWI have shown great areas under the curve, above all GCW, which confirmed itself as the MW index more affine to SWI.

All other myocardial work indices which have not shown a correlation with invasive measurement take into account different aspects of the mechanics and energetics of heart. For instance, GWW and GSWW focus on the work performed by some myocardial segments in the wrong moment of the cardiac cycle, such as lengthening in systole and shortening in diastole. On the contrary, GWE represents an index and for this reason is conceptually different from calculation of work with the invasive method.

However, even though results have shown some degree of correlation between GWI, GCW, GPW, and GSCW with SWI, “r values” are not high enough to support a robust correlation from a statistical point of view. One of the main reasons for which correlation indices were not so high is probably the fact that echocardiographic exams and RHC were not performed on the same day in all cases. It is widely known that these patients suffer from rapid hemodynamic variations indeed.

This study also correlated invasive measurement of work with traditional echocardiographic indices of systolic function, particularly EF and GLS. Even though such indices are conceptually different from work, they also evaluate systolic performance of heart. It is of particular interest the fact that, from EF to MW indices passing through GLS, correlation indices and statistical significance progressively increased. This means that, among the whole range of echocardiographic indices for the evaluation of systolic function available nowadays, newer ones perform better.

Aside from understanding whether these novel indices are reliable or not as compared to invasive measures, one of the key elements toward which future studies should point is how they could be integrated in clinical practice and at what extent they could enhance patients’ management. As a matter of fact, as patients with AHF often need careful clinic visits comprehensive of echocardiogram examination at close time intervals, more sensible advanced parameters of left ventricular systolic function should be implemented to better characterize disease progression and optimize referral for advanced therapies, such as HTX, not to miss the golden window. Since an invasive evaluation strategy with RHC at each time point is inapplicable, a non-invasive evaluation could potentially complement the hemodynamic evaluation at shorter time intervals.



Limitations

This study was a single-center and retrospective analysis. The main limitations of the study include: the enrolled patients are part of a restricted population of subjects with AHF, which limits the extent of the results to the general population. However, since correlation has been performed between measurements with the two methods in the same individual, this should be of limited concern. Time between echocardiographic exam and right heart catheterization was very low, but not null in all cases. Since these particular patients suffer from rapid hemodynamic variations, even few weeks could be potentially relevant. Nonetheless, if this was true, correlation could only be underestimated. The number of patients in which correlation analysis was performed is relatively low. However, considering the invasive nature of catheterization, this was sufficient for the purpose of the study. If it was not, results would not have reached statistical significance.



Conclusion

Speckle tracking echocardiography-derived LV MW allows to non-invasively assess the work performed by the heart during a cardiac cycle. This study demonstrated a significant correlation between some MW indices and invasive measurement of LV stroke work derived from RHC in a cohort of patients with AHF considered for heart transplantation, therefore potentially representing a powerful tool for a more comprehensive evaluation of myocardial function.
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Background: Myocardial inflammation has been consistently associated with genetic arrhythmogenic cardiomyopathy (ACM) and it has been hypothesized that episodes mimicking acute myocarditis (AM) could represent early inflammatory phases of the disease.

Objective: We evaluated the temporal association between recurrent acute myocarditis (RAM) episodes and the later diagnosis of a genetic ACM.

Materials and methods: Between January 2012 and December 2021, patients with RAM and no previous cardiomyopathy were included (Recurrent Acute Myocarditis Registry, NCT04589156). A follow-up visit including clinical evaluation, resting and stress electrocardiogram, cardiac magnetic resonance imaging, and genetic testing was carried out. Endpoints of the study was the incidence of both ACM diagnosis criteria and ACM genetic mutation at the end of follow-up.

Results: Twenty-one patients with RAM were included and follow-up was completed in 19/21 patients (90%). At the end of follow-up, 3.3 ± 2.9 years after the last AM episode, 14/21 (67%) patients with an ACM phenotype (biventricular: 10/14, 71%; left ventricular: 4/14, 29%) underwent genetic testing. A pathogenic or likely pathogenic mutation was found in 8/14 patients (57%), 5/8 in the Desmoplakin gene, 2/8 in the Plakophillin-2 gene, and 1/8 in the Titin gene. Family history of cardiomyopathy or early sudden cardiac death had a positive predictive value of 88% for the presence of an underlying genetic mutation in patients with RAM.

Conclusion: RAM is a rare entity associated with the latter diagnosis of an ACM genetic mutation in more than a third of the cases. In those patients, RAM episodes represent early inflammatory phases of the disease. Including RAM episodes in ACM diagnosis criteria might allow early diagnosis and potential therapeutic interventions.

KEYWORDS
recurrent acute myocarditis, arrhythmogenic cardiomyopathy, myocardial inflammation, ventricular arrhythmia, sudden cardiac death


Introduction

Arrhythmogenic cardiomyopathy (ACM) is a genetically-determined or acquired (e.g., cardiac sarcoidosis, Chagas disease, myocarditis etc.) arrhythmogenic disorder of the myocardium. Genetic ACM is the consequence of pathogenic variants in genes encoding for desmosomal and cytoskeleton proteins. Originally described as a right ventricular disease (arrhythmogenic right ventricular cardiomyopathy/dysplasia; ARVC), genetic ACM is increasingly recognized as a left or biventricular entity (1). Genetic ACM may manifest with various clinical presentations, with a pre-disposition to acute and chronic heart failure, atrial and ventricular arrhythmias or sudden cardiac death. Pathophysiology of genetic ACM at early stages remain widely unknown and, since the first pathological descriptions, myocardial inflammation has been consistently associated with ACM pathophysiology. However, the exact nature of their association remains complex and elusive (2–9). Some patients might experience recurrent episodes of chest pain with cardiac troponin elevation and signal abnormalities on cardiac magnetic resonance imaging (CMRi), labeled as recurrent acute myocarditis (RAM) or myocarditis-like syndrome. However, the temporal association between RAM episodes and the later diagnosis of a genetic ACM is unknown, especially in patients without previously known cardiomyopathy (10–14).

Therefore, we aimed to study the incidence of both ACM phenotype and ACM genetic mutation in a longitudinal cohort of patients with RAM episodes without previously known cardiomyopathy.



Materials and methods


Population screening

Between January 2012 and December 2021, we screened consecutive patients admitted to our tertiary university center for clinically-suspected acute myocarditis (AM), defined by at least one clinical presentation and one diagnostic criterion from the European Society of Cardiology diagnostic criteria (15). We performed a longitudinal analysis, both retrospectively by collecting previous episodes of AM (by the use of medical records) and prospectively (using the referring cardiologist follow-up). The collected study data included anamnestic and clinical findings, serum myocardial necrosis markers detection (troponin I), 12-lead electrocardiograms (ECGs), two-dimensional and Doppler echocardiogram, telemetry records, 24-hours Holter ECG and CMRi. A focus was made on family history regarding heart transplantation, sudden cardiac death before the age of 35-year-old, or any unexplained cardiomyopathy (i.e., not explained by ischemic, valvular, or hypertensive heart disease). No endomyocardial biopsy was routinely performed in our center.



Inclusion criteria

Patients were included in the present study in case of RAM, defined by more than one episode of AM requiring hospital admission. Index AM was defined as the first episode of AM. Patients were excluded in case of pre-existing cardiomyopathy or angiographically detectable coronary artery stenosis (≥50%). A follow-up program was carried out in patients with RAM, the last follow-up visit being at least 6 months after last RAM episode. Last follow-up visit included clinical examination, resting 12-lead ECG, 24-hour Holter monitoring, exercise test and CMRi. CMRi was performed on a 1.5-Tesla scanner (Magnetom Avanto, Siemens Medical Solutions, France). All patients underwent a dedicated study protocol for myocarditis, including balanced steady-state free precession sequences cine images for morpho-functional evaluation, T1-weighted turbo spin-echo sequences for detection of myocardial fat infiltration, triple inversion recovery sequences for detection of myocardial oedema and early and late gadolinium enhancement (LGE) detection, respectively 3 min and 15 min after contrast agent intravenous administration.



Study endpoints

The primary endpoint of this study was the incidence of ACM diagnosis criteria at the last follow-up visit, as defined by the Padua criteria for right, left, and biventricular ACM (16). The secondary endpoint of this study was the incidence of genetic mutation in the population of patients with RAM and at least one ACM criteria at the last follow-up visit.



Genetic testing

In patients with at least one diagnosis criteria of ACM at the end of follow-up, a genetic testing was performed using Next Generation Sequencing (NGS) method and analyzed with Genodiag. Sanger method was then used to validate the variant by NGS. The panel of genes analyzed was: ABCC9, ACAD9, ACTC1, ACTN2, ALPK3, ANKRD1, BAG3, CALR3, CAV3, CRYAB, CSRP3, CTNNA3, DES, DSC2, DSG2, DSP, DTNA, EMD, EYA4, FBN1, FHL1, FLNC, GAA, GATA4, GLA, HCN4, HEY2, JPH2, KRAS, LAMA4, LAMP2, LDB3 (ZASP), LMNA, MYBPC3, MYH6, MYH7, MYL2, MYL3, MYLK2, MYOM1, MYOZ2, MYPN, NEBL, NEXN, NKX2-5, PDLIM3, PKP2, PLN, PRDM16, PRKAG2, PTPN11, RAF1, RBM20, RYR2, SCN5A, SDHA, SGCD, SLC25A4, SOS1, SYNPO2, TAZ, TCAP, TMEM43, TMPO, TNNC1, TNNI3, TNNT2, TPM1, TTN, TTR, VCL. Pathogenicity of variants was classified according to current guidelines (grade IV being likely pathogenic and grade V being pathogenic).



Statistical analysis

Data are presented as mean ± standard deviation or median (quartile 1–quartile 3) as appropriate, and categorical variables are given as number of patients with the attribute (percentage). For continuous variables, Student’s t-test or a Mann-Whitney U test, as appropriate, was performed for comparison between two groups. The Chi-square test was used for analysis of categorical variables. A p < 0.05 denoted statistical significance. Analyses and figures were conducted using IBM SPSS Statistics for Macintosh (Version 25.0, IBM, Chicago, Illinois).



Ethics

The study protocol was compliant with the STROBE statement and registered as a clinical trial (Recurrent Acute Myocarditis Registry NCT04589156). Approval for this study was obtained from the local Ethics Committee and was in accordance with the declaration of Helsinki.




Results


Population

Between January 2012 and December 2021, a total of 21 patients (16 male; 76%) with RAM were included. Characteristics of patients, index AM, and first RAM are detailed in Table 1. No patients had a previous personal history of cardiomyopathy or ventricular arrhythmia. Five (24%) patients had a first-degree family history (genetic cardiomyopathy or ventricular arrhythmia or sudden cardiac death) and one (4.8%) patient had a non-first-degree family history (heart transplantation in a 4th degree relative). For one patient (4.8%) father-related family history was not available. Eighteen (86%), two (9.5%), and one (4.8%) patients experienced, respectively two, three, and five RAM episodes (accounting for a total of 47 AM episodes). The median age at the time of index and first recurrence was, respectively 23 [19–41] and 29 [21–44] year-old. The median time duration between index and first recurrence was two [1–5] years. Considering index AM and first RAM (42 episodes), clinical presentation was pseudo-acute coronary syndrome (ACS) and palpitations in respectively, 40/42 (95%) and 2/42 (5%) episodes. A potential infectious trigger was present in 10/42 (24%) episodes. Acute ST segment elevation and T-wave inversion were present in respectively, 16/42 (38%) and 12/42 (29%) episodes. ECG remained normal in 11/42 (26%) episodes. Sustained ventricular arrhythmia was found in 2/42 (4.8%) episodes. LGE was found in 33/42 (79%) episodes, 32/33 (99%) involving the subepicardial layer of the left ventricular lateral wall.


TABLE 1    Characteristics of patients (n = 21) and recurrent acute myocarditis (RAM) episodes (n = 42).
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Development of an arrhythmogenic cardiomyopathy phenotype at the end of follow-up

Follow-up was completed in 19/21 patients (90%), 3.3 ± 2.9 years after the last episode of AM. Clinical, resting, and stress ECG and CMRi data at the end of follow-up are detailed in Table 2. Considering the 19 patients with complete follow-up, 14/19 (74%) developed an ACM phenotype according to the Padua criteria, the remaining 5/19 (26%) being free of cardiovascular abnormalities. None of the patients developed extracardiac signs of sarcoidosis. Among the 14 patients with an ACM phenotype, left ventricular, or biventricular forms were found respectively, in 10/14 (71%) and 4/14 (29%) patients. Major criteria for left ventricular structural abnormalities were most commonly found (14/14; 100%), followed by left ventricular morphofunctional abnormalities (5/14; 36%), right ventricular repolarization abnormalities (3/14; 21%), and right ventricular morphofunctional abnormalities (3/14; 21%).


TABLE 2    Follow-up of patients with recurrent acute myocarditis (RAM) (n = 21).
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Prevalence of genetic mutations in recurrent acute myocarditis with arrhythmogenic cardiomyopathy phenotype

According to study protocol, 14 patients with an ACM phenotype at the end of follow-up underwent genetic testing. A pathogenic (i.e., grade V) or likely pathogenic (i.e., grade IV) mutation was found in 8/14 (57%) patients. Gene mutations were most frequently found in the Desmoplakin (DSP) gene (5/8; 63%), followed by the Plakophilin-2 (PKP2) gene (2/8; 25%), and the Titin (TTN) gene (1/8;13%): DSP p.Glu1343Asnfs*, DSPc.3082_3084 + 13del, DSP C.3403C > T, DSP c.2588T > C, DSP c.5028_5031del, PKP2 c.1132C > T (two patients from same family, brother, and sister), and TTN c.14372-2A > G. In patient #12, an additional mutation of unknown significance was found in BCL2-associated athanogene-3 (BAG3) gene.

Considering the 14 patients with RAM and ACM phenotype at the end of follow-up, family history had a sensitivity of 88% and a positive predictive value of 100% for the presence of an underlying genetic mutation. An illustrative example of a patient (number 5) with RAM, ACM phenotype, and DSP mutation is illustrated in Figure 1. A proposed model for the association between RAM and genetic ACM is illustrated in Figure 2.


[image: image]

FIGURE 1
Representative example of a patient (Pt#5) with recurrent acute myocarditis (RAM), arrhythmogenic cardiomyopathy (ACM) phenotype, and Desmoplakin (DSP) mutation.



[image: image]

FIGURE 2
Recurrent acute myocarditis (RAM) and genetic arrhythmogenic cardiomyopathy (ACM): A proposed model.





Discussion

The main findings of this study can be summarized as follow: (1) collecting data from a unique and large cohort of patients with RAM and no previous history of cardiomyopathy, we found that an ACM phenotype develops in more than 2/3rd of cases during follow-up; (2) in those patients, we found a high prevalence of previously unknown genetic mutation, illustrating the fact that that RAM represents the early phenotypic expression of a genetic ACM related to desmosomal or cytoskeleton gene mutations.


The (under-recognized) genetic background of acute myocarditis

In the vast majority of patients, AM is an acquired cardiac disease related to a viral infection and/or an autoimmune process. It is a major cause of sudden cardiac death in young adults (17) but also a predictor of long-term adverse outcome: Grün et al. found a 19% mortality at 5 year after a biopsy proven viral myocarditis (18) and, from a large insurance database, Te et al. found a 5.4% risk of VT and a 6.5% risk of cardiovascular death at 10 years after an AM (19). RAM, defined as more than one episode of AM, has been the subject of very few case reports, and we describe here the largest cohort using a longitudinal analysis of a tertiary referral center population. The genetics of AM are complex, but recently Brown et al. identified genetic mutations in pediatric cases of acute heart failure presumed to be myocarditis, affecting TNNT2, MYBPC3, and TTN genes (20). Individuals with a genetic mutation tended to have poor outcomes, such as cardiac transplantation or cardiovascular death. Those findings were corroborated by Seidel et al. (21), which found genetic variants in DSP, TTN, and other genes in 22% of biopsy-proven pediatric myocarditis. Additionally, Piriou et al. found that in patients with AM and a family history of cardiomyopathy or sudden cardiac death, genetic testing revealed gene mutations during family screening (14). In our study, we found that more than approximately one third of patients with RAM had a previously unknown pathogenic or likely pathogenic mutation, mostly affecting the DSP gene. Recently, Ader et al. found a prevalence of genetic variants of 56% in patients with a single AM and ventricular arrhythmia or right ventricular abnormalities during follow-up (11). Altogether, those data support the fact that genetic background is a key player in AM pathogenesis, and that AM must not be considered solely as an acquired cardiovascular disease. Those data also underline the necessity of prolonged follow-up for AM patients, searching for an ACM phenotype and an underlying genetic mutation. Importantly, we found a significant proportion of patients with RAM, ACM phenotype, and without genetic mutation (6/14, 43%). Those patients might have what could be defined as “true” post-myocarditis acquired ACM, with persistent left ventricular scarring. The prognosis of such condition needs to be evaluated by a dedicated study.



The role of inflammation in genetic arrhythmogenic cardiomyopathy

Myocardial inflammation is a common feature in genetic ACM but the exact nature of their association remains elusive (2, 3). Inflammatory infiltrates are found in approximately 80% of genetic right ventricular ACM (i.e., ARVC) using post-mortem histological analysis (4). Moreover, 36% of patients with genetic right ventricular ACM have active myocardial inflammation on 18F-Fluorodeoxyglucose positron emission tomography (5). The exact mechanism of myocardial inflammation remains speculative, although evidence of myocardial auto-immunity has been found in the majority of genetic right ventricular ACM, due to auto-heart antibodies (6, 7). The proportion of patients with a clinical expression of myocardial inflammation (i.e., AM episodes) seems to be lower than the reported prevalence using non-invasive imaging or histological studies. In a cohort of 131 patients affected with genetic ACM (both right and left ventricular ACM), Lopez-Ayala et al. found a 4.5% prevalence of AM episode (10). Altogether, those data support the hypothesis of myocardial inflammation being a key pathophysiological component of genetic ACM. However, the factors favoring a clinically-overt inflammatory expression during the early phases of genetic ACM remain widely elusive. Clinical episodes of myocardial inflammation, mimicking AM, might be the consequence of both genetic and environmental factors. The prevalence of AM episode has been reported to be higher in case of DSP mutation (15%) (12), which is in line with our findings as DSP mutations were over-represented in patients with RAM and ACM phenotype. An infectious trigger might also explain an inflammatory expression in case of desmosomal gene mutation, as adenovirus or enterovirus DNA could be found in up to half of the case of right ventricular ACM using PCR on endomyocardial biopsy samples in previous studies (8, 9). Finally, Martins et al. found that, in patients with genetic ACM and previous AM episode(s), 50% of those episodes were exercise-triggered (22). This finding corroborates the fact that intense exercise increases age-related penetrance and arrhythmogenic risk in genetic ACM (23), but also the risk of adverse outcome after AM (24, 25). Finally, our work underlines the important dynamicity of myocardial inflammation in the early phase of genetic ACM, as most patients had dynamic changes in TWI and/or LGE during time (which is rather unusual in the late phase of genetic ACM). The complex interaction between genetic and non-genetic factors is a call for larger multicentric studies.



Recurrent acute myocarditis: A new diagnosis criterion for genetic arrhythmogenic cardiomyopathy?

As discussed above, RAM and genetic ACM share common genetic and pathophysiological backgrounds, and we proposed a model linking those two entities (Figure 2). In our study, we found that the combination of RAM, ACM phenotype, and family history had a high positive predictive value for the presence of an underlying genetic mutation, confirming a posteriori the final diagnosis of genetic ACM (either left sided or biventricular). Therefore, implementation of AM episode(s) in the current criteria for genetic ACM diagnosis (1, 16) might allow a definite diagnosis in the early phase of the disease, when otherwise it is borderline using conventional criteria. Indeed, RAM and ACM criteria remain highly aspecific diagnostic criteria which can encountered in several other diseases than genetic ACM (sarcoidosis, Chagas disease, hypertrophic cardiomyopathy, etc.). However, our work support the fact that those aspecific anomalies, when associated together, justify genetic testing to establish a definite diagnosis of genetic ACM. Allowing an early diagnosis during the natural history of genetic ACM might offer the possibility to target myocardial inflammation, in order to improve penetrance and arrhythmogenic risk of the disease, but the therapeutic options need to be studied.



Limitations

Our study is an observational longitudinal study, and therefore might suffer from selection bias. However, our center is the only tertiary referral center for AM, ACM, and genetic myocardial diseases for a population of 1.5 million inhabitants, which might have limited the impact of such bias. The small sample size of our cohort makes our findings exploratory. Even though we present here the largest cohort of RAM patients, those findings needs to be validated in larger multicentric studies, in order to allow multivariable statistical analysis. The fact that genetic testing was not performed in RAM patients without ACM criteria is another reason potentially leading to an underestimation of genetic mutation prevalence. However, without an arrhythmogenic phenotype, the clinical relevance of finding a mutation in a RAM patients would be limited regarding current knowledge. No systematic endomyocardial biopsy was performed in our patients, which might be considered as a limitation to label those episodes of chest, troponin elevation and CMRi abnormalities as “true” AM. However, the diagnostic yield of EBM is variable in both AM and ACM, due to patchy substrate, left ventricular, and/or subepicardial localization. In fact, histological diagnosis criteria for AM and ACM are nowadays frequently replaced by non-invasive tissular characterization by CMRi (15, 16).




Conclusion

RAM is an under-recognized entity associated with the latter diagnosis of a genetically-determined ACM in more than a third of the cases. In those patients, RAM episodes represent early, paroxysmal, inflammatory phases of the disease. Genetic and environmental factors leading to a clinically-overt inflammatory expression of genetic ACM remain to be studied. AM episodes may justify a systematic genetic testing, especially in the presence of a suspicious family history.
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It has been reported that patients affected by takotsubo syndrome (TTS) with a concurrent diagnosis of cancer suffer from greater mortality as compared to their non-cancer counterpart. It remains unclear whether TTS worsens the prognosis of cancer patients as well. Aim of this study was to compare outcomes of cancer patients with and without TTS. We combined data from two independent cohorts: one consisted of a prospective multicentre TTS registry; the second cohort consisted of all oncologic patients from two Cardio-Oncology Outpatient Clinics, who did not have cardiovascular conditions at the time of the cardio-oncologic visit. From the TTS registry, we selected patients with cancer (cancer-TTS patients). Next, we matched these patients with those from the cardio-oncologic cohort (cancer non-TTS patients) in a 1:2 fashion by age, sex, and type and cancer staging. Study endpoint was all-cause mortality. Among 318 TTS patients, 42 (13%) had a concurrent diagnosis of cancer. Characteristics of cancer-TTS patients and of the 84 matched cancer non-TTS subjects were comparable with the exception of diabetes mellitus, which was more common in cancer non-TTS patients. All-cause mortality was similar between cancer-TTS and cancer non-TTS patients. At Cox regression analysis TTS was not associated with mortality (OR 1.4, 95% CI 0.6–3.3, p = 0.43). Our findings show that even in the presence of acute heart failure due to TTS, the prognosis of oncologic patients is driven by the malignancy itself. Our results may prove useful for integrated management of cardio-oncologic patients.
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Introduction

The profile of patients affected by takotsubo syndrome (TTS) is characterized by the presence of several cardiovascular and non-cardiovascular comorbidities, among which cancer is one of the most frequent (1, 2). It has been largely acknowledged that these comorbidities are the main drivers of prognosis in TTS, especially in the long-term (3). In particular, patients affected by TTS with a concurrent diagnosis of cancer have been reported to suffer from greater mortality, both in the short and long-term, as compared to their non-cancer counterpart (2, 4, 5). On the other hand, it remains unclear whether TTS worsens the prognosis of cancer patients.



Methods

To assess the impact of TTS on cancer mortality, we combined the data from two independent cohorts. One consisted of 318 TTS patients enrolled in a prospective multicentre registry at S. Andrea Hospital, Sapienza University and Madre Giuseppina Vannini Hospital, both in Rome, Italy, since September 1, 2006 (6). Data were extracted from the registry on December 1, 2021. TTS was defined according to the European Society of Cardiology Heart Failure Association criteria (7). The second cohort was extrapolated from an all-comer population evaluated at two Cardio-Oncology Outpatient Clinics (IRCCS Ospedale Policlinico San Martino, Genova, Italy and S. Andrea Hospital, Sapienza University, Rome, Italy) since January 1, 2015. This latter cohort consisted of 1,024 oncologic patients referred for a baseline Cardio-Oncologic evaluation, who did not have cardiovascular conditions at the time of the cardio-oncologic visit.

From the TTS registry, we selected patients with either active cancer or cancer diagnosed within 5 years before the TTS event, hereafter defined as cancer-TTS patients. Next, we matched these patients with those from the cardio-oncologic cohort (cancer non-TTS patients) in a 1:2 fashion by age, sex and type and cancer staging (i.e., metastatic vs. non-metastatic).

Statistical analysis was performed with SPSS version 25. Continuous variables were compared by Student’s t-test; categorical variables by chi-squared test. The influence of TTS on all-cause mortality in cancer patients was assessed by means of Cox regression analysis and the Kaplan Meier method. Follow-up time was calculated from TTS or cancer diagnosis up to last evaluation or death, whichever came first. Secondarily, we also studied the relationship between cancer and all-cause mortality in the TTS cohort. For this analysis, follow-up began at the time of TTS diagnosis. A two-sided p-value < 0.05 was considered statistically significant. The study was conducted in compliance with the Declaration of Helsinki. As an observational retrospective study, it did not need full Ethics Committee approval; an informed consent for the use of medical data for research purposes was obtained from all participants.



Results

Among 318 TTS patients (285 [90%] females, aged 72 ± 11 years, mean left ventricular ejection fraction: 40 ± 9%), 42 (13%) had a concurrent diagnosis of cancer. Types of cancer are reported in Table 1.


TABLE 1     Cancer details.

[image: Table 1]


Influence of takotsubo syndrome on oncologic patients’ mortality

Features of cancer-TTS patients and of the 84 matched cancer non-TTS subjects are reported in Table 2. Arterial hypertension, dyslipidaemia, and smoking were similarly distributed between the two groups, whilst diabetes mellitus was more common in cancer non-TTS patients. Length of follow-up was comparable in the two groups (median: 1.2 [0.2–3.3] vs. 1.9 [1.0–3.3] years, p = 0.08). All-cause mortality was similar between cancer-TTS and cancer non-TTS patients, with a 1-year incidence of 4.8 vs. 3.5%, respectively. At Cox regression analysis, TTS was not associated with mortality (OR 1.4, 95% CI 0.6–3.3, p = 0.43; p log = 0.43, Figure 1).


TABLE 2    Clinical features of cancer-TTS patients and matched cancer non-TTS ones.
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FIGURE 1
Kaplan Meier analysis for all-cause mortality.




Influence of cancer on takotsubo syndrome patients’ mortality

There were no significant differences between TTS patients with and without cancer in terms of age, sex, cardiovascular risk factors, type of trigger, left ventricular ejection fraction at presentation and presence of atrial fibrillation (p > 0.05 for all, data not shown). During a median follow-up of 2.7 [0.5–6.5] years, 42 patients died, 10 (23.8%) with and 32 (11.6%) without cancer (p = 0.03). A diagnosis of cancer was associated with all-cause mortality at Cox regression analysis (OR 4.6, 95% CI 2.2–9.7, p < 0.0001), even after adjustment for age and sex (OR 3.1, 95% CI 1.3–6.9, p = 0.01).




Discussion

Takotsubo syndrome does not influence the long-term prognosis of cancer patients. Our findings show that cancer-TTS and cancer non-TTS patients have a similar incidence of mortality, suggesting that even in the presence of an acute cardiovascular event (acute heart failure due to TTS), the prognosis of oncologic patients with active cancer is not substantially modified and that it is the malignancy that drives the outcome (8). In addition, our data confirm that TTS patients with cancer have a greater mortality as compared to TTS patients without, as already shown in previous studies (2, 4, 5). Long-term mortality in TTS is known to be burdened by non-cardiovascular comorbidities and, hence, non-cardiovascular deaths (2, 3, 9).

In real-world practice cardiovascular comorbidities or acute events are frequently perceived as debilitating when caring for a cancer patient (10). This may impact management and treatments (which may be halted, influencing the oncologic prognosis), and is particularly true in the case of heart failure (11), but has been postulated also in TTS (4, 12). Nevertheless, since the prevalence of malignancy in heart failure and in TTS is not low, as seen also in our cohort (11, 13, 14), and similarly is the prevalence of cardiovascular conditions and risk factors in oncologic patients (10), an integrated approach caring for bidirectional cardiovascular and oncologic needs appears fundamental, though frequently challenging to be pursued (15). In fact, dedicated guidelines for management of cancer patients in cardiovascular settings are lacking, and oncologic patients are often under-represented or not adequately phenotyped in cardiovascular clinical trials, and viceversa (11, 13, 16).

In this perspective, the fact that real-world cancer-TTS patients do not have a worse prognosis as compared to cancer non-TTS ones, might reassure oncologists who in their practice encounter patients experiencing, or who had experienced, an acute cardiovascular event as TTS. Moreover, given the clinical and epidemiological scenario depicted above, our findings further highlight the importance of collaboration between specialists, with the aim of not to undertreat cancer patients with cardiovascular comorbidities.

We acknowledge some shortcomings of our analysis. The registries from which the two matched groups have been extracted partly span different years. Moreover, the TTS one is a prospective registry, while cancer non-TTS patients were extracted from a retrospective cohort. Information about therapies and frailty or performance status in cancer patients were not available for all patients and thus were not included in the analysis. Finally, the two matched groups have a small size, possibly influencing statistical calculations. Our results should thus be considered hypothesis-generating, and we warrant replication in other cohorts. However, to our knowledge this is the first registry study comparing long-term outcome of TTS patients with cancer, with an oncologic counterpart, rather than with patients without cancer. Our considerations are not necessarily generalizable to any cardiovascular event outside the TTS context, and each one (i.e., acute myocardial infarction) likely deserves dedicated analyses. Nevertheless, it has frequently been reported that cardiovascular conditions in cancer patients are overlooked or undertreated (10). Given the significant improvements in cardiovascular and oncologic treatments, such a simplistic management is not anymore justified in clinical practice and needs to be addressed by the scientific community.
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In heart valve biology, organization of the extracellular matrix structure is directly correlated to valve function. This is especially true in cases of pediatric congenital aortic valve stenosis (pCAVS), in which extracellular matrix (ECM) dysregulation is a hallmark of the disease, eventually leading to left ventricular hypertrophy and heart failure. Therapeutic strategies are limited, especially in pediatric cases in which mechanical and tissue engineered valve replacements may not be a suitable option. By identifying mechanisms of translational and post-translational dysregulation of ECM in CAVS, potential drug targets can be identified, and better bioengineered solutions can be developed. In this review, we summarize current knowledge regarding ECM proteins and their post translational modifications (PTMs) during aortic valve development and disease and contributing factors to ECM dysregulation in CAVS. Additionally, we aim to draw parallels between other fibrotic disease and contributions to ECM post-translational modifications. Finally, we explore the current treatment options in pediatrics and identify how the field of proteomics has advanced in recent years, highlighting novel characterization methods of ECM and PTMs that may be used to identify potential therapeutic strategies relevant to pCAVS.
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Introduction

Congenital aortic valve stenosis (CAVS) accounts for 10% of all congenital heart defects, which effect 1 in every 150 people (1). The dominant phenotype of CAVS is the fusion of two of the three leaflets, causing a narrowing of the aortic orifice, obstructing aortic outflow, leading to left ventricular hypertrophy and heart failure. Despite the clinical significance of this disease, no pharmacotherapeutics exist. The clinical paradigm for treatment is “watch and wait” until surgical valve replacement and repair is necessary to prevent heart failure. Most CAVS patients are stable until adulthood when they develop fibrocalcific AVS (FAVS), where the end-stage is valve calcification (2). However, ∼10% of all CAVS patients are pediatrics (pCAVS), where end-stage is defined as excessive ECM deposition. Bioengineered AV replacements are notably limited for pediatric patients due to their inability to grow with the patient, a lifelong requirement of anti-clotting agents, and repeated surgeries due to valve failure (3). There remains a critical need to identify pharmacotherapeutic targets in pCAVS that may halt disease progression. One knowledge gap is of collagen regulation in valvular disease. Collagens are the fundamental scaffolding of valvular structure that influences valvular, and thus cardiac function (4, 5). In the future sections, we aim to outline ECM regulation, with a focus on collagen subtypes, in valvular health and disease.



Healthy aortic valve development and structure


Structural extracellular matrix in aortic valve development

Just after the initial heart contractions occur (E16–22 days) in early embryonic valve development, the three endocardial aortic cushions form (E31–35 days) and begin to emerge as ECM is deposited. At this time, the aortic valves (AVs) are primarily composed of hydrophilic glycosaminoglycans (GAGs), hyaluronan (HA), lined by endothelial cells (6–10). Between E35 and 37, hyaluronan synthase-2 (Hyal2) activity (which catalyzes formation of the HA polymer) is elevated, forming a “jelly” in which cells of the developing AVs undergo endothelial to mesenchymal transition (EndMT) (6, 10–12). This results in two unique populations of cells – valvular endothelial cells (VECs) and valvular interstitial cells (VICs). As healthy valves are avascular, VECs are responsible for regulating nutrients and biochemical signals from the blood to the VICs (13). VICs organize and maintain valvular structure through regulation of ECM proteins (14–18). Studies show intercellular crosstalk between VECs and VICs is essential to valvular health (19–21). Additionally, cardiac neural crest cells (CNCCs) and second heart field (SHF) precursors migrate to the newly formed endocardial cushions, promoting cell apoptosis and ECM regulation of the developing valve (17, 22–24). Recent literature also shows a population of mesenchymal stem cells present within the human-derived aortic valve cultures (25). At E37–E42, cell populations concurrently proliferate and apoptose, additional ECM is deposited, and the endocardial cushion elongates (5, 26–31).

In late embryonic AV development (E20–39 weeks for humans) the valve leaflet stratifies into three distinctive layers – the collagen rich fibrosa, the GAG rich spongiosa, and the elastin rich ventricularis. Studies in mice have shown that ECM organization begins during embryonic development and continues after birth, when oxygen levels and hemodynamics (and corresponding biomechanics) adjust (5). Throughout development, the composition and distribution of GAG subtypes change. The once prominent HA is supplemented with chondroitin sulfate proteoglycans, such as aggrecan and versican, as well as small leucine-rich proteoglycans such as biglycan and decorin, amongst others (4, 32). Similarly, collagen type distributions change over the course of development. While fibril-type collagens Col1a1, Col1a2, and Col3a1 are dominant in early development, later embryonic and post-natal development involves the deposition of network and FACIT type collagens as well (Figure 1). This data, however, is interpreted from mouse studies (4). Similar studies have yet to be done extensively on post-natal human aortic valve tissues. In this review we focus on collagen-related changes in heart valve development and disease.
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FIGURE 1
Flowchart displaying distribution of extracellular matrix proteins during the stages of valve development, from early embryonic through the mature aortic valve. GAG, glycosaminoglyca; SHF, second heart field; CNCC, cardiac neural crest cells; EndMT, endothelial to mesenchymal transition; VIC, valvular interstitial cells [development information edited from Combs et al. (6). ECM information edited from Peacock et al. (4)].




Role of hemodynamics and gene expression on valve structure

The aortic valve is the most mechanically stressed tissue in the body, undergoing approximately 35 million cyclic openings every year. In the mature valve during systole, total stresses reach up to 50 kPa; these stresses can range from 200 to 400 kPa during diastole (calculated based on human valve dynamics) (14, 33). During late embryonic development and post-natal development, peak shear stresses range from 30 to 1,500 dynes/cm2 (with higher values occurring during stenosis); these hemodynamics play a significant role in valve structure and stratification (14, 34). During systole, shear stresses are unidirectional and pulsatile, stretching the leaflet, which primarily affects the elastin rich ventricularis. Conversely, the outflow side of the aortic valve requires the stiffer collagen rich fibrosa to maintain structure and function, as oscillatory vortexes develop behind the leaflet during diastole. The internal middle layer of the valve is a GAG rich spongiosa that acts as shock absorbers during the entire cardiac cycle (35). Hemodynamics play a role in collagen alignment in the healthy valve, which has been shown to align along the circumferential axis, parallel to the endothelium (36, 37). In addition to hemodynamics, emerging subpopulations of VICs and differentially expressed genes can play a role in ECM stratification. In the ventricularis, Notch1 expression is dominant and may play a role in elastin deposition (6, 38). In the spongiosa layer, BMP2 signaling promotes Sox9 expression and deposition of proteoglycans, such as aggrecan, versican, chondroitin sulfate, and decorin (6, 39). In the fibrosa layer, Wnt signaling has been linked to promote the expression of fibroblast related ECM components such as fibrillar collagens type 1 and 3 and fibronectin (6, 40).



Structural regulation of post-translational modifications on extracellular matrix

Extracellular matrix proteins make up the bulk of valvular tissues, and these proteins are abundantly post-translationally modified (Figure 2). Hydroxylation is a major post-translational modification (PTM) of collagens that maintains structural integrity of the valve. Hydroxylation of proline and hydroxylation of lysine are the two most abundant PTMs of collagen type proteins (41, 42). These PTMs are necessary for the organization of collagen’s triple helix structure as well as its thermal stability. In both collagen and elastin, hydroxyproline is a well-regulated modification, with between 20 and 24% of prolines being hydroxylated (41). Prolyl hydroxylases are responsible for hydroxylation of proline in elastin as well as collagen, with an X–P–G amino acid sequence required substrate in most cases (43). Elastin studies of the human aorta show that two specific prolines (P190, P615) have the highest degrees of hydroxylation, suggesting site-specific regulation, however, this has not been elucidated in the healthy or diseased AV (44). Similarly, only a single study has attempted to perform site specific hydroxyproline mapping in health or diseased AV (37). Other PTMs of structural ECM in the valve include O- and N-linked modifications, phosphorylation, allysine via lysyl oxidase, and collagen-lysyl intermolecular crosslinking (Figure 2). This other ECM PTMs have been attributed to site-specific functions related to protein folding, ECM secretion in stress conditions, collagen assembly, crosslinking and stabilization.
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FIGURE 2
In silico post-translational modification (PTM) site frequency analysis of valvular structural proteins (collagens and elastin); uniport reporting. Glyc, glycosylation; HYP, hydroxyproline; HYL, hydroxylysine; Phospho, phosphorylation.


This review primarily focuses on major structural ECM proteins (collagen and elastin). For information regarding minor ECM proteins, glycoproteins, and proteoglycans (such as vitronectin, fibronection, periostin, osteonectin, osteopontin, and aggrecan) basement membrane proteins (laminin, perlecan, and nidogen) or ECM remodeling proteins, such as matrix metalloproteinases (MMPs) and their inhibitors (TIMPs), we point the reader to the following reviews and original research manuscripts (9, 36, 45–52).




Congenital aortic valve stenosis

Currently, congenital aortic valve stenosis (CAVS) accounts for 10% of all congenital heart defect cases, which affect 1 in 150 people (1). CAVS progresses as an obstructive narrowing of the aortic opening due to enlargement of the AV leaflets through deregulated ECM production and results in heart failure. Approximately 90% of all CAVS cases are due to bicuspid aortic valve (BAV) (53). Disease loci associated with BAV have been found on chromosomes 18q, 13q, and 5q and while the inheritability of BAV within certain families suggest a genetic component, only mutations in NOTCH1 signaling have been attributed directly to valvular stenosis (54, 55). However, other genetic mutations have been associated with BAV-aortopathy (56). Despite other genes being implicated in murine models of BAV (such as eNOS and GATA6 mutations), these have not been correlated to the valvular stenosis in humans (57, 58).


Pediatric versus adult congenital aortic valve stenosis

Most CAVS patients (90%) are stable until adulthood, where severe calcific lesions are the primary cause of valve replacement. In adult fibrocalcific AVS (FAVS), inflammation and adhesion are shown to increase along with mast cell infiltration (59, 60). Adult cases also tend to have comorbidities, such as high blood pressure or coronary artery disease, further confounding research (54). The remaining 10% of all CAVS patients are pediatrics, where end-stage is defined by excessive ECM deposition, and no calcification (pCAVS) (59, 61). A main feature of both pediatric and adult CAVS is bicuspid aortic valve (BAV). The dominant BAV morphology across all patients is the fusion of the right- and left-coronary leaflets (71%) (62). Potential changes in dominant cusp fusion morphology (RL, RN, and NL) have not been differentiated between pediatric and adult calcific CAVS progression; however, right and non-coronary fusion (R–N) are the most common predictor of pediatric valve dysfunction and intervention (35% of patients; >4-fold increase) (63). Literature acknowledges a distinct molecular profile between pediatric and adult calcific CAVS (59), but the molecular mechanisms behind the rapid progression of pCAVS remain to be elucidated. A summary of what is known regarding distinct molecular signatures between these two groups is outlined in Figure 3.
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FIGURE 3
Comparative summary of transcriptomic and proteomic profiles of pediatric bicuspid aortic valve disease and adult fibrocalcific CAVS. Extracellular matrix (ECM) signatures (left), post-translational modifications or related enzymes (middle) and non-ECM/PTM signatures (right) are shown. All signatures are described as global changes unless otherwise specified (F, fibrosa; S, spongiosa; V, ventricularis). For the purposes of this review, the top layer-specific alteration is shown. FN1, fibronectin; BGH3, TGFB induced protein ig-h3; MEF2C, myocycte-specific enhancer factor 2C; TWIST1, twist-related protein 1; MSX2, homobox protein MSX2. VWF, Von Willebrand Factor; VTN, vitronectin; NID1, nidogen-1; P4H1, prolyl-4 hydroxylase-1; LOX, lipoxygenase; H3,H4, histone3,4; USP9X, ubiquitin carboxyl-terminal hydrolase FAF-X; Runx2, runt-related transcription factor-2; ITH4, inter-alpha trypsin inhibitor heavy chain 4; CPA3, carboxypeptidase A3; TPM2, tropomyosin 2. Figure created using BioRender.com (2022).




Congenital aortic valve stenosis: Changes to valvular extracellular matrix architecture

A loss of ECM stratification is seen in both pediatric and adult cases of CAVS (59). Hutson et al. set out to quantify changes in collagen architecture associated with adult calcific cases of CAVS (64). Their group showed that collagen content in the GAG-dominant spongiosa layer doubled in the disease state. Collagen fiber width and density also significantly increased, with lysyl oxidase expression also increasing in the diseased fibrosa layer (64); however, the corresponding PTM allysine was not studied. Studies in mice have shown that loss of crosslinking collagens Col5a1 and Col11a1 alter expression of fibrillar collagens type 1 and 3, resulting in AV stenosis (54). Similarly, studies of elastin in CAVS has shown increased fragmentation correlated to increased calcification (65). Fragmented elastin has also been seen in pediatric CAVS (59). Di Vito et al. recently published an extensive review of ECM alterations in adult calcific valve disease (66). Our group recently reported that total collagen deposition increases in pediatric CAVS, along with collagen fiber misalignment relative to the endothelium, and discrete regions of increased collagen fiber density (or “plaques”), as measured by histology (37). ECM targeted proteomics in this study showed differential collagen subtype regulation (in COL1A1, COL1A2, COL5A1, and COL5A2) between pCAVS, normal, and tricuspid aortic valve insufficiency (37). The role of site-specific collagen PTMs has yet to be studied in a localized manner relative to these collagen plaques, or layer specificity.



Altered hemodynamics in bicuspid aortic valve contribute to deregulated expression

Congenital aortic valve stenosis-mediated alteration in hemodynamics influences all levels of molecular expression and feeds forward into deregulating the valvular structure (62). Velocity field analysis has shown that the total kinetic energy, Reynolds shear stress, and viscous shear stress are all significantly higher in cases of BAV as compared to the normal tricuspid configuration (35). Ex vivo analysis shows that abnormal hemodynamic shear stress may contribute to early adults CAVS pathogenesis (67). Additionally, pediatric and adult cases of BAV experience similar hemodynamic alterations (68). In environments with excessive shear stress such as the AV, enzyme-induced turnover of ECM is essential to maintain homeostasis. However, shear stresses experienced in BAV have been shown to exhibit myofibroblast induced-remodeling, attributed excessive ECM deposition (69). There remains a need to explore how similar shear stresses experienced in BAV effect ECM expression during different developmental stages, recapitulating pediatric vs. adult BAV fluid responses.

During in vitro bioreactor conditioning studies, increased pressure has been directly attributed to increased leaflet strain (70). Studies in VICs under variable strain (10, 14, and 20%) show significant increase in [3H]-proline incorporation, indicating increased collagen synthesis (70), but hydroxyproline site specificity in bioreactors conditions has yet to be explored. Transcriptional regulation of critical genes differs during strain as well. For example, Ku et al. showed Col3a1 is significantly upregulated as compared to a steady regulation of Col1a1 under strain (71). These studies offer insight into how the increased shear stresses seen in BAV contribute altered strain and to ECM deposition in CAVS.



Role of post translational modifications in cardiac development and disease

The role of PTMs in ECM proteins is beginning to be explored in valve development and disease. While the PTM allysine has not been measured directly in CAVS, studies show an increase in the enzyme responsible for catalyzing the reactive aldehyde species, LOX (64). Similarly, PLOD1, the enzyme responsible for catalyze hydroxylysine residues in collagen, was found to be unchanged in adult CAVS compared to controls (64), however, hydroxylysine was not measured directly. While hydroxyproline content has been measured in healthy aortic valves, this is used as a measurement of insoluble collagen content, not in a site-specific analysis (72, 73). Our group recently reported the first study of collagen HYP quantification and site mapping with human pediatric CAVS tissue (37). Overall, a reduction of collagen HYP content was seen, particularly in regions within collagen sequence required for integrin and glycoprotein vi binding (37).

Potential modifications of intracellular proteins regulated in the heart can include both enzymatic (such as acetylation, phosphorylation, and ubiquitination) and non-enzymatic (such as nitrosylation) post-translational modifications. Acetylation of histones 3 and 4 has been reported in CAVS and non-calcified AVs from patients, although significantly higher in CAVS patients (74). Similarly, acetylation plays a role in modulating the heart’s response to I/R injury (75). Glycogen Synthase Kinase 3β (GSK3β) – which has been found in cardiac fibroblast and implicated in ventricular remodeling – is both phosphorylated and S-nitrosylated in a site-specific manner relevant to its function in cardiac fibrosis (76, 77). S-nitrosylation of USP9X has been shown to be enriched in NOTCH regulation of valvular calcification (78). Additionally, studies have shown increases in ubiquitin-mediated proteolysis in heart failure (79). While these studies are not specific to ECM proteins, data suggested that PTMs may be a potential therapeutic target in cardiac and valvular fibrosis.



Oxidative stress in valvular disease and potential effect on extracellular matrix proteins and post translational modifications

Post-translational regulation via oxidation has been pinpointed as having a major role in other fibrotic diseases (80). While inflammatory-derived Reactive Oxygen Species (ROS) has been implicated in adult CAVS, ROS is unexplored in pediatric valve disease (66). However, ECM and PTM studies in pediatric valve disease suggest a potential role for ROS regulation. ROS can alter the expression of ECM both by activating transcription factors involved in ECM protein expression (such as TGFB1) as well as modifying ECM proteins post-translationally (80). Additionally, the hydroxylation of proline and lysine residues of collagen is highly redox dependent. Once lysine is hydroxylated, it serves as a synthesis starting point for proteins responsible for collagen and elastin crosslinking, such as desmosine (42, 80, 81). Hydroxylated lysine 2 has been shown to have glycosyl-transferase activity, serving as an anchor for O-glycosylation modification (41, 42). In silico analysis of valvular collagen type proteins demonstrates a potential abundance of N- and O-glycosylation sites, amongst other PTMs (Figure 2). At high concentrations, ROS can destroy these carbohydrate entities (80, 82). A recent publication by Angel et al. shows that N-glycosylation patterns are spatial regulated in pediatric aortic valve development and disease, with certain sialylated N-glycans amongst others being upregulated (83). At low concentrations, ROS can induce GAG-degrading enzymes, such as Hyal2, indirectly effecting ECM turnover (32). Recent studies have shown that GAGs can store growth factors and cytokines in the extracellular space; so, indirectly, depletion of GAGs via Hyal2 may modify receptor binding and activation (84). ROS can also induce collagen degrading enzymes, such as matrix-metalloproteinase (MMPs), further suggesting a role of oxidative stress in ECM remodeling (85).




Current treatment options and bioengineered solutions


Valve replacement options for pediatric congenital aortic valve stenosis

Despite the clinical significance of CAVS, surgical valve replacement and repair is still the only available treatment. Mechanical-based engineered valve replacement devices are not suitable for young children as they lack any growth potential as well as requiring lifelong anti-coagulation therapy (86). However, in older pediatric cases, there has been success with a 55–90% freedom from reoperation at 15 years (3). Tissue engineered valve replacements are currently unavailable in sizes smaller than 19 mm, also making them unsuitable for young pediatric cases. Like mechanical prosthesis, there is a lack of growth potential with tissue engineered replacements, but anti-coagulation therapy is not required (87). Survival was reported to be 85% at 10 years, however the rate of reoperation is high – 65% at 10 years, with the median longevity being only 7.5 years (3). Homografts are able to retain normal hemodynamic profiles over time, with small sizes available for small children. Homografts also do not require anti-coagulation therapy and have the added advantage of being more resilient to infection that tissue engineered prosthesis, however, there is a limited donor pool (3, 88). Despite these advantages, homografts show only a 60% survival at 10 years, and 30% at 20 years and are not ideal for pediatric cases (89). Current therapeutic strategies are highlighted in Figure 4.
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FIGURE 4
Current treatment options, bioengineered solutions, and the Ross Procedure. (A) Potential aortic valve intervention strategies in pediatric patients, adapted from Bouhout et al. (91). (B) Schematic drawing of the Ross procedure, which switches the native pulmonary valve into the aortic position. Figure created using BioRender.com (2022).




The Ross procedure and mechanisms of failure

The limitations listed above are why the Ross procedure, which switches the native pulmonary valve into the aortic valve position, is currently the preferred treatment amongst young pediatric cases (90–92) (Figure 4B). However, this procedure does not come without complications: children having undergone this procedure have a 14.3% mortality rate in the first year – after surviving the first year, the likelihood of the child needing an aortic or pulmonary reintervention later in life is 15.3 and 27.5%, respectively (3).

Mechanisms of failure of pulmonary valves in the aortic position during Ross procedures can be inferred from studies regarding proteomic differences between the two valves. Ikhumetse et al. found that when pulmonary valve derived VICs were exposed to cyclic aortic pressures, sulfated GAGs as well as collagen synthesis were significantly increased (93). Angel et al. aimed to characterize the difference between AV and PV via chromatographic proteomic approaches. The study found that only 50% of the proteome of the AV is shared with the PV. The PV proteome was abundant in hypoxia associated proteins such as H2AX but only sparingly expressed proteins that may be critical to healthy AV function, such as MFGe8 and Emilin-1 (94). The role of PTMs in surgical valve failure has not been explored.




Future directions: Proteomic characterization and identification

While transcriptional regulation of the valvular ECM has been well characterized, low cell density and high ECM content warrant translational level studies. Translational and post-translational regulation of these proteins in pediatric CAVS remains to be fully elucidated, as the majority of literature focuses on adult calcific cases of CAVS. Acquiring information on spatial organization of molecular patterns of ECM proteins and their PTMs is essential to defining both disease and development. In this section we aim to review advancements in the field of valvular and extracellular matrix focused proteomics, the relevance of spatial -omics in valve disease, and how multi-omics analysis may help identify novel therapeutic targets relevant to pediatric valve fibrosis (Figure 5).
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FIGURE 5
Graphical summary of technological advancements to be applied to pCAVS. Unbiased approaches, such as proteomics and transcriptomics, allow for novel discovery of disease markers. Advancements in acquisition techniques as described allow for a deeper mining of the extracellular matrisome, previously limited in accessibility. This increased accessibility allows for identification of post-translational modifications; while multi-omics integration probe upstream regulating enzymes, accelerating identification of therapeutic targets. Extracellular matrix targeted -omics techniques have the potential to elucidate fibrosis-specific biomarkers, highlighting the distinct molecular mechanisms between adult calcific and pediatric fibrotic CAVS. Graphics created using BioRender.com (2022).



Proteomic characterization of extracellular matrix proteins in valve tissues and serum

The ECM proteome in pediatric valvular tissue has been difficult to characterize via conventional tryptic methods due to high levels of intra- and intermolecular crosslinking and PTMs. Brioschi et al. published a comparative analysis of gel-based and gel-free proteomic methods to characterize the human mitral valve proteome, showing large variability between the four methods and only 12% of all proteins identified were associated with ECM pathways (95). Schlotter et al. used label-free tryptic proteomics techniques with isolated VICs and micro-dissected valvular tissues. Amongst other findings, they showed that collagen biosynthesis, collagen modification, GAG metabolism, and ECM degradation pathways were enriched in the adult CAVS isolates (96). While these methods can implicate ECM pathways, ECM proteins were not specifically enriched during sample preparation for these studies. After years of advancement in valvular proteomic techniques (97, 98), the Barderas Lab enriched for ECM proteins in their 2D-LC MS/MS method on calcific AVS samples. The group found 13 differentially regulated ECM proteins in the adult calcific CAVS samples compared to controls. Of these, biglycan, periostin, prolargin, decorin, and lumican (implicated in collagen fiber assembly) formed a protein–protein interaction network cluster. One collagen protein, Col6a1, was identified to be upregulated in adult CAVS (99). Similarly, Bouchareb et al. used guanidine hydrochloride to extract the ECM for proteomic analysis, and identified two potential biomarkers of adult calcific CAVS – FNDC1 and MXRA5 (100). While not on native valvular tissue, Syedain et al. recently performed ECM enriched proteomic analysis on tri-tube valve conduits to analyze their regenerative capacity (101). The Hansen Lab recently did a comparative study of a dozen ECM enrichment techniques for proteomics, comparing decellularization, extraction and single-shot analysis methods (102). Alternative enrichment approaches used by our group use ECM-targeting enzymes, such as collagenase type III and MMP12, to enzymatically enrich for the extracellular matrix within valvular tissues for both spatial and LC-MS/MS proteomics. These studies have been applied to clinically available pediatric BAV formalin-fixed paraffin embedded (FFPE) tissues, with all proteins identified being of the extracellular matrix, and roughly half being collagen subtypes (37).

Serum proteomics is a potential source for biomarker discovery in tissue diseases unable to be biopsied, such as valvular disease. To date, no proteomic analysis has been done on serum correlating to pediatric CAVS tissue. However, serum profiling has been done for cardiac failure (103, 104) and other fibrotic diseases such as idiopathic pulmonary fibrosis (105) and liver cirrhosis (106). While there are many large-scale proteomic studies of serum profiles, ECM proteins are inherently difficult to enrich for (107). Multimodal -omics approaches, such as epigenomics, transcriptomics, proteomics, and metabolomics, offer promising advantages to traditional characterization techniques, and together moves the field away from strictly characterization toward biomarker and pharmacotherapeutic target discovery, as well as to inform bioengineered solutions (108, 109).



Spatial localization of extracellular matrix proteome: Linking structure to function

Despite advancements in multi-omics techniques listed above, bulk LC-MS/MS proteomics still exclude a key variable of disease pathology – spatial localization of dysregulated ECM within the tissue microarchitecture. Several mass spectrometry techniques exist that link the tissue proteome to its structure. One technique is Matrix-Assisted Laser Desorption/Ionization (MALDI) Imaging Mass Spectrometry (IMS). MALDI-IMS is a robust proteomic technique that spatially maps peptides from histological tissue sections. This is traditionally done by spraying the tissue with a thin, uniform layer of enzyme that, when analyzed in parallel to high resolution accurate mass proteomics, allows for the relative quantitation and localization of peptides and other analytes to specific regions of the tissue. In addition to tryptic peptides, novel MALDI-IMS and LC-MS/MS techniques have been developed to specifically map ECM proteins, that until recently were unable to be accessed via conventional proteomic workflows (37, 110–115).

Proteomic imaging via MALDI-IMS may allow for greater protein identification and improved PTM evaluation compared to antibody-based histology strategies. Angel et al. recently outlined the challenges of analyzing cardiac tissues with MALDI-IMS as well as the advancements that have been made in the field (116). Mourino-Alvarez et al. recently took advantage of MALDI-IMS technology to characterize fresh frozen calcific AVS tissue. The group was able to visualize m/z peaks correlating to calcified, collagenous, and elastin rich tissue areas. Two peptides of interest were from Col6a3 (responsible for calcium and hydroxyproline accumulation on human osteoblast-like cells) and NDRG2 (implicated in p53 mediated apoptosis and mineralization initiation) (117). Recently, several studies have emerged using MALDI-IMS and other imaging mass spectrometry methods to characterize molecules associated with healthy and diseased aortic valve, such as N-linked glycans (83, 112), lipids (118–120), glycosaminoglycans (112), and peptides (110, 112, 116). With diseased valve tissue samples becoming less abundant on the bench due to increases in transcatheter aortic valve replacements (121), these multi-modal MALDI-IMS techniques are a promising tool that can be used to characterize ECM deposition and post-translational modifications during CAVS progression, in conjunction to histopathological evaluation (111, 112).



Emerging role of collagen post-translational modifications in disease

Post translational modifications of ECM have been linked to various disease states, not limited to fibrotic diseases. While hydroxyproline and hydroxylysine modifications are essential to proper collagen fibril formation, over-hydroxylation of the protocollagen chains can delay collagen polymerization, resulting in excessive PTMs, such as glycosylation (41, 42, 122). This perturbs collagen’s triple-helical structure further which in turn contributes to various disease states, such as Ehlers-Danlos syndrome and osteogenesis imperfecta (41, 123). Of note, collagen-dysregulation associated connective tissue disorders have a high prevalence of aortic valve defects, including aortic valve stenosis (124). Similarly, under-hydroxylation can destabilize collagen’s triple helix, also contributing to disease states, as seen in vitamin C deficiencies leading to scurvy (125). Hydroxyproline modifications in collagen amongst other proteins has been implicated in oxygen-sensing pathways in cancer cells (126). Hydroxylysine aldehyde–derived collagen cross-links have been found to be upregulated in lung tumor stroma (127). Kamel et al. shows that increased hydroxylation of lysine in collagen increases the proliferation rate of uterine fibroids (128). Additionally, increased tissue stiffness due to over hydroxylation of the ECM may not only contribute to progression of tumors and fibrotic diseases but may also influence diffusion of drug molecules within the disease microenvironment (129, 130). Very few approaches are able to map which sites of hydroxylation contribute to disease status when modified. For these reasons, characterization of not only the ECM, but also site-specific PTMs, are critical for elucidating mechanisms of fibrotic diseases, such as pediatric end-stage CAVS.



Targeting extracellular matrix proteins and post translational modifications as a therapeutic strategy

Identified therapeutic strategies for adult CAVS, such as targeting of circulating lipid levels or osteogenic differentiation of VICs and mineral deposition directly, would not be appropriate for targeting the fibrosis seen pediatric end-stage (131). The late diagnosis of fibrotic diseases limits therapeutic intervention before rapid ECM remodeling occurs. The future of fibrotic treatments may rely on proteomic strategies to identify new ECM biomarkers, resulting in earlier detection. Walraven and Hinz propose in their 2018 review that inhibiting fibrosis will depend on two main strategies: (1) targeting the myofibroblasts directly through stimulatory or suppressing cytokines and stimulating apoptosis; and/or (2) targeting the fibrotic ECM directly using targeted proteolytic enzymes (132). Currently, the only FDA approved drugs on the market to treat any fibrotic disease (idiopathic pulmonary fibrosis) are Nintedanib and Pirfenidone. Previously thought to work through kinase-dependent fibrotic pathways (133), a recent study shows that these drugs inhibit collagen fibril assembly directly (134). A recent study suggests that clinically targeting the denatured collagen, which occurs in fibrotic disease during enzymatic remodeling, may be possible via collagen mimetic peptides or antibodies (135). Another proposed anti-fibrotic therapeutic strategy is the targeting of hydroxyprolines via collagen prolyl-4-hydroxylase (CP4H). However, CP4H inhibitors lack selectivity – while promising results are seen in vivo, off target affects to redox homeostasis and iron metabolism are also seen (136). Other strategies to target hydroxyproline involve scavenging the ROS superoxide, which inhibits CP4H (137, 138). Alternatively, targeting collagen-related partners whose binding is dependent on hydroxyprolination, such as integrins or glycoproteins, may modulate fibrotic signaling (138–140). While the role of hydroxylysine and allysine have yet to be elucidated in pCAVS or fibrocalcific CAVS, inhibition of lysyl oxidase inhibitors may be an additional potential therapeutic strategy, with promising results shown related to fibroblast activation in liver fibrosis (138). Realistically, the goal of anti-fibrotic therapies in pediatric CAVS may not be to cure stenosis but instead to delay the severity until patients reach an appropriate age and size for bioengineered options to be used without the need for repeated surgeries.




Conclusion

A major gap in knowledge hindering the development of therapies for pediatric CAVS is that the molecular mechanisms underlying the structure-function relationship remain poorly defined. One therapeutic avenue in need of further scientific exploration is the targeting of extracellular matrix proteins and their post translational modifications – specifically, collagens. Collagens are the fundamental scaffolding of valvular structure that influences valvular function, and thus cardiac function (4, 5). Multiple collagens are known for their cardiac remodeling potential and are involved in valvular development (7, 141, 142), yet translational regulation of these critical proteins due to pediatric CAVS remains unknown – thus preventing appropriate drug targets from being developed and administered upon initial diagnosis. Advancement of high-resolution accurate mass proteomics and spatial techniques like MALDI imaging mass spectrometry offer unique advantages in understanding the structure/function relationship of the ECM in cardiac tissue. These novel strategies may provide insight into AV development, the rapid progression of pediatric end-stage CAVS.
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Cell-based therapies hold great promise for the treatment of peripheral arterial disease (PAD), especially in patients presenting with severe limb ischemia, although the optimal strategy remains to be explored. In this study, we evaluated the therapeutic effect of intravenous administration of human Muse cells, a unique subpopulation of mesenchymal stem cells (MSC), using a mouse model of hindlimb ischemia (HLI) without an immunosuppressant. Compared with the phosphate buffered saline (PBS) or non-Muse MSC groups, the Muse group showed significantly higher laser doppler blood flow in the ischemic limb at days 7 and 14 after HLI. Increased microvascular density [percent area of CD31(+) cells] and reduced interstitial fibrosis in the ischemic limb muscle were also observed in the Muse group. mCherry-expressing Muse cells were found in the ischemic border zone and expressed CD31 but did not in the non-ischemic limb. Muse cells produced higher amounts of vascular endothelial growth factor (VEGF) than non-Muse cells under normoxic and hypoxic conditions in vitro. In the ischemic muscle, tissue VEGF concentration and angiogenesis-related genes such as Vegfa, Angpt1, Pdgfb, and Igf1 were significantly higher in the Muse group than in the other two groups. In addition, the proportion of M2 macrophages to total macrophages and the ratio of anti-inflammatory-related genes such as IL-10, Arg1, and CD206 per iNOS were significantly higher in the Muse group than in the other two groups. In summary, Muse cells exert pleiotropic effects in a mouse model of HLI, and therefore may provide a novel therapeutic approach for the treatment of PAD patients with severe limb ischemia.
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GRAPHICAL ABSTRACT
Intravenously administered human-Muse cells homed to mouse ischemic limb and delivered pleiotropic effects, including differentiation into vascular cells, neovascularization, and anti-fibrosis/anti-inflammatory effects, leading to the successful recovery of blood flow without immunosuppressant. Muse cells may thus provide a novel approach for treating limb ischemia.



Introduction

Peripheral artery disease (PAD) is a common circulatory disorder characterized by a narrowing of the peripheral arteries, most commonly caused by atherosclerosis. In the advanced stage, PAD patients often suffer from chronic pain, ulceration, and gangrene due to severe limb ischemia. Despite recent advances in treatment, a substantial number of advanced stage PAD patients, especially with hemodialysis, high frailty or low cardiac function, continue to suffer these symptoms and remain at high risk for subsequent amputations (1). The global burden of PAD is projected to rise over the next decade given the increasing prevalence of atherosclerotic diseases worldwide. Therefore, a considerable unmet therapeutic need remains for PAD patients.

Over the past decades, cell-based regeneration therapy has been extensively studied as a promising approach for treating PAD patients, and a number of studies have been conducted with several types of cells, including endothelial progenitor cells and bone marrow mononuclear cells, to validate their therapeutic effects on PAD (2). Several challenges must be overcome, however, before cell-based therapies can become a standard treatment option for PAD patients. These include the potential risk of teratoma formation, need for invasive procedures, high medical cost, and limited therapeutic efficacy (3, 4). Thus, further exploration is warranted to identify more suitable cell sources for cell-based treatments for ischemic limb.

Multilineage-differentiating stress-enduring (Muse) cells are pluripotent-like endogenous stem cells found as pluripotency surface marker stage-specific embryonic antigen (SSEA)-3-positive cells in the bone marrow, peripheral blood, and connective tissues of various organs; express pluripotency markers such as Oct3/4, NANOG, and SOX2; and exhibit stress tolerance by a high capacity for sensing and repairing DNA damage (5–7). The SSEA-3(+) Muse cells are collectable as several percent of cultured mesenchymal stem cells (MSCs) and fibroblasts (5, 8). Muse cells can differentiate spontaneously into triploblastic-lineage cells from a single cell and are self-renewable (5, 8).

Previous studies have demonstrated that systemically administered Muse cells preferentially home to damaged tissue in various animal models of disease including stroke, acute myocardial infarction, liver cirrhosis, chronic kidney injury, epidermolysis bullosa, and aortic aneurysm (9–15). Notably, systemically circulating Muse cells are considered to home to damaged tissues more efficiently than locally implanted Muse cells. Indeed, intravenous injection of Muse cells resulted in higher cell engraftment rather than local injection in a mouse model of amyotrophic lateral sclerosis (16). In addition, the safety and efficiency of intravenous injection of Muse cells without HLA matching or immunosuppression has been shown in patients with acute myocardial infarction and epidermolysis bullosa (17, 18).

Based on these findings, further clinical trials are currently underway in patients with stroke, acute myocardial infarction, epidermolysis bullosa, amyotrophic lateral sclerosis, spinal cord injury, perinatal hypoxic ischemic encephalopathy, and COVID-19-acute respiratory distress syndrome under the approval of regulatory authorities (Japan Pharmaceutical Information Center-Clinical Trials Information; JapicCTI-183834, 184103, 184563, and 194841). However, the therapeutic potential of the Muse cells in PAD remains unclear.

Here, we investigated the effect of intravenously administered human Muse cells in a mouse model of hindlimb ischemia (HLI) model without immunosuppressant treatment.



Materials and methods


Preparation of muse cells and non-muse cells

Human Muse cells and non-Muse MSCs were isolated as SSEA3-positive and -negative cells, respectively, from human bone marrow-derived mesenchymal stem cells (MSCs) (LONZA, PT2501) by fluorescence-activated cell sorting (FACS) (SONY, SSH800) with anti-SSEA3 antibody (Bio Legend, 330302), as described previously (6). The mCherry-expressing Muse cells or mCherry-expressing non-Muse MSCs were obtained by FACS from MSCs infected with the lentiviral vector carrying mCherry, as described previously (10). Human Muse cells, non-Muse MSCs, and MSCs were maintained at 37°C in α-minimum Essential Medium Eagle Modification (α-MEM) containing 10% fetal bovine serum, 1 ng/mL basic fibroblast growth factor (Miltenyi Biotec), 2 mM GlutaMAX (ThermoFisher Scientific), and 0.1 mg/mL kanamycin in an atmosphere containing 5% CO2 unless otherwise specified.



Animal model of hindlimb ischemia and cell delivery

BALB/c male mice (12–14 weeks old) were anesthetized with isoflurane via facemask. After a skin incision in the left inguinal region, the left femoral artery and vein were isolated and ligated twice with 5-0 silk sutures just distal to the inguinal ligament, followed by complete resection of vessels between the two ties. The skin wound was closed in layers with 5-0 silk sutures. The mouse body temperature was maintained using a heating pad during the procedure. One day after the HLI surgery, animals received an injection of either 3 × 104 human-Muse cells (Muse group), human non-Muse MSCs (non-Muse group), or phosphate buffered saline (PBS group) from the tail vein without immunosuppressant and were examined for 14 days unless otherwise specified. All animal studies were approved by the Animal Care and Use Committee of Kyoto Prefectural University of Medicine.



Analysis of limb blood flow and ischemia scoring

Blood flow was measured using a laser Doppler blood flow analyzer (Omegazone, Omegawave) under isoflurane-induced anesthesia and expressed as the ratio of the ischemic to non-ischemic hindlimb. The mouse body temperature was maintained using a heating pad during the measurement. The degree of hindlimb ischemia was visually evaluated using the Modified Ischemia Score as reported previously (19).



Immunohistochemical staining

Adductor muscles were harvested at day 5, day 7, or week 2 after hindlimb ischemia (HLI) surgery. The tissues were fixed for 1 h in 4% paraformaldehyde and incubated overnight in 30% sucrose solution. The tissues were then embedded in OCT compound (Sakura Finetek), snap-frozen in liquid nitrogen, and sectioned on a cryostat. For the antibody reaction, tissue sections were incubated overnight with rabbit anti-cluster of differentiation 31 (CD31, Abcam, ab182981) at a 1:5,000 dilution, rat anti-macrophage/monocyte (MOMA2, Gene Tex, GTX39773) at a 1:50 dilution, or rabbit anti-arginase-1 (Arg1, Cell Signaling, 93668) at a 1:100 dilution. Goat anti-rabbit Alexa 488, goat anti-rabbit Alexa 594, or goat anti-rat Alexa 488 (Abcam) was used as secondary antibodies. After mounting with Prolong GOLD Antifade with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific), imaging was performed using BZ-X800 Light Microscope (Keyence). For phalloidin staining, tissue sections were incubated with Phalloidin-FITC (Sigma-Aldrich) at a 1:100 dilution for 1 h. CD31 was also visualized using a standard HRP-DAB (horseradish peroxidase-3,3′-diaminobenzidine) staining with rabbit anti-CD31 (Abcam, ab182981) at a 1:1,000 dilution.



Quantification of microvascular density, interstitial fibrotic area, and immune cell population

Frozen tissue sections were stained with CD31, Masson’s trichrome, or MAMA2 and Arg1 for evaluating the microvascular density, interstitial fibrotic area, or immune cell population, respectively.

The stained tissue sections were imaged at 20× magnification using BZ-X800 Light Microscope (Keyence). CD31-positive area, Trichrome-positive area, MOMA2-positive area, or MOMA2/Arg1-double positive area were calculated using BZ-X800 Analyzer Software (Keyence) in five randomly selected fields in each mouse, respectively.



Flow cytometric analysis of engrafted cells

Human mCherry-expressing Muse cells (3 × 104), non-Muse MSCs (3 × 104) were intravenously administered 1 day after HLI surgery. PBS was injected as a control. At 7 days after HLI surgery, the ischemic and non-ischemic adductor muscles were harvested and enzymatically and mechanically dissociated into single cell suspension using Skeletal Muscle Dissociation Kit (Miltenyi Biotec, 130-098-305) with gentleMACS Dissociator (Miltenyi Biotec) according to the manufacturer’s instructions. After erythrocytes were lysed using BD Pharm Lyse (BD Biosciences, 555899), the cells were subjected to flow cytometric analysis (SONY, MA900). For cell surface marker analysis, the cells were stained with FITC-conjugated anti-human/mouse CD31 antibody (Invitrogen, 11-0311-81) at a 1:100 dilution or FITC-conjugated anti-human NG2 antibody (Miltenyi Biotec, 130-098-794) at a 1:20 dilution before the flow cytometric analysis. FITC-conjugated rat IgG2a (Biolegend, 400505) or FITC-conjugated mouse IgG1 (Biolegend, 400107) were used as isotype control, respectively. For analysis of smooth muscle myosin heavy chain (SM-MHC), the cells were fixed and permeabilized with PFA and methanol, and stained with mouse anti-human SM-MHC antibody (Dako, M3558) at a 1:100 dilution, followed by secondary antibody reaction with Alexa Fluor 647 conjugated anti-mouse IgG (Invitrogen, A21237) at a 1:1,000 dilution before the flow cytometric analysis. Mouse IgG1 (Biolegend, 401401) was used as isotype control. A total of 1,000 or 3,000 events were acquired in each unstained or stained sample, respectively.



Detection of human genomic DNA

Human Muse cells (3 × 104) were intravenously administered 1 day after HLI surgery. At 7 days after HLI surgery, genomic DNA was extracted from the mouse tissue using NucleoSpin Tissue (Macherey-Nagel) according to the manufacturer’s instructions. As previously reported (20), probe-based real-time polymerase chain reaction (PCR) was performed on a CFX 384 Real-Time system (Bio-Rad) using Probe qPCR Mix (Takara) with the following primers and probes: human Alu forward primer, 5′-CATGGTGAAAC CCCGTCTCTA-3′; human Alu reverse primer, 5′-GCCTCAGC CTCCCGAGTAG-3′; human Alu probe, 5′-FAM-ATTAGC CGGGCGTGGTGGCG-TAMRA-3′; mouse Y chromosome forward primer, 5′-TTTTGCCTCCCATAGTAGTATTTC CT-3′; mouse Y chromosome reverse primer, 5′-TGTAC CGCTCTGCCAACCA-3′; mouse Y chromosome probe, 5′-FAM-AGGGATGCCCACCTCGCCAGA-TAMRA-3′.



Quantitative real-time PCR analysis of mRNA expression levels

Total RNA was extracted from the adductor muscle in the ischemic hindlimb using a Direct-zol RNA Kit (Zymo Research) and cDNA was synthesized using PrimeScript RT reagent Kit (Takara). Real-time PCR was performed on a CFX 384 Real-Time system using the KAPA SYBR FAST qPCR kit. The following primers were used: mouse Gapdh forward primer, 5′-AGGTCGGTGTGAACGGATTTG-3′; mouse Gapdh reverse primer, 5′-TGTAGACCATGTAGTTGAGGTCA-3′; mouse Vegfa forward primer, 5′-GCACATAGAGAGAATGAGC TTCC-3′; mouse Vegfa reverse primer, 5′- CTCCGCTCTGAAC AAGGCT-3′; mouse Fgf2 forward primer, 5′- GCGACCC ACACGTCAAACTA-3′; mouse Fgf2 reverse primer, 5′- CCGTCCATCTTCCTTCATAGC-3′; mouse Angpt1 forward primer, 5′- ATCCCGACTTGAAATACAACTGC-3′; mouse Angpt1 reverse primer, 5′- CTGGATGATGAATGTCTGAC GAG-3′; mouse Pdgfb forward primer, 5′- TGCTGCAC AGAGACTCCGTA-3′; mouse Pdgfb reverse primer, 5′- GATGAGCTTTCCAACTCGACTC-3′; mouse Igf1 forward primer, 5′- CACATCATGTCGTCTTCACACC-3′; mouse Igf1 reverse primer, 5′- GGAAGCAACACTCATCCACAATG-3′; mouse iNOS forward primer, 5′- GTTCTCAGCCCAACAAT ACAAGA-3′; mouse iNOS reverse primer, 5′- GTGGACG GGTCGATGTCAC-3′; mouse IL10 forward primer, 5′- GCTCTTACTGACTGGCATGAG-3′; mouse IL10 reverse primer, 5′- CGCAGCTCTAGGAGCATGTG-3′; mouse Arg1 forward primer, 5′- CTCCAAGCCAAAGTCCTTAGAG-3′; mouse Arg1 reverse primer, 5′- AGGAGCTGTCATTAGGGAC ATC-3′. All data were processed using the ΔΔCT method.



Measurement of vascular endothelial growth factor concentration

For measurement of the vascular endothelial growth factor (VEGF) concentration in the cell culture supernatant, Muse cells or non-Muse MSCs were seeded on 48-well tissue culture plates at a density of 6.0 × 104 cells/cm2 and allowed to grow for 3 days. On the day of the assay, the cells were washed with phosphate buffered saline and incubated in serum-free α-MEM under normoxic or hypoxic (0.1% O2) conditions overnight using the BIONIX hypoxic culture kit (Sugiyamagen), and then the cell culture supernatant was collected. For measurement of the tissue VEGF level, 3 × 104 human Muse cells or non-Muse MSCs were intravenously administered 1 day after HLI surgery. At 3 days after HLI surgery, total protein was extracted from the adductor muscles using RIPA lysis buffer with protease inhibitor (Nacalai Tesque) and total protein concentrations were measured using the DC Protein Assay Kit (Bio-Rad). VEGF concentrations were measured using a Human VEGF ELISA Kit (KE00085, Proteintech) for the cell culture supernatant or a Mouse VEGF ELISA Kit (ab209882, Abcam) for the mouse tissue with an iMark Microplate reader (Bio-Rad) according to the manufacturer’s instructions.



Statistical analyses

All data are expressed as mean ± SEM. Statistical comparisons were performed using GraphPad Prism version 9. Variables were tested for normal distribution using the Shapiro-Wilk test. Normally distributed data were analyzed by 1-way ANOVA followed by Holm-Sidak multiple comparison of more than two groups and Student’s t test for comparing two groups. Data that were not normally distributed were analyzed using Kruskal-Wallis test with Dunn’s multiple comparison for more than two groups and the Mann-Whitney U test for two groups.




Results

The effects of Muse cell administration on blood flow in the ischemic limb were evaluated by laser Doppler blood flow analysis at pre-operation (Pre-op), immediately after operation (Post-op), and up to 14 days after the operation (Figure 1A). No significant difference in the blood flow was detected among the three groups up to postoperative day (POD) 3. At POD 7, however, the Muse group exhibited significant improvement in the ischemic limb blood flow compared with the PBS (P < 0.01) and non-Muse groups (P < 0.05); no significant difference was detected between the PBS and non-Muse groups (Figures 1B–D). Recovery in the Muse group became more impressive at POD 14 compared with that in the PBS (P < 0.001) and non-Muse (P < 0.01) groups; no significant difference was detected between the PBS and non-Muse groups (n = 7 per each group) (Figures 1B–D). The Muse group also developed milder necrotic changes in the ischemic limb compared with the PBS and non-Muse groups at POD 14 (Figures 1E,F).
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FIGURE 1
Muse cell intravenous injection recovered blood flow in a mouse model of hindlimb ischemia. (A) Schematic outline of study workflow. Human-Muse cells, human-non-Muse mesenchymal stem cells (MSCs), or phosphate buffered saline (PBS, control) were administered via intravenous injection (i.v.) on postoperative day (POD) 1 after hindlimb ischemia (HLI) surgery. (B–D) Representative Laser Doppler blood perfusion images (B) and quantitative analysis of the ischemic/non-ischemic limb blood flow ratio over time (C,D). The hindlimb blood flow ratio was measured before and after HLI surgery and on POD 1, 3, 7, and 14 (n = 7 per each group; mean ± SEM). Dots correspond to each mouse. **P < 0.01 PBS vs. Muse; ***P < 0.001 PBS vs. Muse; #P < 0.05 non-Muse vs. Muse;###P < 0.001 non-Muse vs. Muse. (E,F) Representative images (E) and scores (F) of necrotic changes in hindlimb at POD 14 (n = 9 in the PBS group, n = 11 in the non-Muse group, and n = 12 in the Muse group).


Histologic analysis was conducted in the ischemic limb at POD 14. Microvascular density as measured by the percent area of CD31-positive (vascular endothelial cell marker) cells in the ischemic adductor muscle was significantly increased in the Muse group compared to that in the PBS and non-Muse groups (both P < 0.05), while there was no significant difference between the PBS and non-Muse groups (n = 5 per each group) (Figures 2A,B and Supplementary Figures 1A–D, 2A). Interstitial fibrosis area in the ischemic adductor muscle was measured by Masson’s trichrome staining at POD 14. The fibrotic area was significantly smaller in the Muse group compared with the PBS and non-Muse groups (both P < 0.01), while there was no significant difference between the PBS and non-Muse groups (n = 5 per each group) (Figures 2C,D).


[image: image]

FIGURE 2
Muse cells enhanced angiogenesis and ameliorated muscle fibrosis in ischemic hindlimb. (A) Representative images of microvascular density in ischemic adductor muscles at 14 days after hindlimb ischemia (HLI) surgery. Tissue sections were stained with anti-CD31 antibody and detected with DAB (brown). Scale bar, 100 μm. (B) Quantitative analysis of the CD31-positive vessel area. Results are expressed as mean ± SEM (n = 5). Dots correspond to each mouse. *P < 0.05. (C) Representative images showing muscle fibrosis in the ischemic adductor muscles at 14 days after HLI surgery. Tissue sections were stained with Masson’s trichrome (blue = collagen fibers; red = muscle). Scale bar, 100 μm. (D) Quantitative analysis of the fibrotic area in Masson’s trichrome-stained ischemic adductor muscles. Results are expressed as mean ± SEM (n = 5). Dots correspond to each mouse. ***P < 0.001. (E) Representative images of ischemic and non-ischemic adductor muscle at 7 days after HLI surgery. Muse cells expressing mCherry were intravenously administered 1 day after HLI surgery. Tissue sections were stained with phalloidin (green) and DAPI (blue). White arrowheads indicate mCherry-expressing Muse cells in the ischemic border zone of the ischemic adductor muscle. Scale bar, 50 μm. (F) Detection of Muse cells in the adductor muscles by flow cytometry at 7 days after HLI surgery. Human mCherry-expressing Muse cells, non-Muse MSCs were intravenously administered 1 day after HLI surgery and PBS was injected as a control (n = 5 per each group). Results are expressed as mean ± SEM of the percentage of mCherry-positive cells per total cell count in the dissociated ischemic adductor muscle. Dots correspond to each mouse.


The engraftment of intravenously administered Muse cells in the ischemic adductor muscle was assessed by injection of 3 × 104 mCherry-expressing Muse cells from the tail vein 1 day after HLI surgery. At POD 7, mCherry-expressing Muse cells were observed in the ischemic border zone of the adductor muscle, but not in the contralateral (non-ischemic) adductor muscle (Figure 2E). Flow cytometric analysis also revealed existence of mCherry-positive cells only in the ischemic adductor muscle after the injection of mCherry-expressing Muse cells at POD 7 (n = 5 per each group) (Figure 2F). In addition, the amount of human genomic DNA was examined in these mice by species-specific quantitative-polymerase chain reaction (qPCR) at POD 7. Human genomic DNA was detected in the ischemic limb, as well as in the lung and spleen, but not in the non-ischemic limb and tail (n = 3) (Supplementary Figure 3A).

Next, in vivo differentiation potential of Muse cells in the ischemic limb was examined. Immunohistochemistry of the ischemic adductor muscle revealed that mCherry-expressing Muse cells expressed CD31 at POD 7 (Figure 3A and Supplementary Figure 2B). Flow cytometric analysis showed that ≈0.29% of total CD31-positive cells in the dissociated adductor muscle were double-positive for CD31 and mCherry (Figure 3B). On the other hand, human neuron-glial antigen 2 (NG2, a pericyte marker) and smooth muscle myosin heavy chain (SM-MHC, a vascular smooth muscle cell maker) were virtually under the detection limit in the dissociated ischemic adductor muscle (n = 5 per each group) (Supplementary Figures 3B,C).
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FIGURE 3
Angiogenic potential of muse cells. (A) Representative images showing vascular endothelial markers CD31 expression of mCherry-expressing Muse cells in the ischemic adductor muscles at 7 days after hindlimb ischemia (HLI) surgery. Tissue sections were stained with anti-CD31 antibody (green) and 4′6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 50 μm. (B) Flow cytometric analysis of CD31 expression in the ischemic adductor muscles at 7 days after HLI surgery (n = 5). Results are expressed as mean ± SEM of the percentage of mCherry/CD31 double-positive cells per total CD31-positive cell count in the dissociated ischemic adductor muscle. Dots correspond to each mouse. (C) Vascular endothelial growth factor (VEGF) concentration measured by enzyme-linked immunosorbent assay (ELISA) in the cell culture supernatant of Muse cells or non-Muse mesenchymal stem cells (MSCs) under normoxic and hypoxic conditions. Results are expressed as mean ± SEM (n = 5). Dots correspond to each biological replicate. (D,E) VEGF concentration measured by ELISA in the adductor muscles (D) and relative mRNA expression of representative angiogenic factors in the ischemic adductor muscle (E) at 7 days after HLI surgery. Muse cells or non-Muse MSCs were intravenously injected 1 day after HLI surgery and phosphate buffered saline was injected as a control. Results are expressed as mean ± SEM (n = 5). Dots correspond to each mouse. *P < 0.05; **P < 0.01.


To further understand the mechanisms by which Muse cell administration increased microvascular density in the ischemic adductor muscle, the angiogenic paracrine potential of Muse cells was evaluated in vitro. The concentration of human vascular endothelial growth factor (VEGF) in the cell culture supernatant of Muse cells or non-Muse MSCs was significantly higher in the Muse cell culture than in the non-Muse MSC culture under normoxic conditions (P < 0.05), and even higher under hypoxic conditions (0.1% O2) (P < 0.01) (n = 5 per each group) (Figure 3C). In addition, the mouse tissue VEGF concentration in the ischemic adductor muscle was significantly higher in the Muse group compared with the non-Muse group at POD 3 (P < 0.001) (n = 5 per each group) (Figure 3D). Quantitative PCR of the ischemic adductor muscle showed a higher expression level of angiogenesis-related genes such as VEGF a (Vegfa), angiopoietin 1 (Angpt 1), platelet-derived growth factor subunit b precursor (Pdgfb), and insulin-like growth factor 1 (Igf1) in the Muse group compared with the non-Muse group, while fibroblast growth factor 2 (fgf2) did not differ among the 3 groups at POD 3 (n = 5 per each group) (Figure 3E).

The immune-inflammatory response in the ischemic adductor muscle, represented by inflammatory cell infiltration and macrophage polarization, was investigated. Double-staining of the monocyte/macrophage marker MOMA2 and M2 macrophage marker arginase1 (Arg1) revealed no significant difference in the total monocyte/macrophage infiltration among the 3 groups, while the percent of M2 macrophages was significantly higher in the Muse group compared with the other 2 groups (both P < 0.05) at POD 5 (n = 5 per each group) (Figures 4A–C and Supplementary Figure 4).
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FIGURE 4
Muse cells modulated immune responses in ischemic hindlimb. (A) Representative immunofluorescence images of the macrophage/monocyte marker anti-macrophage/monocyte (MOMA2) (green) and the M2 macrophage marker arginase 1 (Arg1) (red) in the ischemic adductor muscle at 5 days after hindlimb ischemia (HLI) surgery. Cell nuclei were stained with 4′6-diamidino-2-phenylindole (DAPI) (blue). Scale bar, 50 μm. Muse cells or non-Muse mesenchymal stem cells (MSCs) were intravenously injected 1 day after HLI surgery and phosphate buffered saline (PBS) was injected as a control. (B,C) Quantification of MOMA2-positive area among total section area (B) and Arg1/MOMA2 double-positive area among total MOMA2-positive area (C). Results are expressed as mean ± SEM (n = 5). Dots correspond to each biological replicate. (D) mRNA expression of M2 macrophage marker/anti-inflammatory genes relative to M1 macrophage marker/proinflammatory gene, inducible nitric oxide synthase (iNOS) in the ischemic adductor muscle at 7 days after HLI surgery. Muse cells or non-Muse MSCs were intravenously injected 1 day after HLI surgery and PBS was injected as a control. Results are expressed as mean ± SEM (n = 5). Dots correspond to each mouse. *P < 0.05.


The expression of inflammation-related genes in the ischemic adductor muscle based on qPCR was investigated at POD 7. The ratios of anti-inflammatory genes, such as interleukin-10, arginase1, and CD206, to proinflammatory gene inducible nitric oxide synthase (iNOS) were all higher in the Muse group than in the other 2 groups (all P < 0.05), except for the arginase1/iNOS ratio between the Muse and non-Muse groups (n = 5 per each group) (Figure 4D).



Discussion

Over the past few decades, accumulating evidence has revealed that cell-based therapy using bone marrow-derived cell populations, including mononuclear cells, endothelial precursor cell, and MSCs, has low safety concerns, but limited therapeutic effects on PAD patients with severe limb ischemia. Therefore, cell sources with high safety and high therapeutic effects have been explored (4, 21).

In the present study, we demonstrated that intravenous administration of Muse cells increased the microvascular density in ischemic limbs and recovered blood flow. We found engrafted Muse cells expressing vascular endothelial marker CD31 in the ischemic limb, suggesting the in vivo differentiation potential of Muse cells into vascular endothelial cells may contribute to vascular regeneration in the ischemic limb. VEGF secretion from Muse cells was higher than that from non-Muse MSCs and mouse tissue VEGF levels in the ischemic limb were higher in the Muse group than in the non-Muse group. Consequently, the greater angiogenic factor production and vascular differentiation potential of Muse cells may contribute to blood flow recovery in the ischemic limb. In addition, Muse cell administration restrained tissue fibrosis, partly due to the suppression of inflammation, as represented by the increase in anti-inflammatory factors such as interleukin-10, arginase1, and CD206 rather than an increase of proinflammatory iNOS in the ischemic limb. Because tissue fibrosis and inflammation are tightly intertwined, inflammatory cell infiltration and macrophage polarization were examined in the ischemic limbs. In the Muse cell group, M2 macrophages, which play a key role in resolution of inflammation (22), were increased. Muse cells are reported to achieve tissue repair partly through differentiation into vascular cells (9, 13) and anti-fibrotic/anti-inflammatory mechanisms via immunomodulatory effects (7, 23). Consistent with these previous findings, our results suggest that Muse cells restored blood flow and inhibited excessive fibrosis in ischemic limbs via pleiotropic effects including vascular cell differentiation, production of angiogenic factors, and immunomodulation.

It is noteworthy that human Muse cells exhibited therapeutic potential in a mouse model of HLI without immunosuppression. Although there is still considerable debate regarding immune rejection of xenogeneic cell transplantation, numerous studies have reported the therapeutic effects of human MSCs in mice owing to their immunomodulatory effects (24). Muse cells express HLA-G, which is associated with immune tolerance in the placenta, while fewer than 20% of adult human MSCs express HLA-G (9, 25, 26). Similar to previous reports showing that intravenously administered xenogeneic (human) Muse cells escaped from immune rejection and survived in the host tissue as differentiated tissue-comprising cells in animal models of adriamycin-induced nephropathy (mouse), lung ischemia-reperfusion injury (rat), myocardial infarction (rabbit), and amyotrophic lateral sclerosis (mouse) (9, 10, 16, 27), engraftment of intravenously injected human Muse cells also confirmed in the ischemic limb tissue in the mouse model of HLI. Indeed, clinical trials have shown the safety and efficiency of intravenous administration of Muse cells without HLA-matching or immunosuppressant treatment (17, 18). Additionally, we found that Muse cell administration increased endogenous angiogenic factors in the ischemic limb, suggesting the contribution of indirect effects of Muse cells to angiogenesis. Supporting this idea, we also found that Muse cells administration increased anti-inflammatory M2 macrophages, which are also known to promote angiogenic processes, in the ischemic limb. Consistent with this finding, a previous study demonstrated that conditioned medium of human Muse cells reduced LPS-stimulated production of proinflammatory cytokine in mouse macrophage-like RAW cells and mouse peritoneal macrophages (23). These results imply that immunomodulatory effects of Muse cells also play a significant role in the enhanced angiogenic response in the ischemic limb.

In recent years, intravenous administration of human MSCs has been intensively studied as a new therapeutic approach for various diseases; however, its therapeutic efficacy is needed to be improved and injection of a large amount of MSCs carries a risk of pulmonary embolism (28). Muse cell is a subpopulation of MSCs with high therapeutic potential, comprising several percent of human bone marrow-derived MSCs (5, 8). In our study, ≈5% of total MSCs were isolated as Muse cells after in vitro expansion of MSCs to be used in the following experiments (Supplementary Figures 5A,B). Importantly, our data demonstrated that Muse cells exerted a therapeutic effect in the HLI mouse model, while non-Muse MSCs did not, implying that therapeutic effect of MSCs on limb ischemia in previous studies might be primary derived from a small amount of Muse cells contained in MSCs (29). In line with the previous studies demonstrating that Muse cells have higher tissue repair capacity compared with non-Muse MSCs (9, 13, 30), our result suggest that Muse cell therapy has potential to provide safer and more effective cell therapy compared to conventional MSC therapy (6).

A potential major safety concern of angiogenesis therapies for ischemic diseases has been angiogenesis in non-targeted tissues. Muse cells produced relatively high amounts of VEGF even under non-hypoxic condition and intravenously administered Muse cells were detected in non-target tissues such as the lung and the spleen in our study, assuming the possible aberrant angiogenesis in these tissues. Interestingly, however, Yamada et al. previously demonstrated that the majority of Muse cells engrafted into non-injured tissues such as the lung disappear by 2 weeks after intravenous injection, probably because Muse cells had no chances to be incorporated into the tissue by replacing damaged cells in non-injured tissues (9). In addition, angiogenetic factors including VEGF are considered not to induce substantial angiogenesis unless tissues are exposed to ischemic conditions (31). Furthermore, side effects related to an aberrant angiogenesis have not been reported in human clinical trials using intravenous injection of Muse cells (17, 18). Therefore, angiogenesis in non-targeted tissues is expected to be less frequent in patients receiving Muse cells intravenously, although careful attention should be paid to the possible aberrant angiogenesis in future clinical trials.

All taken together with previous studies, Muse cell-based therapy holds several potential advantages for regenerative treatments of limb ischemia. First, Muse cells can be administered via intravenous injection, which is a simple and less invasive delivery route for cell therapy. Second, allogenic Muse cell transplantation is therapeutically effective without HLA-matching or immunosuppressant treatment, which allows off-the-shelf cell therapy to provide a timely and cost-effective treatment for the patients. Third, based on the previous two advantages, Muse cell therapy can be repeatedly performed in the same patient, which might lead to better patient outcomes compared to other cell therapies for the treatment of limb ischemia.

In summary, intravenous administration of Muse cells recovered blood flow and reduced tissue fibrosis in ischemic limbs in a mouse model of HLI. The therapeutic effects of Muse cells may be attributed to their pleiotropic effects, including vascular cell differentiation, production of angiogenic factors, and anti-inflammation and anti-fibrosis effects. Our study is the first to demonstrate that Muse cell-based therapy could be an attractive therapeutic option for PAD patients with severe limb ischemia.
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Background: Chronic thromboembolic pulmonary hypertension (CTEPH) patients may present with atherosclerotic lesions in their pulmonary arteries, but their clinical characteristics remain unclear. The metabolic pathways associated with the atherosclerotic lesions may explain their occurrence and have implications for interventions, but they have not been investigated.

Methods: We collected pulmonary endarterectomy (PEA) samples of CTEPH patients from December 2016 to August 2021. Following a detailed pathological examination of the PEA specimen, the patients were divided into those with and without lesions, and age- and sex matching were performed subsequently using propensity score matching (n = 25 each). Metabolomic profiling was used to investigate the metabolites of the proximal lesions in the PEA specimens.

Results: In our study population, 27.2% of all PEA specimens were found to contain atherosclerotic lesions. CTEPH patients with atherosclerotic lesions were more likely to have a history of symptomatic embolism and had a longer timespan between embolism and surgery, whereas the classic risk factors of systemic and coronary circulation could not distinguish CTEPH patients with or without atherosclerotic lesions. Metabolomic profiling revealed that the formation of atherosclerotic lesions in CTEPH was closely related to altered glycine, serine, and threonine metabolic axes, possibly involved in cellular senescence, energy metabolism, and a proinflammatory microenvironment.

Conclusion: The occurrence of atherosclerotic lesions in the pulmonary arteries of CTEPH was associated with symptomatic thromboembolic history and prolonged disease duration. The results revealed a new link between atherosclerotic lesions and aberrant amino acid metabolism in the context of CTEPH for the first time. This study has characterized the clinical and metabolic profiles of this distinct group of CTEPH patients, providing new insights into disease pathogenesis and potential interventions.
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chronic thromboembolic pulmonary hypertension (CTEPH), pulmonary embolism, atherosclerosis, pulmonary endarterectomy (PEA), metabolic reprogramming


Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a progressive pulmonary vascular disease caused by single or recurrent pulmonary thromboembolism, leading to elevated pulmonary vascular resistance and maladaptive right ventricular failure (1–3). Removal of organized thrombotic materials and neointima by pulmonary endarterectomy (PEA) is the gold standard therapy for operable CTEPH (4), conferring a 3-year survival rate of up to 89% in operated patients (5). Despite significant improvement in hemodynamic parameters and cardiac function, owing to the frequent occurrence of residual pulmonary hypertension (PH), combined implementation of medical therapy and/or intervention may become necessary after the PEA operation (6).

The characteristics of major vascular remodeling can be revealed by studying tissues removed by PEA. Varied pathological features have been reported, probably reflecting the different stages in the development of CTEPH (7, 8). In general, four major pathological alterations are observed within the specimens from PEA, including neointima formation, atherosclerotic lesions, thrombosis, and recanalization (7). Macrophage-derived foam cells and cholesterol clefts are found in the atherosclerotic lesions in CTEPH (7, 9). However, it remains uncertain whether the traditional cardiovascular risk factors and the thromboembolus-derived atherosclerotic lesions in CTEPH are clinically related (10, 11).

Atherosclerotic lesions do not develop in pulmonary arteries under the normal environment of low pressure and high flow, but they may form during the development of PH (9, 12). Atherosclerotic lesions were found in approximately 30% of CTEPH cases (7, 13). Arbustini et al. reported that atherosclerotic plaques with glycophorin-rich pultaceous cores were more common in CTEPH than those in plexogenic PH (14). Nevertheless, the predisposing factors and clinical relevance of these atherosclerotic lesions in CTEPH have rarely been discussed.

It has been speculated that the atherosclerotic lesion formation in CTEPH may be associated with local metabolic changes (15). To address this question, we have adopted a metabolomic approach to examine the metabolite alterations and define the endophenotypes of the disease. This study aimed to investigate the clinical characteristics of CTEPH patients with atherosclerotic lesions and further explore the relevant metabolic pathways associated with atherosclerosis in the pulmonary artery.



Materials and methods


Study population

Patients who underwent PEA with deep hypothermic circulatory arrest were consecutively included at the China-Japan Friendship Hospital from December 2016 to August 2021. The pre-operative assessment for PEA was conducted by a multidisciplinary team that included surgeons, interventional radiologists experienced in pulmonary vascular imaging, and pulmonologists with expertise in PH. During the study period, no technical or medical management changes occurred. Patients with pulmonary artery sarcoma (PAS) or preoperative mean pulmonary arterial pressure (mPAP) <25 mmHg were excluded. CTEPH was defined as previously described (16). The project was approved by the Ethics Committee of the China-Japan Friendship Hospital, and written informed consent was obtained from each participant.



Data collection

All data were collected from the medical records using standardized data collection forms. The age of the lesion was calculated as the timespan between the first episode of acute pulmonary embolism and the PEA in years (7). For patients with a clear history of thromboembolism, the age of the lesion started from the determination of PE symptoms. For those patients with CTEPH and asymptomatic thromboembolic events, we defined the onset of symptom as the first episode of the disease, such as dyspnea, chest pain, syncope, and hemoptysis. Persistent PH was defined by an mPAP ≥30 mmHg obtained from right heart catheterization 2–3 days after operation in the intensive care unit, as described previously (17, 18).



Tissue collection and histopathological procedures

Proximal lesions dissected from the main or lobar pulmonary arteries were photographed and then fixed in 4% paraformaldehyde overnight. Cross-sections were cut with a thickness of 5 μm for hematoxylin–eosin (H&E) staining. Atherosclerotic lesions were characterized by the accumulation of both foam cells and cholesterol crystals (7, 14). All specimens were independently reviewed by two experienced pathologists under light microscopes to determine for the presence of atherosclerotic lesions.

Meanwhile, to confirm the deposition of lipid, Oil-Red-O staining was performed. Briefly, PEA tissue was cut into 8-μm-thick sections with a cryostat microtome and fixed with 10% buffered formalin before being submerged in Oil-Red-O working solution for 20 min. Tissue sections were then rinsed and counterstained with hematoxylin and mounted in glycerine jelly. To assess the abundance of macrophages in atherosclerotic lesions, immunohistochemistry labeling of the macrophage marker CD68 was performed as described previously (6).



Metabolomic profiling

The atherosclerotic lesions of the pulmonary arteries were clearly identified, and metabolomic analysis was conducted using tissues adjacent to the area of H&E staining. Non-targeted metabolomics were derived from samples of six atherosclerotic lesions and five non-atherosclerotic lesions of pulmonary arteries. Briefly, 800 μl of cold methanol was added to 30 mg of PEA tissue to precipitate the metabolites. The supernatant was dried and then resuspended in 200 μl of methanol. The metabolites were detected by a liquid chromatograph-mass spectrometer (LC-MS) platform (Waters, UPLC; Thermo, Q Exactive). Positive ion mode was used for the analysis of the difference in metabolites. Multivariate statistical analysis was performed using SIMCA-P Software (Umetrics AB, Umea, Sweden), including the principal component analysis and orthogonal projections to latent structures-discriminate analysis (OPLS-DA). The difference in metabolites used in this study was screened by a t-test P-value < 0.05 and variable weight of the OPLS-DA model >1. In addition, commercial databases including the Kyoto Encyclopedia of Genes and Genomes (KEGG)1 and MetaboAnalyst2 were utilized to search for the pathways of the metabolites (19).



Statistical analysis

Propensity score matching was applied to control confounding factors such as selection bias. Continuous variables characterized by a normal distribution were expressed as mean and standard deviation (SD). Parameters without a normal distribution were expressed as the median and interquartile range (IQR). Continuous variables were compared using Student’s t-test or Mann–Whitney U test based on their distribution. Categorical variables were presented as frequencies and percentages and compared using the Chi-square test or Fisher’s exact test, where necessary. The risk factor of atherosclerosis was evaluated through univariate logistic regression models. A P-value < 0.05 was considered to be statistically significant. All analyses were carried out using SPSS (version 21.0, IBM Corp.).




Results


Characteristics of the study population

As shown in the flowchart in Figure 1, a total of 102 patients underwent PEA surgery from December 2016 to August 2021. After excluding 7 patients diagnosed with PAS, 95 patients were included in this study, including 3 patients without PH. The characteristics of all patients with chronic thromboembolic pulmonary disease are shown in Supplementary Table 1. Of note, no evidence of an atherosclerotic lesion was found in the three excluded patients with chronic thromboembolic pulmonary disease who did not meet the hemodynamic criteria for PH. Atherosclerotic lesions were found in 25 (27.2%) of all patients with CTEPH (the atherosclerotic lesion group) and were not found in the proximal lesions of the pulmonary artery in the remaining 67 patients. There was a tentative difference in age among the two groups (56 vs. 51 years, P = 0.094), although it was not statistically significant. Since the development of atherosclerosis is known to be significantly associated with age and gender, propensity score matching was performed to reduce bias (10). In this way, 25 patients without atherosclerotic lesions (the non-atherosclerotic lesion group) were selected in the subsequent analysis.


[image: image]

FIGURE 1
The flowchart of the patient selection process. PEA, pulmonary endarterectomy; PAS, pulmonary artery sarcoma; PH, pulmonary hypertension; CTEPH, chronic thromboembolic pulmonary hypertension; AS, atherosclerosis; PSM, propensity score matching.


The demographic characteristics and hemodynamic features of the two patient groups are shown in Table 1. Patients with atherosclerotic lesions were more likely to have a history of symptomatic embolism (88 vs. 56%, P = 0.012), including pulmonary embolism and deep vein thrombosis. However, there were no significant differences between the two groups of patients in co-morbidities and hemodynamic parameters.


TABLE 1    Demographic and hemodynamic characteristics of the study population.
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The atherosclerotic lesions of CTEPH were characterized by the accumulation of lipid-laden foam cells derived mainly from macrophages, as well as cholesterol crystals displaying as clefts (Figures 2A,B). Oil-Red-O staining showed that typical lipid depositions were mainly localized inside the neointima and adjacent to the thrombotic materials (Figures 2C,D). Furthermore, calcification was observed in the PEA tissues by H&E staining from 40% (10/25) of CTEPH patients with atherosclerotic lesions, higher than 8% (2/25) of those without an atherosclerotic lesion. There was no macrophage infiltration in the pulmonary artery from the healthy lung transplant donor (Figure 3A). As reflected by CD68 immunolabeling, macrophage infiltration was clearly found in the atherosclerotic lesion in PEA-derived tissue. Meanwhile, we have also found moderate macrophage accumulation in the non-atherosclerotic area of the CTEPH pulmonary artery (Figures 3B–D).


[image: image]

FIGURE 2
Representative images of atherosclerotic lesions in PEA specimens revealed by H&E and Oil-Red-O staining. (A) Irregular-shaped cholesterol crystallization and the cluster of foam cells derived from macrophages engulfing the lipid, scale bars: 1,000 μm. (B) Magnification of the picture on the left. (C) The bright red area shows apparent lipid deposition, localized inside the neointima, and adjacent to the thrombotic materials, scale bars: 2,000 μm. (D) Magnification of the picture on the left.
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FIGURE 3
Representative images of pulmonary artery immunolabeled with anti-CD68 antibodies. (A) Negative immunohistochemical staining of the pulmonary artery from healthy lung transplant donor, scale bars: 200 μm. (B) Relatively lower abundance of CD68+ macrophages in the non-atherosclerotic lesion of CTEPH, scale bars: 200 μm. (C) Strong positive immunoreactivity of CD68+ macrophages was found in the atherosclerotic lesion, outlined by the red box, of the pulmonary artery resected by pulmonary endarterectomy. Scale bar: 200 μm. (D) Magnified view of panel (C).




Risk factors of atherosclerotic lesions and association with severity of chronic thromboembolic pulmonary hypertension

To identify the risk factors for atherosclerotic lesion in CTEPH, various clinical parameters were compared between the two groups of patients. No apparent differences were found between the two groups of patients, as shown in Table 2. Based on these results, the formation of atherosclerotic lesions in the pulmonary artery might not be associated with the traditional risk factors for atherosclerosis, such as increased plasma cholesterol, smoking history, and diabetes. The higher incidence of symptomatic thromboembolic history in the CTEPH patients with atherosclerotic lesions suggested that the occurrence of atherosclerotic lesions might be related to the direct endothelial damage caused by the presence and compression of embolus. Moreover, the age of the lesion of patients with atherosclerosis was longer than that of patients without atherosclerosis (8.0 ± 6.5 vs. 4.7 ± 4.2 years, P = 0.039), as shown in Table 2. Therefore, it was possible that the formation of unresolved clots caused long-term damage to the endothelium, leading to atherosclerosis. In this way, the atherosclerotic lesions probably developed secondary to the accumulation of thromboembolic materials and were related to long-term injury of the endothelium due to the thromboembolus.


TABLE 2    Risk factors of atherosclerosis in CTEPH with and without atherosclerotic lesion.
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No significant difference was found in preoperative hemodynamics and right ventricular function between the two groups. Not surprisingly, a significant decrease in mPAP after surgery was confirmed in all CTEPH patients (Table 1). There was no significant difference in persistent PH between CTEPH patients with and without atherosclerotic lesions (24 vs. 36%, P = 0.355). At this early time point, there was no correlation between atherosclerotic lesions and postoperative persistent PH.



Differential metabolites of atherosclerotic lesions in chronic thromboembolic pulmonary hypertension

To assess the metabolites involved in the formation of atherosclerotic lesions in CTEPH, non-targeted metabolomics were performed on the pulmonary artery tissues from PEA. Baseline data of the randomly selected patients are shown in Supplementary Table 2. Significant differences in metabolites between the two groups were suggested by principal component analysis score plots (Figure 4A). The heatmap of the major differential metabolites is shown in Figure 4B. Several key metabolites were significantly elevated in the atherosclerotic group compared with the non-atherosclerotic patients, including indole and choline. On the other hand, several metabolites were decreased in the atherosclerotic group, including isobutyric acid and serine. Figure 4C reflects the association between these differential metabolites. The pathway enrichment analysis further revealed that the differences in glycine, serine, and threonine-related metabolism were related with the atherosclerotic lesions (Figure 4D). In brief, altered glycine, serine, and threonine metabolism may play a potential role in the occurrence of atherosclerotic lesions in CTEPH pulmonary arteries.
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FIGURE 4
Differential metabolites and key metabolic pathways of atherosclerotic lesion. (A) Principal component analysis score plots. (B) Heatmap of the differential metabolites. (C) Associations between the differential metabolites. (D) Bubble plot of pathway enrichment analysis.





Discussion

In the present study, we described the clinical characteristics of CTEPH patients with atherosclerotic lesions and discovered the underlying metabolic alterations of these lesions. Our data indicated that atherosclerotic lesions in CTEPH were likely to be associated with a history of symptomatic embolism and a prolonged timespan between thromboembolism and PEA surgery, instead of the common risk factors of atherosclerosis in the systemic and coronary circulation. In line with these clinical findings, the formation of atherosclerotic lesion was related to aberrant amino acid metabolism, possibly responsible for cellular senescence and abnormal energy metabolism. The clinicopathological description of atherosclerosis and its associated changes in metabolites revealed by this study contribute to our understanding of an important subgroup of CTEPH and provide novel insight into the pathogenesis of this pulmonary vascular disease.

The proportion of atherosclerotic lesions in patients with CTEPH population was 27.2% in our patient population, which is consistent with previous pathological studies (7, 13). In our study, patients with atherosclerotic lesions were more likely to have had a history of symptomatic embolism. Patients with a prolonged timespan between thromboembolism and PEA surgery had a significantly higher incidence of atherosclerotic lesions, possibly due to persistent damage of the pulmonary artery by the fibrotic clots over time. However, in terms of this timespan, as nearly a quarter of the population did not have a history of thromboembolic events, and given that the initial episode of thromboembolism may not even be the first thromboembolic event in patients with a history of thromboembolism, the age of the lesion may be undetermined or underestimated for all patients in this study. As for the implication of atherosclerosis of the outcome of surgical treatment, Corsico et al. have demonstrated that after the perioperative period, the early hemodynamic benefits of PEA remain largely stable over 5 years (20). We therefore concluded that at an early time point, patients with and without atherosclerotic lesion had no difference in risk of persistent or residual PH. A possible reason for this might be that atherosclerotic lesions were accompanied by organized fibrotic materials that could be removed more completely by surgery. Taken together, we have characterized this unique subset of CTEPH patients in detail, revealing the clinical features of patients with CTEPH and an atherosclerotic lesion in the pulmonary artery.

Atherosclerosis is mainly characterized by an accumulation of cholesterol crystals and foam cells derived from macrophages, under the influence of a variety of predisposing factors (21, 22). However, the common risk factors of atherosclerosis in the systemic and coronary circulation, such as smoking, altered blood lipid, and pulmonary emphysema, were not found in CTEPH patients with atherosclerotic lesions in the present study. It is well known that the major pulmonary artery and its branches are rarely affected by atherosclerotic lesions due to their relatively low blood pressure and high flow (12). In contrast, during the development of PH, atherosclerotic lesions may occur in the main pulmonary artery (9, 12, 23). Atherosclerotic lesions in the pulmonary vascular bed have also been noted in pulmonary arterial hypertension, revealed by autopsy, possibly as a result of shear stress-induced endothelial injury and subsequent inflammation (24, 25). During the histopathological examination in our study, typical lipid deposition was found to be located under the thrombi and was suspected to be a secondary lesion caused by chronic fibrotic clots, which is consistent with previous reported findings (26). We also found that atherosclerotic lesions were mostly localized in the proximal region, while angiogenesis was found in the distal region (results not shown), suggesting that atherosclerotic lesions may cause defective angiogenesis in some way, such as a local release of pro-inflammatory cytokines, which deserves further investigation. It has been proposed that “multiple hits” contribute to the pathogenesis of CTEPH following thromboembolism, including local release of inflammatory factors, endothelial dysfunction, and macrophage polarization (27, 28). Intriguingly, the same factors are also known to induce the formation of atherosclerotic lesions. Collectively, this manifestation of atherosclerotic lesions following chronic thromboembolism is distinct from systemic and coronary atherosclerosis but may instead be attributable to a unique local microenvironment that is influenced by a variety of stimuli.

In agreement with this notion of an altered microenvironment, an infiltration of macrophages was found in the atherosclerotic lesions, suggesting that foam cells in the atherosclerotic lesion could be derived from activated macrophages. Consistently, Quarck et al. found that the accumulation of inflammatory cells, represented by macrophages, was found in atherosclerotic and thrombotic lesions (7). The influence of pro-inflammatory mediators on pathophysiological processes such as macrophage polarization is a major underlying cause of many chronic inflammatory diseases (29, 30). Choline, a key metabolite that we identified in the atherosclerotic tissue in CTEPH, has been proven to be involved in the macrophage-foam cell formation and the development of atherosclerotic lesion (31). In addition, serine deprivation inhibits macrophage interleukin-1β (IL-1β) production to modulate macrophage function, resulting in less inflammation upon pro-inflammatory challenge (32). Of note, serine metabolism is necessary for glutathione synthesis to support IL-1β production (33). It has also been proven that the glycine-related metabolic axis is involved in energy metabolism (19, 34). More importantly, previous studies showed that alterations in amino acid metabolism could accelerate the development of coronary atherosclerosis and ischemic heart disease (35, 36). The differential metabolites in atherosclerotic lesions found in this study were significantly related to altered energy metabolism, which were consistent with metabolomic investigations of atherosclerosis using coronary tissues (37, 38). Therefore, we believe that the chronic thromboembolism has a certain impact on the proinflammatory cytokine production and altered energy metabolism of the local pulmonary artery, thereby affecting lipid deposition. The findings of this study may promote further research on the link between metabolic reprogramming, proinflammatory microenvironment, and atherosclerotic lesions in CTEPH. Further studies are required with targeted metabolomics, validation, and mechanistic exploration in order to understand the roles of specific metabolic pathways.

The current European Respiratory Society statements recommend screening patients with persistent or new-onset dyspnea after pulmonary embolism despite standard anticoagulation, indicating that earlier diagnosis and intervention may determine the outcome of the patient (2). In our study, the difference of the age of the lesion between the two groups represented the prolonged disease duration of patients with atherosclerotic lesions. Meanwhile, an atherosclerotic lesion was observed in none of the three chronic thromboembolic disease patients without PH. We thus presumed that the atherosclerotic lesions developed during the late stage of remodeling of the pulmonary arteries. Although the existing evidence does not support a relation between an atherosclerotic lesion and the severity of CTEPH based on preoperative hemodynamics and right heart size and function, the observed correlation with the course of disease still supports the notion of earlier screening patients with acute PE. It is possible that early effective intervention before or during the development of atherosclerotic lesions may arrest the progression of CTEPH.

We acknowledge the limitations of our study. First, this study was derived from a single-center retrospectively observational study and could be better supported with replications from independent centers. The absence of a follow-up assessment has limited us in deducing conclusions related to long-term prognosis. We also acknowledge the potential selection bias that may arise from propensity score matching. Additionally, a quantitative assessment of macrophage activation was not performed and will be explored in future mechanistic studies. However, the evidence of an atherosclerotic lesion in the pulmonary artery in CTEPH and relevant alterations of metabolites were the main focus and findings of the current study.



Conclusion

In summary, we found that CTEPH patients with atherosclerotic lesions generally had a higher proportion of symptomatic embolism and prolonged disease duration. A potential linkage has been suggested between atherosclerotic lesions and an aberrant metabolic program, which has been suggested to play a key role in proinflammatory mediator production and energy metabolism. Collectively, we have characterized the clinical features and the metabolic landscape of this distinct group of CTEPH patients, providing novel insights into the pathophysiology and potential therapeutic strategies for the development of CTEPH.
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Background: Brugada syndrome (BrS) is a disease associated with ventricular arrhythmias and sudden cardiac death. Epicardial ablation has demonstrated high therapeutic efficacy in preventing ventricular arrhythmias. The purpose of this research is to define a workflow to create a patient-specific 3D-printed tool to be used as a surgical guide for epicardial ablation in BrS.

Methods: Due to their mechanical properties and biocompatibility, the MED625FLX and TPU95A were used for cardiac 3D surgical guide printing. ECG imaging was used to define the target region on the right ventricular outflow tract (RVOT). CT scan imaging was used to design the model based on patient anatomy. A 3D patient-specific heart phantom was also printed for fitting test. Sterilization test was finally performed.

Results: 3D printed surgical models with both TPU95A and MED625FLX models were in agreement with pre-specified imputed measurements. The phantom test showed retention of shape and correct fitting of the surgical tool to the reproduced phantom anatomy, as expected, for both materials. The surgical guide adapted to both the RVOT and the left anterior descending artery. Two of the 3D models produced in MED265FLX showed damage due to the sterilization process.

Conclusions: A 3D printed patient-specific surgical guide for epicardial substrate ablation in BrS is feasible if a specific workflow is followed. The design of the 3D surgical guide ensures proper fitting on the heart phantom with good stability. Further investigations for clinical use are eagerly awaited.

KEYWORDS
 arrhythmias treatment, 3D printing, image processing, segmentation, Brugada syndrome


Introduction

Brugada syndrome (BrS) is a disease associated with ventricular arrhythmias and sudden cardiac death. A mutation in the SCN5A gene, which codes for sodium channels, can be found in 20–25% of BrS patients (1, 2). The prevalence of BrS is ≈5–20 per 10,000 subjects worldwide and accounts for ≈20% of sudden death in patients with apparently normal hearts (3). Several therapeutic strategies have been developed over the years, including the following: drug treatment, implantable cardioverter-defibrillator (ICD), and catheter ablation. Among these solutions, catheter ablation has demonstrated high therapeutic efficacy in preventing ventricular arrhythmias with complete elimination of the BrS ECG phenotype (4) and the abnormal epicardial substrate in the right ventricular outflow tract (RVOT) (5–7). ECG imaging (ECGI) is a non-invasive mapping system used to assess the epicardial substrate in BrS (8); this tool is based on high-density electrocardiography that reconstructs epicardial potentials from ECG signals (8). It can give information on the anatomy and extent of the abnormal substrate in BrS that should be targeted on the epicardium of RVOT. However, the clinical images used to detect the abnormal area cannot be directly applied as a guide during epicardial ablation (open chest, mini thoracotomy or hybrid thoracoscopic) (9).

The purpose of this research is to define a workflow to create a patient-specific 3D-printed tool to be used as a surgical guide for epicardial ablation in BrS. In particular, in this paper, the printing process is described for a case of Brugada syndrome (index case). Furthermore, a literature review is provided.



Methods


Data acquisition and images processing

The first step to create a 3D guide for BrS epicardial ablation was to acquire an ECGI map. CardioInsight (Medtronic Inc, Minneapolis, MN) non-invasive 3D mapping system technology was used for this aim. In BrS, the results of invasive mapping studies have been shown to be consistent with those obtained with ECGI (5, 10–12).

ECGI is able to determine the electrical activity of the heart non-invasively, by reconstructing epicardial potentials from signals obtained from the trunk. In particular this is performed solving the inverse problem of electrocardiography (13) by subsequent processing of signals using mathematical reconstruction algorithms. An ECGI vest consisting of 252 electrodes is attached to the patient's torso and connected to a CardioInsight system that records the signals of 252 unipolar electrocardiograms. The anatomy of the heart and the position of each electrode on the trunk is reconstructed from the patient-specific CT scan. The chamber geometry is then reconstructed to obtain a three-dimensional model. This model is used to project unipolar signals represented by virtual nodes onto the epicardial surface (14). Additional signal processing allows the generation of different types of maps, such as activation maps, voltage maps, iso-potential maps, and phase maps. The UZBCIT software (Medtronic Inc, Minneapolis, MN) enables simultaneous visualization of the ventricular volume and mapping of the electrical activity of the heart.

For the purpose of this study, mapping was performed with the CardioInsight Non-invasive 3D Mapping System (Medtronic Inc, Minneapolis, MN) in one BrS patient (index patient). Unipolar electrocardiograms obtained from the 252 electrodes Vest were projected into 3D geometry. Activation time (AT), repolarization time (RT), and activation-repolarization interval (ARI) maps were automatically obtained using CardioInsight technology. The activation time for each unipolar electrogram was defined as the time elapsed between the onset of depolarization (QRS) and the maximum negative slope (maximum negative dV/dt) of the electrogram. Activation delay boundaries were delineated through a post-analytical process using a next-generation software (UZBCIT) developed by Medtronic Inc. (Minneapolis, MN), which can provide a quantitative measure of the pathological RVOT area, based on activation delay.

As a second step the images derived from ECGI (UZBCIT software) were processed with photogrammetry using the free version of ZephirLite (3DFlow©). Zephir works semi-automatically. After the photos are loaded, the masks obtained with Masquerade are loaded and the parameters for the reconstruction are set. In this case, the reconstruction was obtained through the high-resolution option for a general object. First, the software creates a cloud of scattered points (Figure 1), which are obtained automatically by placing a point in three or more images and then generating a dense cloud, on which a densification filter has been applied to obtain a better visualization of the cloud itself. From this cloud, the software creates a network to which a topology optimization filter has been applied. Finally, the textured mesh is exported to the saved.obj. This image processing takes about 2 h.


[image: Figure 1]
FIGURE 1. 3D models for surgical guide printing. (A) Photogrammetric reconstruction view in Zephir software scatter point; (B) Tool model in Blender software.




Surgical prototype design

Blender 3.0 (Blender Foundation, Amsterdam, The Netherlands) was used to design the model for the index patient (Figure 1). The first step was to get a mesh of RVOT that is based on patient anatomy; to achieve this, the reference measurements were derived from the photogrammetry-based reconstruction exported from ZephirLite (3DFlow©) (15). Blender software can scale up or down a 3D mesh evenly throughout its volume. The 3D object can be enlarged or reduced, the geometry can be refined and the thickness can be adjusted through the 3D extrusion process. Once the correct dimensions were obtained, the mesh was manipulated using the Modeling > Knife function to remove excess parts and shape the opening (surgical hole) for the arrhythmogenic region of interest. As next step, the function Modeling > Extrude Along Normal was used to create a tool thickness of 1 mm. The region of interest was identified by a previous ECGI map examination, together with an experienced cardiologist on the basis of the latest activated area.

Once the surgical guidance was defined, smoothing functions were used to create an appropriate design of the 3D model. To ensure stable placement of the surgical guide on the heart, the left anterior descending coronary artery (Figure 1) was chosen as a reference anatomical landmark. This was considered a point where a guide could be placed on the organ to ensure its correct position. After the mesh manipulation was completed, the mesh was prepared for printing using two steps. The first step was the Layout> 3D-print> checks function, which allows detecting possible errors in the mesh, and then using the Layout> 3D-print>Clean-up> makemainfold function, which allows to clean up issues like holes, non-major folding, and inverted normals. At this point, the model was extracted using Layout > 3D-print > export to.STL format (Figure 1).



3D prototype printing

The 3D surgical model for the index patient was printed using two different techniques with two different materials. A pre-specified thickness of 1 mm was chosen. The FDM technique was used to create the model using Anycubic's Mega Zero printer. The model was uploaded to Cura (Ultimaker) software, which is necessary to prepare the model for printing. Subsequently, the parameters for printing were set: the extruder speed was set to 20 mm/s (16) for higher accuracy, the extrusion temperature was set to 225°C, and the filling percentages were set to 100%. The sample was printed using TPU95A material (Figure 2).


[image: Figure 2]
FIGURE 2. 3D surgical guides and 3D heart phantom. (A) Printed and cleaned surgical tool in TPU95A; (B) Printed and cleaned surgical tool in MED625FLEX; (C) Printed and cleaned 3D model of the phantom in TPU95A.


The other technique used was the polyjet; it is a hybrid of selective curing and droplet deposition. After spraying each layer, the tray is moved down one layer in thickness, then the process is repeated with the next layer (17). The most important component is the printhead: it applies a liquid compound of reactive monomers and oligomers that polymerize in response to ultraviolet light. The 3D printer used was a Stratasys Object260 Connex1 (Stratasys Inc., Eden Prairie, MN, USA). The material chosen for this research was a flexible, transparent, biocompatible material from Stratasys: MED625FLX TM (Stratasys Inc., Eden Prairie, MN, USA). The model was printed in monomaterial mode and the printer was set to glossy printing to obtain a thicker layer (Figure 2). The thickness of each layer measured 16 nanometers; therefore, this process can be classified among the most accurate processes, and the device can be considered one of the fastest processes for rapid prototyping. The small thickness of the layers ensured the production of a model with a very smooth surface and small details. The material, substrate and print mode were defined before the print was started. Once all the settings were selected, the software calculated the print time based on the position of the object on the tray. After the printing process was completed, the surgical guide was inserted into the SUP706 holder (FullCure705), a gel-like carrier material that was then carefully removed. A high-pressure water jet was used to remove the carrier material (Objet WaterJet cleaning unit, Stratasys Inc., Eden Prairie, MN, USA). The cleaning time varies for each printed model depending on its design.

Sterilization resistance tests were performed at the UZ Brussel Hospital to assess if the samples could be damaged during sterilization. The sterilization procedure is a mandatory step for the practical use of a surgical guide. To evaluate the response of the 3D printed object to sterilization, four samples with different thicknesses were selected for each material: 1, 1.2, 1.5, and 2.2 mm, respectively. Sterilization by vapor peroxide (VHP) with a STERRAD NX sterilizer (Johnson & Johnson, Irvine, CA) with a standard setting of 43°C for 43 min was chosen.

To evaluate the impact of the sterilization process on the 3D printed models, the samples were classified in three categories, according to the degree of damage to the prototype during sterilization (Table 1). The three classes have been developed taking into account the requirements for the final result.


Table 1. Categories of damage to the 3D surgical model during sterilization.

[image: Table 1]

A 3D model of the patient's heart anatomy (specific for the index patient) was printed at full scale as a phantom to test the placement of the surgical guide (Figure 2). The printing process chosen to manufacture the phantom was fused deposition (FDM) using a Mega zero 3D printer.

Thermoplastic polyurethane (TPU95A) was used. The phantom included the RVOT and the left anterior descending artery, thus being suitable to test surgical guide placement.




Results

After the printing process was completed, the support material was removed; removing the support did not cause any damage to the models. The models showed no signs of mechanical stress and no printing errors. Printing and model cleaning were completed in a 5 h cycle.

3D printed surgical models both with TPU95A and MED625FLX measured 1 mm in thickness, as expected.

The TPU95A model weighed 6 grams and measured 59.79 mm in width, 33.57 mm in length and 45.31 mm in height. The model had a volume space of 6.09 mm3. FDM printing was done in high mode with a total TPU95A consumption of 36 g (Figure 2).

The MED625FLX model weighted 6.5 grams and measured 59.79 mm in width, 33.57 mm in length and 45.31 mm in height. The model had a volume space of 6.09 mm3. Polyjet printing was done in high mode with a total consumption of 10.507 ml (Figure 2).

The region of interest (surgical hole) of the printed model measured 27 mm in height and 15.1 mm in width; measurements were consistent with pre-specified targets imputed in Blender software.

The phantom fit test showed shape retention and proper fit of the surgical tool to the reproduced phantom anatomy, as expected, for both materials (Figure 3). The surgical guide fitted both the RVOT and left anterior descending artery. The addition of the anatomical landmark allowed high stability of the 3D surgical guide positioning.


[image: Figure 3]
FIGURE 3. Fitting test pre and post sterilization. (A) Phantom in full scale; (B) pre-sterilization fitting test; (C) Phantom with applied 3D model edges marked; (D) post-sterilization fitting test.


The assessment of 3D surgical samples after sterilization is summarized in Table 2. In particular, TPU95A-based models did not show any damage. Models in MED625FLX (1 and 2.2 mm) were damaged during the sterilization procedure (Figure 4). The samples printed with both materials that were unaffected by the sterilization step retained their pre-sterilization dimensions, according to the 3D design.


Table 2. Results of the sterilization process.
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[image: Figure 4]
FIGURE 4. Damaged samples during the sterilization process. (A) prototype in MED625FLX 2.2 mm damaged during sterilization; (B) prototype in MED625FLX 1 mm damaged during sterilization.




Discussion

This study is the first to demonstrate the feasibility of a patient-specific surgical guide for epicardial substrate ablation in BrS. The workflow to print a 3D surgical guide for patients suffering from BrS and candidates to substrate ablation is described for an index case.

Surgical guidance aims at protecting the healthy part of the heart tissue, thus ensuring targeting directly the specific pathogenic area in the RVOT of BrS patients.

An effective 3D surgical guide for BrS should respect the following criteria: (1) patient specific anatomy and (2) targeting of the patient specific abnormal region in the RVOT. This can be performed using CT scan imaging imported in the UZBCIT software. ECGI is of utmost importance to localize the region of interest. Finally, Zephyr Lite software (3DFlow©) has been used to create the 3D volume. Using this software, it was possible to create a 3D mesh starting from jpg images. Two printing techniques (Polyjet or FDM) were suitable for its use.

The use of Polyjet printers offers shorter production times and better surface treatment of printed objects than the FDM technique. On the other hand, FDM technology is more affordable than Polyjet, and the selection of materials with Polyjet technology, despite being tested and approved for medical use, is severely limited compared to the variety found in FDM manufacturing.

MED625FLX is a flexible, transparent and biocompatible material. Two of the 3D models produced in MED265FLX showed damage due to the sterilization process, but given the location of the damaged parts, it is possible that the damage was due to the geometry of the prototype rather than the thickness or the material.

Flexible TPU95A is available on the market at a relatively affordable price, the printing technique is readily available and its mechanical and physical properties make it suitable for the intended type of medical use.


Literature review

Previous studies demonstrated the feasibility of a surgical guide for coronary artery bypass graft, to visualize the region of interest for bypass placement during the intervention (18). In particular this 3D model can be used to visually target the coronary artery stenosis for bypass placement overcoming the epicardial fat which can prevent an optimal view; a bypass model can be used both as a guide and as a surgical educational tool.

The material for printing is a crucial step when coming to bioprinting and biocompatibility.

Xiao et al. showed that TPU95A has higher tensile strength and elongation when printed at temperatures between 215 and 230°C than at lower temperatures. They also demonstrated that if the extrusion temperature is in the above range, there is an increase in thermal coupling between the edges and the interior of the sample, which dramatically reduces the possibility of sample breakage (17).

For the hereby presented 3D model MED625FLX and TPU95A were chosen because of previous literature evaluating the effect of radiofrequency energy sources. In particular both materials have been recently tested by our group with radiofrequency catheter ablation (19). For surgical guides design, the 2.5 mm MED625FLX could be used, with bipolar radiofrequency catheter, ensuring good geometrical, mechanical and thermal properties. None of the two biomaterials tested are suitable for unipolar radiofrequency ablation.

Samples printed with both materials that remained intact after sterilization and showed dimensional consistency. The design of the 3D surgical guide ensured proper fitting on the heart phantom with good stability. Although the MED625FLX was specially designed by the manufacturer for medical use, its elongation rupture is not extremely high, so it might be better suitable for mini thoracotomy. TPU95A material is more flexible and has a greater elongation when sliding, thus it might be suitable for use during thoracoscopic catheter ablation.



Future perspective

The hereby described workflow has been applied for one case (index) patient with BrS. Assessing the reproducibility of the described 3D model in a large cohort is eagerly awaited. Future research is needed to test mechanical properties and further assess biocompatibility. In particular, the response of the material to radiofrequency ablation has been evaluated but further evaluation for cryoablation is needed.




Conclusions

A 3D printed patient-specific surgical guide for epicardial substrate ablation in BrS is feasible if a specific workflow is followed. The design of the 3D surgical guide ensures proper fitting on the heart phantom with good stability. Further investigations for clinical use are eagerly awaited.
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Background: Systemic hypoperfusion plays a pivotal role in the pathogenesis of primary open-angle glaucoma (POAG). Extreme dips in mean arterial pressure (MAP) due to high 24-h variability are associated with POAG, however, whether this is driven by diurnal or nocturnal dips remains undocumented. We aimed this study to investigate the association of POAG damage with variability and dips in the diurnal and nocturnal MAP.

Methods: We conducted a retrospective longitudinal study that included 110 POAG patients who underwent 24-h ambulatory blood pressure monitoring. Our outcomes included (i) functional [visual field defects expressed as mean deviation (MD)] and (ii) structural (optic disc cupping obtained from cup-to-disc ratio) glaucoma damage. MAP variability independent of the mean (VIMmap) was computed for diurnal and nocturnal MAP. Dips were the five diurnal and three nocturnal lowest drops in MAP. We also calculated the night-to-day ratio. We applied mixed models to evaluate the progression of visual field defects and optic disc cupping in relation to diurnal and nocturnal MAP measures.

Results: The mean age was 64.0 y (53% women). The median follow-up was 9 years. In adjusted mixed models, functional progression of glaucoma damage was associated with VIMmap (−2.57 dB change in MD per every 3 mmHg increase in VIMmap; P < 0.001) and diurnal MAP dips (changes in the MD ranged from −2.56 to −3.19 dB; P < 0.001). Every 5 mmHg decrease in the nocturnal MAP level was associated with −1.14 dB changes in MD [95% confidence interval (CI), −1.90 to −0.40] and 0.01 larger optic disc cupping (95% CI, 0.01–0.02). Lower night-to-day ratio was also related to both outcomes (P ≤ 0.012). Functional glaucoma damage worsened if nocturnal hypotension was combined with high variability or extreme dips in the diurnal MAP (P ≤ 0.022).

Conclusion: Progression of glaucoma damage in POAG associates with high variability and extreme dips in the diurnal MAP. Structural glaucoma damage seems more vulnerable to nocturnal hypotension. Ambulatory blood pressure monitoring allows the assessment of sporadic diurnal and persistent nocturnal hypotension episodes. These phenotypes might offer an opportunity to improve the risk-stratification of open-angle glaucoma (OAG).

KEYWORDS
ambulatory blood pressure monitoring (ABPM), diurnal MAP profile, nocturnal hypotension, glaucoma progression, primary open-angle glaucoma


Introduction

Open-angle glaucoma (OAG) is a progressive optic neuropathy characterized by loss of retinal ganglion cells and visual deterioration in eyes with or without high intraocular pressure (1). The pathogenesis of OAG is unclear but recent evidence focuses on risk factors that affect the ocular perfusion pressure (2, 3), with nocturnal hypotension being the most important systemic vascular risk factor (4–6). The most plausible hypothesis is that low mean arterial pressure (MAP) leads to reduced ocular perfusion pressure, promoting the loss of retinal ganglion cell death due to ischemia of the optic nerve head (7, 8). However, beyond the MAP level, fluctuations in the 24-h MAP may also destabilize the ocular perfusion pressure due to repetitive and extreme MAP drops over 24-h (9). Approximately 60–80% of these extreme dips in the MAP occur during the day in both normotensive and hypertensive individuals (9), indicating that low MAP is not only limited to nocturnal hypotension. This is critical as the perfusion pressure to the eyes is about 2/3 lower than at the brachial level in the standing or sitting positions—the often diurnal postures (3). In normal physiological conditions, eyes have the ability to maintain their blood flow despite changes in the perfusion pressure by autoregulatory mechanisms (7). However, eyes with glaucoma exhibit irregular autoregulation (7). Therefore, a physiologically lower perfusion pressure coupled with extreme diurnal dips in the MAP would result in glaucomatous eyes experiencing a more intense hypoperfusion state in the optic nerve, resulting in the progression of the disease. Building upon this theory, we aimed this study to test the hypothesis that high variability and dips in the diurnal MAP are associated with OAG damage. We also tested that diurnal MAP dips combined with nocturnal hypotension lead to a more severe OAG damage.



Materials and methods


Cohort study

We included patients age ≥ 18 or older with OAG from the database available at the Glaucoma Department, University Hospitals Leuven, Belgium to conduct a retrospective, observational, cohort study. We identified 476 Caucasian patients with OAG followed between 1998 and 2019 who underwent 24-h ambulatory blood pressure monitoring at the Glaucoma Department, University Hospitals Leuven. The assessment of the 24-h blood pressure was performed because patients experienced progression of glaucoma damage despite the intraocular pressure being within the normal range during follow-up. Of 476 patients, a total of 110 patients with primary open-angle glaucoma (POAG) were included in the present study. POAG was defined as glaucoma patients with maximal recorded untreated intraocular pressure level above 21 mm Hg. The Ethics Committee of the University Hospitals Leuven approved the secondary use of the data from the glaucoma patients (registration numbers, S65245 and B32220083510).



Ophthalmological examination

The ophthalmic examination was performed by glaucoma specialists, and included measurement of best-corrected visual acuity, biomicroscopy and fundus examination by slit lamp examination and a 90-diopter lens. The intraocular pressure was measured with Goldmann applanation tonometry. Optic disc cupping was the cup-to-disc ratio estimated by glaucoma expert visual rating during the fundus examination. The optic nerve head and the retinal fiber layer were examined by Heidelberg Retinal Tomography (HRT3®) or Optical Coherence Tomography Spectralis® (Heidelberg Engineering GmbH, Heidelberg, Germany). The visual field was tested using the Humphrey Visual Field Analyzer HFA3® (Carl Zeiss Meditec AG, Jena, Germany) or the Octopus 300/900 system® (Haag-Streit AG, Switzerland). Glaucoma was diagnosed following the 5th European Glaucoma Society Guidelines, as a significant optic nerve rim and retinal nerve fiber layer thinning with congruent visual field defects. Figure 1 illustrates examples of functional and structural glaucomatous damage. Functional glaucoma damage was derived from the visual field test expressed as mean deviation (decibels, dB). Structural glaucomatous damage (optic disc cupping) was defined as cup-to-disc ratio (1, 10).


[image: image]

FIGURE 1
Representation of functional (left columns) and structural (right columns) glaucomatous damage. Top panels illustrate moderate visual field defects (A) and cup-to-disc ratio within the normal range. Bottom panels show severe visual field defects (C) and enlarged optic disc cupping (D).




Blood pressure measurements

Office blood pressure was the average of three readings at the initiation of the ambulatory blood pressure recordings in the patients enrolled at the Leuven Glaucoma Department. The ambulatory blood pressure monitoring was performed with validated oscillometric recorders (Mobil-O-Graph devices) (11). The programmed intervals between readings ranged from 15 min (from 06hh00 to 00h00) during daytime and from 30 min (from 00h00 to 06h00) at night (Supplementary Table 1). The within-participant 24-h MAP was a time-weighted average, giving a weight to each individual reading proportional to the interval to the previous reading. Diurnal and nocturnal MAP hypertension were a MAP equal or higher than 96 and 82 mm Hg; respectively (12). As no current operative thresholds are available to define hypotension, we used the within-individual lowest 10th percentile of the diurnal and nocturnal MAP distribution to define diurnal and nocturnal hypotension. We used the variability independent of the mean (VIM) index to quantify the diurnal and nocturnal MAP variability measurements. VIM was calculated as the within-participant standard deviation divided by the mean to the power x and multiplied by the population mean to the power x. The power x was obtained by fitting a curve through a plot of the standard deviation against the mean, using the model: standard deviation = a × meanx, where x was derived by non-linear regression analysis. The value of x so obtained was 1.05 and 0.77 for estimating diurnal and nocturnal VIMmap. To study extreme dips in MAP, the five diurnal and three nocturnal readings with the largest drops compared to the previous reading in individual MAP readings were selected for further analysis—the time elapsed in between was used to quantify the duration of dips/blips. To identify decrease in the nocturnal MAP levels in relation to diurnal MAP levels, we estimated the night-to-day ratio (13). Night-to-day ratios ≤0.80 indicated an extreme dipping in the nighttime MAP compared to daytime, >0.80 to ≤0.90 indicated a normal physiological nocturnal MAP dipping, and >0.90 indicated non-dipping.



Statistical analysis

For database management and statistical analysis, we used SAS software, version 9.4, maintenance level 5. Baseline characteristics were reported as arithmetic mean with standard deviation for continuous variables with normal distribution, or median with interquartile ranges for non-parametric continuous variables. Categorical data was reported as frequency and percentage (%). Our outcome was glaucoma progression assessed as longitudinal changes in the (i) mean deviation, expressed in decibels (dB) or (ii) optic disc cupping assessed as cup-to-disc ratio. We conducted unadjusted and adjusted linear mixed models to evaluate the relationship between glaucoma progression and ambulatory MAP measurements. Adjusted models accounted for variables with biological relevance and additionally accounted for the time difference between the baseline visual field test/fundus examination and ambulatory blood pressure monitoring. Supplementary analysis included fully-adjusted models additionally accounted for the diurnal or nocturnal MAP level. In linear mixed models, we introduced a random-effect that accounted for clustering of the observations within participants, that is, accounting for individuals’ initial mean deviation or cup-to-disc ratio instead of the sample average – this was done while accounting for correlation between eyes. Including follow-up time as an intercept in the random statement allows us to construct longitudinal linear mixed models (14, 15). We plotted the progression of glaucoma damage across categories of variability and dips in the diurnal and nocturnal MAP by deriving from mixed modeling the predicted longitudinal mean deviation and cup-to-disc ratio across the categories. We also investigated the contribution of changes in (i) diurnal MAP variability and dips and (ii) nocturnal MAP level in relation to glaucoma progression. Significance was a 2-tailed α-level of ≤ 0.05.




Results


Cohort characteristics

The mean age was 68.5 years, and 40.9% (n = 45) patients with POAG were women (Table 1). The prevalence of office, diurnal, and nocturnal MAP hypertension was 83.6, 62.3, and 69.1%, respectively, and 6.4% were on antihypertensive medication. Supplementary Table 2 contains the list of medications for lowering the intraocular pressure or systemic blood pressure levels. The rates of current smoking, drinking habits, obesity, diabetes mellitus, and previous cardiovascular diseases ranged from 2.7 to 20.9%. The averaged maximum untreated intraocular pressure was 24 mm Hg—the baseline intraocular pressure was 14 mm Hg. A total of 46 (41.8%) and 40 (36.4%) POAG patients were on eye drops medications or had surgical interventions to lower the intraocular pressure. With a median follow-up time of 9 years, the median number of visual field tests was 11 (interquartile range, 6–20 tests). The median baseline and last mean deviation were −8 and −11 dB. The number of cup-to-disc measures in a median of 5 years was 5.3, and the baseline and last measures were 0.84 and 0.85. The median time between the baseline ambulatory blood pressure monitoring and baseline visual field test was 1.7 years.


TABLE 1    Baseline characteristics of glaucoma patients.
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Ambulatory blood pressure measurements

Table 2 contains the measurements of the diurnal and nocturnal MAP level and variability. Nocturnal MAP level (88.4 vs. 99.5 mm Hg) and variability (8.0 vs. 10.6 mm Hg) were lower than diurnal MAP measurements. Based on the 10th lowest percentile of the distribution, diurnal and nocturnal low MAP were set at < 84 and < 74 mm Hg; respectively. Dips measurements seemed similar between diurnal and nocturnal MAP. The average night-to-day MAP ratio was 0.88 mm Hg; 15.5, 47.3, and 37.3% were extreme dipper, normal dippers, and non-dippers.


TABLE 2    Level, variability, and dips in the ambulatory mean arterial pressure during diurnal and nocturnal periods.
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Diurnal variability and dips in mean arterial pressure

In univariate adjusted models, diurnal MAP level or low MAP level (below 84 mm Hg) were not associated with the progression of glaucoma damage (P ≥ 0.051; Table 3). Every 3 increase in the VIMmap was related to −2.57 dB [95% confident interval (CI), −3.86 to −1.27 dB] changes in the mean deviation (P < 0.001) regardless of potential confounders and diurnal (Table 3) or nocturnal (Supplementary Table 3) MAP level. All diurnal measures were significantly associated with progression of glaucoma damage; the estimates ranged from −3.05 dB (95% CI, −4.28 to −1.83; P < 0.001) to –1.59 dB (95% CI, −2.63, −0.55; P = 0.003). Neither diurnal VIMmap nor dip measures were significantly related to the progression of structural glaucoma damage (Table 3). In Figure 2, the predicted mean deviation was the same across categories of diurnal MAP level (Figure 2A, P = 0.380), however, the predicted mean deviation was worse in relation to higher diurnal variability (Figure 2B; P < 0.001) and lower MAP dips (Figure 2C; P < 0.001). The predicted cup-to-disc ratio was similar across categories of diurnal MAP level (Figure 2D), variability (Figure 2E), and dips (Figure 2F).


TABLE 3    Mixed models for the association of progression of glaucoma damage in relation to level, variability, and dips in the diurnal mean arterial pressure in primary open-angle glaucoma.
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FIGURE 2
Predicted progression of glaucoma damage across categories of variability and dips in the diurnal mean arterial pressure (map) in patients with primary open-angle glaucoma. VIM refers to variability independent of the mean. We derived the predicted longitudinal mean deviation (A–C) and optic disc cupping (D–F) from mixed modeling while accounting for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking habits, in-office intraocular pressure closest to the visual field test, past (max) intraocular pressure registered, eye drops and surgical treatment for lowering the intraocular pressure, use of antihypertensive medication, time-difference between the visual field test and the ambulatory blood pressure monitoring, and the 24-h MAP level. Vertical lines represent the 95% confidence interval. P-values are for trend in changes in the mean deviation (A–C) and optic disc cupping (D–F) across categories.




Nocturnal variability and dips in mean arterial pressure

Contrary to diurnal, lower MAP level was associated with −0.71 dB changes in the mean deviation (Table 4, 95% CI, −1.24 to −0.17; P = 0.003) and 0.01 larger optic disc cupping (95% CI, 0.01–0.02; P = 0.014). Patients with a nocturnal MAP level below 74 mm Hg had a −7.54 dB change in the mean deviation (P = 0.005). Every 0.05 mm Hg decrease in the night-to-day ratio related to −0.98 dB change in the mean deviation (95% CI, −1.72 to −0.24; P = 0.006) and 0.02 larger cup-to-disc ratio (95% CI, 0.01–0.03; P = 0.012). In a categorical analysis of the night-to-day ratio, we did not observe a significant association of extreme dipping with glaucoma damage (P ≥ 0.051). Nocturnal VIMmap was not associated with glaucoma damage (P = 0.054). Only the duration of the nocturnal dips and dips minus the nocturnal MAP level were significantly associated with changes in the mean deviation—the estimates were −1.59 and −1.37 dB; respectively. The other nocturnal dip measures were not statistically related to glaucoma damage (P ≥ 0.224). Figure 3 displays the predicted longitudinal mean deviation and optic disc cupping in relation to categories in the nocturnal MAP level, variability, night-to-day ratio, and dips. Progression of the glaucoma damage worsened across categories of MAP level (Figure 3A; P = 0.008) and night-to-day ratio (Figure 3C; P = 0.030), but did not worsen for variability or dips categories (Figures 3B,D–F). Adjustment by diurnal MAP level did not modify the mentioned findings (Supplementary Table 4).


TABLE 4    Mixed models for the association of progression of glaucoma damage in relation to level, variability, and dips in the nocturnal mean arterial pressure in primary open-angle glaucoma.
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FIGURE 3
Predicted progression of glaucoma damage across categories of variability and dips in the nocturnal mean arterial pressure (MAP) in patients with primary open-angle glaucoma. Noc refers to nocturnal; VIM, variability independent of the mean. We derived the predicted longitudinal mean deviation (A–C) and optic disc cupping (D–F) from mixed modeling while accounting for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking habits, in-office intraocular pressure closest to the visual field test, past (max) intraocular pressure registered, eye drops and surgical treatment for lowering the intraocular pressure, use of antihypertensive medication, time-difference between the visual field test and the ambulatory blood pressure monitoring, and the 24-h MAP level. Vertical lines represent the 95% confidence interval. P-values are for trend in changes in the mean deviation (A–C) and optic disc cupping (D–F) across categories. Dip measures did not associate with glaucoma progression (P ≥ 0.254).




Contribution of diurnal variability and nocturnal hypotension mean arterial pressure to glaucoma

Structural glaucoma damage was only associated with low nocturnal MAP, therefore, we plotted in Figure 4 the contribution of diurnal variability and nocturnal MAP to functional glaucomatous damage. Lower nocturnal MAP across tertiles of diurnal VIMmap was associated with worse mean deviation (P < 0.009; Figure 4A). The lower the tertiles of dip measures combined with low nocturnal MAP level was associated with worse glaucoma damage (P < 0.001; Figure 4B). When we simultaneously analyzed diurnal and nocturnal MAP measures, we observed that both phenotypes independently contributed to the progression of glaucoma damage (Supplementary Table 5). For instance, in model 1, every 5 decrease in the nocturnal MAP level with + 3 increase in diurnal VIMmap were associated with −0.80 dB (95% CI, −1.33 to −0.27; P = 0.003) and −2.54 dB (95% CI, −3.80 to −1.28; P < 0.001) longitudinal changes in the mean deviation.
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FIGURE 4
Predicted longitudinal mean deviation in relation to nocturnal mean arterial pressure (MAP) level along with variability and dips in the daytime map. The numbers within the contour graphics represent the predicted changes in the mean deviation (dB) during follow-up time. The blue-white-red bar indicates the severity of the changes, where blue represents the smaller change and red the largest. We derived the predicted longitudinal changes from mixed modeling while accounting for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking habits, in-office intraocular pressure closest to the visual field test, past (max) intraocular pressure registered, eye drops and surgical treatment for lowering the intraocular pressure, use of antihypertensive medication, and time-difference between the visual field test and the ambulatory blood pressure monitoring, and by the time-difference between the visual field test and the 24-h intraocular pressure assessment. Vertical lines represent the 95% confidence interval. For (A), the P-values of the contribution of nocturnal MAP level and daytime MAPVIM were 0.008 and < 0.001, respectively. The P-values of nocturnal MAP level combined with daytime dip measures were < 0.001 for (B), and 0.022 and 0.383 in (C).





Discussion

Our study results indicate that the diurnal profile of sporadic drops in the MAP during the daytime due to high MAP variability is related to the progression of glaucoma damage rather than the absolute diurnal MAP level. On the contrary, low nocturnal MAP level—rather than variability—was associated with functional and structural glaucomatous damage. The progression of functional glaucomatous damage worsened if nocturnal hypotension was accompanied by high variability or extreme dips in the diurnal MAP.

Our finding that nocturnal hypotension was associated with the progression of functional and structural glaucomatous damage among patients with POAG is in agreement with numerous studies (4–6). Aside from nocturnal hypotension, low office hypotension is also associated with OAG (16–18). Notwithstanding the previous evidence, there is no documentation of the role of diurnal MAP profile in relation to OAG. In our study, we found that high diurnal MAP variability was associated with the progression of glaucomatous damage independently of the average MAP level. Moreover, we observed that repetitive and extreme dips in the MAP were also related to glaucoma damage. Only two studies conducted in the 1990s have investigated diurnal MAP drops but in patients with focal ischemic glaucoma and limited assessment of the diurnal MAP profile (19, 20). Lastly, when we evaluated the contribution of diurnal and nocturnal MAP profiles, we observed that the progression of glaucomatous damage worsened if nocturnal hypotension occurred alongside extreme dips in the diurnal MAP. Our findings suggest that, beyond nocturnal hypotension, the diurnal blood pressure profile provides additional predictive information to assess the risk of glaucoma progression.

The clinical perspective of our findings considers the identification of glaucoma patients experiencing sporadic drops in the diurnal MAP that could lead to reduced ocular perfusion pressure. It is important to differentiate between repetitive drops and diurnal hypotension—the last is more complex to recognize than nocturnal hypotension. The complexity relies on the diurnal MAP level being at the range where autoregulation plateaus are preserved (21). The eyes have autoregulatory mechanisms that respond to changes in the perfusion pressure to maintain blood flow (21). A theoretical range determines to what extent such blood flow is preserved when the perfusion pressure raises or drops (22). Considering our findings, we suggest that the mean diurnal MAP did not decrease below the lower limit where autoregulation is interrupted. Of note, in the two studies relating focal ischemic glaucoma with diurnal MAP drops, the mean diurnal MAP was 93.6 (20) and 96 mm Hg (19), which based on our previously proposed thresholds (12), a diurnal MAP ≥ 94 or 96 mm Hg denote high and MAP hypertension. In our current study, 62.3% of the patients had diurnal MAP hypertension, with an average daytime MAP of 99 mm Hg. In numerous studies on OAG, the diurnal MAP level ranged from 90 to 99 mm Hg (4, 23–28). With this in mind, recognizing diurnal hypotension seems improbable but diurnal sporadic hypotensive episodes might be a novel risk factor for OAG. Moreover, future studies need to clarify whether this autoregulatory range might be decreased in glaucoma patients in accordance with microvascular or endothelial dysfunction.

The perfusion pressure to the eyes is physiologically lower than at the brachial level in the standing and sitting positions (3). This is because of an increased hydrostatic force. Therefore, the estimation of the ocular perfusion pressure corrects MAP by a factor of 2/3 (3, 8). Although individuals’ postural positions are commonly supine or seated during the daytime, it is possible that eyes with glaucoma maintain the blood flow in the presence of such physiologically lower ocular perfusion pressure. However, alongside extreme diurnal MAP dips, the perfusion pressure might sporadically drop below the lower limit where autoregulation is impaired (22), leading to ischemia in the optic nerve head. This hypothesis might support our findings that diurnal, but not nocturnal, MAP variability and repetitive dips relate to glaucoma damage progression. Moreover, we previously reported that when the five largest drops in the MAP over 24-h are identified, about 60–80% of these extreme dips in the MAP occurred during the day in both normotensive and hypertensive individuals (9). A lower perfusion pressure due to postural changes coupled with extreme diurnal dips in the MAP is another clinical aspect to be considered when assessing glaucoma risk.

24-h intraocular pressure was not assessed in our study. Nevertheless, it is important to put in perspective our findings with regards to 24-h intraocular pressure. Patients with glaucoma progression have more diurnal peaks and fluctuations in the intraocular pressure compared to patients without progression (29, 30). Such fluctuations also relate to changes in the ocular perfusion pressure in POAG (31), however, MAP variability can also affect the ocular perfusion pressure (7). Taking our findings into perspective, diurnal peaks in the intraocular pressure combined with diurnal MAP dips would likely result in repetitive drops in the ocular perfusion pressure (2), leading to glaucoma damage progression. On the other hand, as similarly reported in our study, glaucoma also relates to nocturnal hypotension (4–6). It is therefore plausible that nocturnal hypotension occurs with elevated nocturnal intraocular pressure. This is in agreement with previous studies showing that the intraocular pressure is higher during the night due to postural changes during the nighttime (32–34) or early morning peaks because of elevated cortisol levels (35, 36). A persistent reduced ocular perfusion pressure might potentially lead to prolonged ischemia in the optic nerve head during the night. This hypothesis remains untested and future studies will have to face the challenge of measuring nocturnal intraocular pressure, as such tools are not readily available. Despite these limitations, the clinical management of glaucoma should improve by investigating and preventing MAP dips, and tailoring treatment to prevent peaks in the intraocular pressure (37, 38).


Study limitations

Limitation of our study includes the selection of patients with advanced POAG. The University Hospitals of Leuven is a tertiary referral center and therefore a high proportion of included patients have advanced and progressive glaucoma which limits the generalizability of our findings among patients with moderate glaucoma damage. The retrospective nature of our study and lack of 24-h intraocular pressure are also limitations for interpreting our findings. Finally, the criteria to perform ambulatory blood pressure in glaucoma patients was based on the progression of the disease despite the intraocular pressure being kept within the normal range which might represent a selection bias.




Conclusion

Progression of glaucoma damage in patients with POAG associates with high variability and extreme dips in the diurnal MAP. Structural glaucomatous damage seems more vulnerable to occur in the presence of nocturnal MAP hypotension. Nowadays evidence focuses on nocturnal hypotension, omitting patients with OAG experiencing repetitive extreme drops in the MAP during the daytime. By implementing 24-h ambulatory blood pressure monitoring, it is possible to identify sporadic diurnal and persistent nocturnal hypotension episodes associated with glaucoma damage. In combination with 24-h intraocular pressure, ambulatory blood pressure monitoring might lead to better stratification of glaucoma risk.
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Introduction: Steerable sheaths (SSs) are frequently used to improve catheter contact during pulmonary vein isolation (PVI) procedures. A new type of visualizable (by electroanatomical mapping system) SS has become available in clinical treatment.

Purpose: We aimed to compare procedural data of visualizable vs. non-visualizable steerable sheath assisted PVI procedures in patients with atrial fibrillation (AF).

Methods: In this single-centre randomized study, we enrolled a total of 100 consecutive patients who underwent PVI due to AF.

Results: A total of 100 patients were randomized into 2 groups (visualizable SS group: 50; non-visualizable SS group: 50). Acute ablation success was 100% and the rate of the first pass isolation were similar (92% vs. 89%; p = 0.88). Using visualizable SS, left atrial (LA) procedure time (53.1 [41.3; 73.1] min vs. 59.5 [47.6; 74.1] min.; p = 0.04), LA fluoroscopy time (0 [0; 0] s vs. 17.5 [5.5; 69.25] s; p < 0.01) and LA fluoroscopy dose (0 [0; 0.27] mGy vs. 0.74 [0.16; 2.34] mGy; p < 0.01) was significantly less, however, there was no difference in the total procedural time (90 ± 35.2 min vs. 99.5 ± 31.8 min; p = 0.13), total fluoroscopy time (184 ± 89 s vs. 193 ± 44 s; p = 0.79), and total fluoroscopy dose (9.12 ± 1.98 mGy vs. 9.97 ± 2.27 mGy; p = 0.76). Compared to standard, non-visualizable SS group, the number of radiofrequency ablations was fewer (69 [58; 80] vs. 79 [73; 86); p < 0.01) as well as total ablation time was reduced (1049 sec. [853; 1175] vs. 1265 sec. [1085; 1441]; p < 0.01) in the visualizable SS cohort. No major complications occurred in either group.

Conclusion: Compared to the standard, non-visualizable SS, visualizable SS significantly reduces the left atrial procedure time, RF delivery and fluoroscopy exposure without compromising its safety or effectiveness in patients undergoing PVI procedures for AF.
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GRAPHICAL ABSTRACT
Using visualizable or non-visualizable steerable sheaths for pulmonary vein isolation.




Introduction

Atrial fibrillation (AF) is the most common arrhythmia, with a prevalence between 2 and 4% in adults (1). According to the most recent guidelines published by the European Society of Cardiology (ESC), in the management of AF, the primary indication for rhythm control strategy is to reduce AF-related symptoms and improve quality of life (2). Catheter ablation (CA) for AF is superior to antiarrhythmic drugs (AAD) for the maintenance of sinus rhythm (3–8).

The cornerstone of the AF ablation procedures is the complete electrical isolation of the pulmonary veins (2). To achieve pulmonary vein isolation (PVI) steerable sheaths (SS) are frequently used, which enables the operator to improve the contact and stability of the ablation catheter, which are crucial for effective lesion formation in the left atrial myocardium during point-by-point radiofrequency (RF) ablation (9–11).

Advance in technology can help to optimize procedural workflow and reduce radiation exposure for AF ablation procedures. A new type of SS (VIZIGO, Biosense Webster Inc., Irvine, CA) has become available in clinical treatment, which can be visualized by CARTO electroanatomical mapping system (Biosense Webster Inc., Irvine, CA, USA; Figure 1). VIZIGO can be visualized on the CARTO3 System based on advanced catheter location (ACL) technology. The sheath itself has an 8.5 French inner lumen, and it is bi-directional, allowing a 180 degrees deflection in both directions.
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FIGURE 1
Three dimensional electroanatomical map of left atrium in posteroanterior view visualized by CARTO3 system. (A) Using visualizable steerable sheath (red dashed line), it is easier to understand spatial relationship between the ablation catheter (yellow asterisk) and the sheath. (B) Using standard steerable sheath, only the ablation catheter is visualized by the CARTO3 system. LIPV, left inferior pulmonary vein; LSPV, left superior pulmonary vein; RIPV, right inferior pulmonary vein; RSPV, right superior pulmonary vein.


In our prospective randomized trial, we aimed to compare the procedural outcomes of patients undergoing PVI procedures performed by either visualizable or standard, non-visualizable SSs.



Methods


Study patients

In our prospective singe-centre trial, 100 consecutive patients undergoing PVI procedure for paroxysmal or persistent AF were randomized into visualizable (VIZIGO, Biosense Webster Inc., Irvine, CA) or standard, non-visualizable (Agilis™ NxT, St. Jude Medical, St. Paul, MN, USA) SS groups.

Exclusion criteria were (a) previously performed PVI procedure; (b) additional ablations beyond PVI (including any left or right atrial ablations); and (c) age under 18 years.

All procedures were accomplished by the same expert electrophysiologist. The protocol of the trial is in accordance with the Declaration of Helsinki and the study protocol was approved by the regional ethics committee. All patients provided written informed consent for the study protocol.



Study protocol

During the procedures, fentanyl ± midazolam was used to achieve a conscious sedation. After local anesthesia, following vascular ultrasound guided femoral venous puncture one decapolar steerable catheter (Dynamic Deca, Bard Electrophysiology, Lowell, MA, USA) was positioned in the coronary sinus (CS). After intracardiac echocardiography (ICE)-guided double transseptal puncture a multipolar, steerable, circular mapping catheter (Lasso NAV, Biosense Webster Inc., Diamond Bar, CA, USA) was inserted in the left atrium via SL0. Besides, a contact force (CF)–sensing ablation radiofrequency (RF) ablation catheter (Navistar Thermocool SmartTouch ST NAV, Biosense Webster Inc., Diamond Bar, CA, USA) was positioned into the left atrium through either visualizable or standard, non-visualizable SSs. A fast anatomical map of the left atrium was performed with the Lasso NAV catheter supported by CARTO electroanatomical mapping system (Biosense Webster Inc., Diamond Bar, CA, USA). Ablation catheter was set in a power-controlled mode with a maximum power of 45 W for anterior and 35 W for posterior wall using a maximum temperature of 43°C.

During RF ablations, CARTO VISITAG™ Module was used with minimum stability time of 4 s and maximum location stability range of 2.5 mm. Visitag Surpoint (i.e., ablation index) was applied with targets of 350 at the posterior wall and 450 at the anterior wall. Target interlesion distance was <5 mm. Point-by-point ablation technique was used, contact force (CF) and impedance was monitored in real time. CF was held between 5 and 15 g during ablation.

During the ablations, to blind the operator to the presence or absence of first-pass isolation, Lasso catheter was positioned in the contralateral pulmonary veins. Intravenous unfractionated heparin was administered immediately after the first transseptal puncture, and an activated clotting time of >300 s was held for the whole duration of the procedure. The procedural endpoint of the ablation was obtained if all PVs were isolated. Based on our institutional protocol, only PV isolation was performed even in persistent AF cases.

Procedure time was defined as the time from the first femoral vein puncture until the removal of the catheters. Left atrial time was measured from the end of the TS until the withdrawal of the sheaths from the left atrium. Fluoroscopy time and radiation dose were automatically measured by the fluoroscopy system. Total number of the RF applications and total ablation time were recorded by the EP recording system (CardioLab, GE Healthcare).

The occurrence of major complications (i.e., vascular complications, pericardial effusion, cardiac tamponade, stroke, or atrio-esophageal fistula) were systematically evaluated during the whole hospitalization.



Statistical analysis

Data were analyzed according to their normal distribution on the Kolmogorov–Smirnov goodness-of-fit test. Continuous data were presented as the mean ± SD or median (interquartile range, IQR), as appropriate while categorical variables are presented as absolute numbers and percentages. For comparisons, chi-square test, t-test, and Mann–Whitney U test were applied as appropriate. A p-value < 0.05 was considered statistically significant in all analyses. Statistical analyses were performed using SPSS 24 software (SPSS, Inc., Chicago, IL, USA).




Results

A total of 100 patients were randomized into visualizable or non-visualizable SS groups. No intra- or postprocedural patient exclusion was applied. We did not find any significant difference in the baseline characteristics of the study population between the groups (male sex: 80% vs. 70%, p = 0.25; age: 56.0 ± 17.4 vs. 58.2 ± 13.1 years, p = 0.74, Table 1).


TABLE 1    Clinical characteristics of the study population.
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In all 100 cases PVs were isolated, thus procedural endpoint was achieved, and acute procedural success was 100%. The rate of the first pass isolation were similar (92% vs. 89%; p = 0.88). Total procedural time did not differ between visualizable vs. non-visualizable SS groups (90 ± 35.2 min. vs. 99.5 ± 31.8 min.; p = 0.97). Using visualizable SS, left atrial procedure time (53.1 [41.3; 73.1] min vs. 59.5 [47.6; 74.1] min.; p = 0.04), left atrial fluoroscopy time (0 [0; 0] s vs. 17.5 [5.5; 69.25] s; p < 0.01) and left atrial fluoroscopy dose (0 [0; 0.27] mGy vs. 0.74 [0.16; 2.34] mGy; p < 0.01) was significantly less, however, there was no difference in total fluoroscopy time (184 ± 89 s vs. 193 ± 44 s; p = 0.79), and total fluoroscopy dose (9.12 ± 1.98 mGy vs. 9.97 ± 2.27 mGy; p = 0.76). More procedures were performed fluoroless following the transseptal puncture in the visualizable SS group (88.0% vs. 16.0%, p < 0.001).

Compared to non-visualizable SS, the number of radiofrequency ablations was fewer (69 [58; 80] vs. 79 [73; 86]; p < 0.01) as well as total ablation time was reduced (1049 s. [853; 1175] vs. 1265 s. [1085; 1441]; p < 0.01) in the visualizable SS cohort. No major complications occurred in either group. We summarized our results in Table 2.


TABLE 2    Procedural parameters in the study population.
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We performed statistical analysis separately for persistent AF cases. Results showed similar data as the overall cohort, however, there was no difference between the groups in the left atrial procedure time (54.8 [44.3; 59.0] min vs. 66.9 [50.0; 73.7] min, p = 0.23) and the total fluoroscopy time was reduced in the visualizable SS group (182 ± 52 s vs. 244 ± 84 s, p = 0.02). Data shown in Table 3.


TABLE 3    Procedural parameters in persistent atrial fibrillation cases.
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Discussion

Catheter ablation for AF is the most frequently performed ablation procedure worldwide. The integration of novel technologies in procedural workflows can help to achieve significant reductions in fluoroscopy exposure and procedural times for PVI. During these procedures, transseptal sheaths are routinely used to reduce procedural time and improve acute and long-term success rate. SSs can improve the contact and stability of the ablation catheter, thus were found superior compared to fixed sheaths (12).

The novel type SS, unlike the standard SS, can be visualized in CARTO3 navigation system with the help of electrodes and the magnetic sensors of the ablation catheter. The visualization of the sheath helps to determine the spatial relationship between the ablation catheter and the sheath during catheter manipulation. However, to date, limited scientific data (only from observation studies) are available evaluating the effect of using visualizable SS for AF ablation procedures.

In an observational study performed by Guo et al. visualizable SS was compared to fixed sheath in patients who underwent PVI procedures for paroxysmal AF, found that the novel type SS for CA reduced radiation exposure, moreover, it significantly improved CF and initial PVI rate. Total procedural time was shorter with the use of visualizable SS, however, left atrial procedural time did not differ between the groups (13).

A recently published observational study by Rajendra et al. compared PVI procedures performed by visualizable SS sheaths vs. a cohort, where no transseptal sheaths were used. They found no difference in clinical effectiveness, however, visualizable SS helped to improve catheter stability and to reduce ablation time, besides, more procedures could be performed without applying fluoroscopy (14).

In our single-centre randomized trial we found that use of visualizable SS reduced left atrial procedural time, left atrial fluoroscopy time, total ablation time and number of RF applications, while effectiveness and safety was equal compared to the standard, non-visualizable SS. These results could be due to the improved catheter stability, however, we did not collect data about contact force values. Importantly, using visualizable SS, in 44 out of 50 cases, we performed the procedure fluoroless following the transseptal puncture, which also proved to be more common compared to the standard, non-visualizable SS group. Moreover, the use of visualizable SS reduced total fluoroscopy time in persistent AF cases compared to non-visualizable SS group.

During an AF ablation procedure, the average patient fluoroscopy dose approximates 15 mSv, which increases the absolute lifetime risk of fatal cancer for an adult by 0.075% (15). Besides, annual radiation exposure of interventional cardiologists and electrophysiologists may even reach an effective dose of 5 mSv yearly (16). Although this risk can be reduced by applying various forms of radiation protection and the “as low as reasonably achievable” (ALARA) principle, it remains still of great importance. Furthermore, the wearing of lead aprons is associated with a higher rate of work-related musculoskeletal pain (17–19).

The use of EAM systems besides ICE can efficiently help in reducing the radiation exposure without compromising the safety and efficacy of the ablation procedures. With the implementation of visualizable VIZIGO sheath, the fluoroscopy exposure can be reduced effectively, thus it can support to achieve zero- or minimal fluoroscopic AF ablations.

Based on the results of the meta-analysis performed by Huang et al., comparing conventional fluoroscopy vs. low/zero-fluoroscopy PVI procedures, similar clinical efficacy and safety can be reached by the adoption of alternative imaging modalities such as 3D EAM systems, force-sensing ablation catheters and ICE. Moreover, low/zero-fluoroscopy approach was associated with shorter procedure time besides reduced fluoroscopy time and exposure (20). Visualizable SS was not used in either involved studies, however, considering the available scientific data, application of these types of SSs could help in the feasibility of the low/zero-fluoroscopy approach and improve procedural outcomes of PVI procedures.



Limitations

Our results should be interpreted with the careful consideration of the following limitations. Firstly, this was a randomized, single-centre, single-operator study with a limited number of patients enrolled, which may limit its generalizability. Secondly, data about contact force parameters were not available. Finally, our study does not provide data on whether the long-term results are influenced by the type of SS. Multicentre trials are required to assess and to improve clinical outcomes with visualizable SSs.



Conclusion

Compared to the standard, non-visualizable SS, visualizable SS significantly reduces the left atrial procedure time, RF delivery and fluoroscopy exposure without compromising its safety or effectiveness in patients undergoing PVI procedures for AF.
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As the burden of cardiovascular and cerebrovascular events continues to increase, emerging evidence supports the concept of plaque vulnerability as a strong marker of plaque rupture, and embolization. Qualitative assessment of the plaque can identify the degree of plaque instability. Ultrasound and computed tomography (CT) have emerged as safe and accurate techniques for the assessment of plaque vulnerability. Plaque features including but not limited to surface ulceration, large lipid core, thin fibrous cap (FC), intraplaque neovascularization and hemorrhage can be assessed and are linked to plaque instability.
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Introduction

The most frequent cause of coronary and carotid artery disease is atherosclerosis. Plaque with high-risk features are characterized as “vulnerable” and are associated with a greater probability of neurologic and cardiovascular events (1). There is evidence that not only luminal narrowing but plaque morphology plays a vital role in characterizing such vulnerable plaques (2). Carotid plaques may rupture and lead to transient ischemic attacks or ischemic strokes (3). There are currently no therapies for vulnerable plaque beyond treatment with statins, as stenting and endarterectomy are recommended for the treatment of symptomatic patients with high stenosis. However, studies have shown that carotid plaques with high risk features albeit <50% stenosis may be linked to cryptogenic ischemic strokes (4). The dynamic nature of atherosclerotic plaque and its potential consequences has led researchers to focus on non-invasive methods for their early detection and identification. Duplex ultrasound is simple, inexpensive, and can be used to assess the morphology and degree of carotid stenosis. Determination of carotid plaque morphology including but not limited to ulceration, plaque area, intraplaque hemorrhage (IPH), and plaque echogenicity may be useful in identifying patients with asymptomatic carotid disease who are at higher risk of adverse events (2). CT including both dual source CT (DSCT) and multidetector CT angiography (MDCTA) has emerged as a reliable tool in the assessment of vulnerable plaque as well. This review summarizes the utility of ultrasound and CT in the evaluation of the vulnerable carotid plaque. Early detection via these modalities can prevent neurologic and cardiovascular events.


Ultrasound and the carotid vulnerable plaque

Carotid ultrasound has been utilized to predict the risk of cerebrovascular disease (CVD). Traditionally, measuring the carotid intima media thickness (CIMT) has been verified as an important estimator of CVD (5). However, potential pitfalls in the assessment of CIMT has made it fall out of favor. In contrast, recent studies have demonstrated the assessment of carotid plaque itself as a more accurate means of assessing the risk of CVD (6–8). Inflammatory changes in an unstable plaque have shown to contribute more to CVD events than direct extension of atherosclerosis (9). Ultrasound is a safe and non-invasive method to assess plaque vulnerability. Carotid plaque evaluation via ultrasound should include a detailed assessment of the number of plaques, plaque thickness/height, plaque area, surface features, neovascularization, and when possible, a 3D assessment of the entire vessel involved (7).

Various ultrasonographic methods can be used to assess atherosclerotic plaques including real time ultrasound, doppler ultrasound, non-doppler flow evaluation methods, optimal ultrasound, Contrast enhanced ultrasound (CEUS), and shear wave elastography (10).



Plaque surface irregularities

Plaque ulceration has long been shown to correlate with neurological symptoms and the occurrence of stroke (11). The detection of plaque ulceration is superior via CEUS as opposed to B-mode or color flow doppler sonography due superior sensitivity (88% compared to 29%) (12). In individual studies, B-mode and color flow doppler have shown sensitivities and specificities of 35.7–85.7% and 75%–81.3% respectively. The latter lacks sensitivity in high-grade stenosis (13).

Echo-intensity serves as a marker of surface morphology. Uniform echo intensity corresponds to a smooth and regular surface whereas a non-uniform pattern and mixed echo-intensities indicate surface heterogeneity (14). Criterion used to classify ulceration vary, largely the projection of a column of microbubbles within an atherosclerotic plaque of 1 × 1 mm or more has shown a high sensitivity (15, 12)

Plaque surface has broadly been classified over the spectrum of smooth, irregular, and ulcerated (Figure 1) and correlates with the risk of embolic strokes (16, 17). Smooth plaques lack surface irregularities, irregular plaques have surface irregularities ranging from 0.3 to 0.9 mm without ulceration (18), while ulcerated plaques have at least one focal cavity measuring from 1 to 2 mm in depth which leads to exposure of the underlying necrotic core (17).


[image: image]

FIGURE 1
Diagrammatic representations and MDCTA images illustrating the classification of carotid plaques based on their surface morphology as smooth (a), irregular (b) and ulcerated (c) (Content copied in its original form from reference (19) under Creative Commons Attribution 4.0 International License).




Plaque echogenicity

Echogenicity of the plaque is directly related to the amount of calcification and fibrous tissue and inversely related to the lipid content of the plaque. IPH is directly related to lipid content and inversely related to the amount of fibrous tissue in the plaque. Therefore, the association between IPH and a high lipid content may support the theory of the lipid-rich plaque being more prone to rupture (20–24).

Echogenicity of a plaque is graded across type 1 to 5 based on the Gray-Weale-Nicolaides (GWN) classification (25, 26):


Type 1: Homogeneously translucent plaque which is difficult to distinguish from fluid inside the vessel. Plaque primarily composed of lipids and necrotic material.

Type 2: Echo lucent plaque with the presence of single calcifications not exceeding 25% of plaque volume or 20−25% of plaque size.

Type 3: Predominantly echogenic plaque−calcifications constitute up to 50% of plaque structure.

Type 4: Uniformly echogenic with greater than 50% uniform calcification.

Type 5: Heavily calcified plaque.





Thickness of the fibrous cap, size of the lipid necrotic core

Thinning and rupture of the fibrous cap (FC) is sentinel in plaque instability. Rupture is common in plaques with FC thickness less than 0.065 mm (27–30). Neovascularization found in the FC especially in the medial and lateral corners can become leakage sites of blood vessels through the accumulation of inflammatory cells. This adds to the vulnerability of the plaque (30). Thin or ruptured FC has also been linked to plaque ulceration which is a known marker of plaque instability. In addition to thickness, echogenicity of the cap is also important. A thin FC defines the plaque as thin cap atheromatic plaque (TCAP) which makes the plaque vulnerable to rupture (26).

Lipid core accounting for 40% of the plaque volume makes it prone to rupture (13). Echo lucent plaques are lipid rich while echogenic plaques are fibrin rich with calcification. Plaque echogenicity can be graded from one to four as described previously. Echo lucent plaques have a higher association with CVAs (31, 32).



Carotid neovascularization

Atherosclerosis within the plaque leads to local hypoxia promoting neovascularization and vessel wall injury. Vessel wall injury in turn leads to inward growth of the vasa vasorum leading to further neovascularization. This immature neovascularization leads to increased vessel wall density. As the vascularity grows, the size of the core grows which stretches the FC thin. This is referred to as thin fibrous cap atheroma/thin cap atheroma plaque (TFCA/TCAP). The microvessels lack wall integrity, bleed and lead to IPH which compromises stability of the plaque (10, 33–35). IPH has been correlated with increased incidence of CVD (36).

Studies have shown consistency of CEUS in the detection of neovascularization (37, 38). CEUS uses ultrasonographic contrast agent (UCA) consisting of micro bubbles which reflect ultrasound waves as harmonic frequencies back toward the transducer. The contrast agents are composed of small microbubbles that remain intra-arterial and can pick up microvasculature in the adventitia and the core of the plaque. The microbubbles give off signals back to the transducer which are reflective of the microvasculature. This intraplaque enhancement can represent IPH, immature leaky vasa vasorum and neovessels in vulnerable plaques. Signal intensity may correlate with the density of the microvasculature and be directly related to the vulnerability of the plaque (39, 40). Intraplaque enhancement has been graded for qualitative assessment. Grade 1 (mild) no intra plaque enhancement, Grade 2 (moderate) enhancement of the plaque shoulder and adventitia, or Grade 3 (severe) intraplaque enhancement (40, 41). Grade 4 has also been used which involves more extensive infiltration into the plaque body (Figure 2).
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FIGURE 2
Contrast-enhanced carotid ultrasound for the detection of plaque neovascularization. Content copied in its original form from Mantella et al. with permission (42). Carotid intraplaque neovascularization scoring method. Representative contrast-enhanced ultrasound images of carotid plaques. (A) demonstrates a plaque score of 0, no visible microbubbles within the plaque; (B) demonstrates a plaque score of 1, minimal microbubbles confined to peri-adventitial area; (C) demonstrates a plaque score of 2, microbubbles present throughout the plaque core. The yellow dotted line outlines the plaque lesion. Yellow circles depict intraplaque contrast microbubbles.




Computed tomography imaging of carotid artery vulnerable plaque

Traditionally, MRI has been considered the imaging of choice in evaluating high risk plaques. However, recent advances in CT have made it a reliable resource for detecting plaque vulnerability. MDCTA and DSCT are the two most widely available techniques utilized for plaque assessment. Compared to conventional CT which utilizes individual slices, MDCTA acquires volume data, has much higher data acquisition speed and therefore allows for a much higher spatial resolution. This allows for better visualization of the tissue components of a vulnerable plaque compared to MRI (43, 44).

Although MDCTA’s wide availability makes it a convenient resource, it does have noticeable difficulty in differentiating between plaque calcium and luminal contrast (38). These restrictions are overcome with the DSCT technology that visualizes distinct radiodensities in a carotid plaque. Clear distinction between luminal contrast and the plaque body is achieved with DSCT. Unlike MDCT, DSCT is not as widely available but provides greater temporal resolution compared to MRI (13, 45).

Multidetector computed tomography and dual source computed tomography also help assess details of a soft plaque. Soft plaque is a combination of IPH, lipid-rich necrotic core (LRNC) and fibrous elements. On CT, soft plaque is generally defined as a low attenuation plaque with roughly <60 Hounsfield units (HU), whereas fibrous tissue is considered between 60−130 HU and >130 HU is considered calcified plaque. Soft plaque is associated with a threefold increase in cerebrovascular events (46), hence it is increasingly important for imaging techniques to efficiently discover soft plaque of the carotid arteries.



Computed tomography evaluation of intraplaque-hemorrhage

Intra-plaque hemorrhage is a critical event preceding an acute ischemic events. Neo-vasculature that has invaded into the plaque can rupture and cause IPH. Factors contributing to micro hemorrhaging include diabetes, metabolic derangements, etc. (47).

Recent research has suggested that CT can identify these high risk features in a plaque, despite MRI having been considered the foremost imaging modality for IPH in the past. One study by Saba et al. in 2018 suggested that Hounsfield units <25 on CT consistently identified the presence of IPH. Utilizing this information, a retrospective study published in 2019 by Saba et al. evaluated components and subcomponents of plaque volume and IPH in 200 carotid arteries that underwent CTA. Their research suggested that Hounsfield units <25, which represented IPH, showed a statistically significant association with the presence of cerebrovascular events in patients (48).



Computed tomography evaluation of the lipid rich necrotic core

Differentiating between LRNC and IPH on CTA can be challenging as both have low attenuation (<60 HU). However, IPH is considered to have lower Hounsfield unit values on average than LRNC, 18 HU compared to 63 HU, respectively. In general, low attenuation still represents the presence of high risk soft plaque and differentiating between IPH and LRNC on CTA may not have a clinical importance (45).



Computed tomography evaluation of the fibrous cap

Assessment of FC integrity plays a critical role in differentiating between low and high risk plaques. Low risk plaques have an intact FC, thinned FC is related with mildly increased risk of rupture, while a fissured FC overlying a large LRNC carries a very high risk of plaque rupture. Once rupture occurs, the thrombogenic subendothelial plaque and its matrix are exposed to intraluminal blood flow and can lead to thromboembolism.

Saba et al. in 2013 showed a correlation between fissured FC and contrast enhancement on MDCTA. Forty-seven symptomatic patients underwent MDCTA scans and contrast enhancement of the plaques were analyzed. Patients then underwent carotid endarterectomy followed by histologic analysis of the plaque to evaluate for fissured FC’s. Of the forty-seven patients, twelve were found to have fissured FC’s, and 92% (11/12 patients) of fissured FC’s had contrast enhancement on CTA. Of the non-fissured FC’s, 69% (24/35 patients) also had contrast enhancement, however, to a much lesser degree (22.6 HU as opposed to 12.9 HU) (49). This suggests that MDCTA can evaluate for vulnerable plaque using contrast enhancement on MDCTA.



Surface morphology

Ulcerated plaque surfaces, defined as a cavity of >1 mm, are most concerning on VT imaging. MDCTA has a higher sensitivity and specificity than digital subtraction angiography and ultrasound at detecting these ulcerations (44).




Discussion

The emerging concept of plaque vulnerability has been well documented in the recent years. Assessment of plaques for their vulnerability as opposed to traditional vascular stenosis can better quantify the risk of embolic events. The current review summarizes the sentinel features of the vulnerable plaque, and outlines the role of carotid ultrasound and CT in the identification of such vulnerable features (6, 7). Figure 3 shows a graphical summary.
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FIGURE 3
Features assessed in the qualitative analysis of plaque vulnerability.


The connection between vulnerable plaque and vulnerable patient was described in the SHAPE taskforce report. Iliofemoral and carotid atherosclerosis are CHD risk equivalents. These predict atherosclerosis in other vascular beds and should be treated aggressively (50) In asymptomatic patients with carotid atherosclerosis, the utility of revascularization remains to be proven. However, individual risk factor assessment including features of plaque vulnerability may identify a high risk patient for a near term event. Therapeutic strategies focusing these patients can decrease the burden of palliative care for CVD.

Ultrasound serves as the first line modality for many vascular studies. In comparison to CT and MRI, CEUS can be used for the assessment of thrombus vascularity via real-time and continuous scanning (51). Compared to standard carotid intima-media thickness (cIMT), the presence of plaque on carotid ultrasound is a superior predictor of future vascular events.

Ultrasound has a lower overall cost, and is relatively safe compared to CT modalities due to the lack of iodinated contrast media. One of the major limitation of ultrasound and CEUS is subjective interpretation by the investigator which is constant along the spectrum of ultrasound based studies. Secondly, due to the specialized nature of CEUS and its contrast agents, wider availability is yet to be attained. In addition, CEUS requires superior software modalities to better process impulses received by the transducer. Contrast medium consists of microbubbles filled with high molecular weight gas which can rarely cause headaches, injection site bruising, pain, and paresthesia’s. (40)

Limitations of CT imaging include beam hardening artifacts which can be common in MDCTA secondary to calcification in the arteries and plaques. In comparison to ultrasound, contrast agents used in CT carry the risk of hepatotoxicity, renal toxicity, and allergic reactions. In comparison, contrast agents used for CEUS contain microbubbles which are mainly metabolized by respiration and are safer (44, 51). In addition to being more expensive, CT also carries the risk of ionizing radiation.



Conclusion

Plaque vulnerability is a superior marker in predicting future risk of cerebrovascular events. CEUS and CT assessment are emerging as easy non-invasive tools for quantitative and qualitative assessment of plaque vulnerability. These modalities can identify surface and intraplaque irregularities which are markers for plaque instability. The use of these modalities should be increased in routine carotid plaque assessment.
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Background: 3D printing technology development in medical fields allows to create 3D models to assist preoperative planning and support surgical procedures. Cardiac ischemic scar is clinically associated with malignant arrhythmias. Catheter ablation is aimed at eliminating the arrhythmogenic tissue until the sinus rhythm is restored. The scope of this work is to describe the workflow for a 3D surgical guide able to define the ischemic scar and target catheter ablation.

Materials and methods: For the patient-specific 3D surgical guide and 3D heart phantom model realization, both CT scan and cardiac MRI images were processed; this was necessary to extract anatomical structures and pathological information, respectively. Medical images were uploaded and processed in 3D Slicer. For the surgical guide modeling, images from CT scan and MRI were loaded in Meshmixer and merged. For the heart phantom realization, only the CT segmentation was loaded in Meshmixer. The surgical guide was printed in MED625FLX with Polyjet technology. The heart phantom was printed in polylactide with FDM technology.

Results: 3D-printed surgical model was in agreement with prespecified imputed measurements. The phantom fitting test showed high accuracy of the 3D surgical tool compared with the patient-specific reproduced heart. Anatomical references in the surgical guide ensured good stability. Ablation catheter fitting test showed high suitability of the guide for different ablation tools.

Conclusion: A 3D-printed guide for ventricular tachycardia ablation is feasible and accurate in terms of measurements, stability, and geometrical structure. Concerning clinical use, further clinical investigations are eagerly awaited.

KEYWORDS
patient-specific modeling, heart model, 3D heart surgical guide, 3D printing, ischemic scar ablation treatment


Introduction

In the past years, the rapid development of the 3D printing technology in many different medical fields like orthopedic, dentistry, and cardiovascular systems allowed to create 3D models for several purposes. The model building starts with medical imaging data acquisition, like CT and MRI.

Indeed, the 3D-reconstructed models aim at replicating anatomical and pathological structures to assist preoperative planning and simulate surgical or interventional procedures; furthermore, they can be useful to achieve precision medicine for improvement of treatment outcomes and provide medical education (1, 2).

The treatment of ischemic scar in patients post-myocardial infarction (MI) is clinically important because ischemic scar leads to malignant reentrant arrhythmias like ventricular tachycardia (VT), which represents a common cause of morbidity and mortality. Nowadays, one of the treatments consists of VT ablation that is aimed at eliminating the tissue (substrate) responsible for the arrhythmia. During VT catheter ablation, electrical activity mapping, which identifies the cardiac scar (target), is followed by the ablation of the arrhythmogenic tissue until the sinus rhythm is restored. Nevertheless, the lack of visual references for the pathological area to target could lead to incomplete ablation of arrhythmogenic substrate with subsequent recurrence of arrhythmias (3, 4). This might be an issue during open-chest, hybrid or thoracoscopic epicardial ablation. An example of an epicardial electroanatomic mapping and successful ablation of VT is shown in Figure 1.


[image: image]

FIGURE 1
Epicardial electroanatomic mapping. The picture shows the epicardial electroanatomic mapping of both ventricles from the inferior view: voltages below 0.5 mV (red color) were considered scar and voltages above 1.0 mV were considered normal myocardium (purple color). In between border zone, tissue is colored yellow, green, and blue. Ablation points are represented by the red dots, performed to eliminate ventricular tachycardia.


A surgical guide may overcome these limitations, providing a reliable tool to properly define the area of interest for ablation. To build a surgical guide, it is necessary to consider surgeon’s and engineer’s requirements in terms of structure, shape, efficiency, and manufacturing time.

This article aims to define in detail the steps for a surgical guide realization to offer a practical and methodological guide, operatively pointing out the workflow that, from a CT scan and cardiac MRI imaging (CMR) acquisition, leads to the creation of patient-specific heart model using 3D printing technology. In particular, the purpose of this work is to build a cardiac surgical guide able to clearly indicate, directly on the heart surface, the pathological area to be treated. Such a guide can enable an improved solution for ischemic scar treatment, reducing the medical procedure timing, and enhancing the treatment outcomes.



Materials and methods


Patient selection

In this study, a 61-year-old man was included. In addition to presenting different cardiovascular risk factors, the patient had a previous lateral MI. At CMR, there was evidence of delayed enhancement with transmural late gadolinium enhancement (LGE), infarction of papillary muscles, and a severely dilated left ventricle with severely reduced ejection fraction and akinesia at the lateral wall from base to apex. The patient had recurrent monomorphic VT resistant to medical therapy, leading to multiple appropriate ICD shocks. Therefore, VT ablation was deemed indicated by the heart team, making the patient an appropriate candidate for this study. The study complied with the Declaration of Helsinki as revised in 2013; the ethical committee approved the study. The patient signed an informed consent form.



Data acquisition

For the aim of this study, both a surgical guide for VT ablation and a patient-specific heart phantom model for fitting test were built (Figure 2). Patient-specific CT and CMR were processed for the segmentation to extract anatomical structures and pathological information, respectively; CMR was performed with Philips Ingenia 1.5 T MR system (Koninklijke Philips N.V. Netherlands) at 1.5 T of magnetic field, at 63 MHz of imaging frequency, and 2.0 ms of repetition time. Cine CMR was recorded in transversal orientation with 360 slices of 288 × 288 pixels, at 10.0 mm of thickness. Instead, contrast CT scan (GE Healthcare, Chicago, IL, USA) was performed at 256 slices of 6.0-mm thickness, with 512 × 512 pixels. After acquisition, all data in Digital Imaging and Communications in Medicine format were stored in the Picture Archiving and Communication System.
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FIGURE 2
 The workflow of 3D surgical guide and the 3D heart phantom. The workflow describes the main steps of surgical guide and heart phantom development process from the acquisition data to 3D printing.




Segmentation and reconstruction of the 3D surgical guide model

To generate a patient-specific 3D model for surgical guide of VT ablation, two types of medical images were uploaded and separately processed in 3D Slicer (Surgical Planning Laboratory of Brigham and Women’s Hospital, Boston, MA, USA):


•CMR, for the target area identification and

•CT images as a template for the anatomy of the surgical guide model.



The CT images allowed the anatomical reconstruction of the guide model because of the reasonable soft-tissue contrast and the excellent spatial resolution necessary to draw and define the surgical guide, with the specific patient’s heart surface (5). The CT files also provided the necessary volumetric data required to create the patient-specific heart phantom for the fitting test.

In contrast, CMR was used for the identification of the arrhythmic substrate by means of the steady-state free precession cine CMR and LGE imaging. Indeed, the steady-state free precession cine technique provides dynamic heart visualization during the full cardiac cycle; the LGE technique is based on the slow washout of the gadolinium by the fibrotic tissue in contrast to the normal myocardium (6).

The first step to create a 3D reconstruction from the medical images was the segmentation, a semiautomatic process, which divides the image into regions with similar properties such as gray level, brightness, and contrast. For this study, the threshold-based segmentation was implemented to separate the anatomical region of interest (ROI) from the background by setting a threshold range, which identifies the cardiac tissue. Regarding the CT scan, even though the 3D Slicer software provided a specific threshold for cardiac tissue, the semiautomatic threshold-based segmentation could not be accurate enough because of anatomical structure heterogeneity in size, shape, and location and because of streak artifacts, metal implants, or boundaries ambiguity due to a low contrast between target organs and the neighboring tissue (7). Thus, the threshold for the CT model was manually arranged from 1 to 375, while for the CMR segmentation the range threshold was set from 99 to 509 in order to include the whole ROI (Figures 3, 4, respectively).
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FIGURE 3
CT segmentation. Axial, sagittal, coronal, and 3D views of CT segmentation on the 3D Slicer software.
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FIGURE 4
CMR segmentation. Axial, sagittal, coronal, and 3D views of CMR segmentation on the 3D Slicer software: the yellow zone represents the target area (scar), the red one represents the healthy tissue.


Furthermore, a supervised slice-by-slice segmentation through operator interaction was used for error correction in the event of an inadequate result by manually deleting unwanted regions. Thereafter, the postprocessing step was performed to smooth the surface to close undesired holes and remove distortions due to noisy acquisition.

To ensure the 3D-reliable reconstruction from CT scan, the heart anatomy was segmented into two parts, namely, cardiac tissue and internal chambers volume separately, which were later combined in an assembly.

Successively, the CMR, performed by using the different LGE intensity contrast, was manually segmented by distinguishing the pathological area (presence of LGE) from the rest of the heart. The result was a single 3D model with a target ROI (scar border identification). This represents a crucial step because in this phase the surgical opening in the guide is created to target the pathological area. The surgical hole is planned according to clinical considerations and LGE by an experienced cardiologist, and it is the definitive target area of the 3D surgical guide.

At the end of this process, two 3D heart models were generated and converted into STL format files. In particular, the 3D heart reconstruction generated from CT images was used as a template for the surgical guide surface model, and the other file represented the target area to be treated.

Regarding the surgical guide modeling, both 3D models from CT and CMRI were loaded in Meshmixer, Autodesk Inc., San Rafael, CA, USA, and by using the left ventricle and the apex, as anatomical landmarks, the merging of the models was achieved (Figure 5).
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FIGURE 5
3D models merging. CT and CMRI models merging on the Autodesk Meshmixer software.


Then, the CT heart surface was used as a template to achieve a surgical guide characterized by the patient-specific heart surface. First, the scar border was drawn, and then the anatomical landmarks, such as the aorta ring, the pulmonary artery annulus, and heart apex were drafted and manually connected to the pathological target area. Other reference points represented by the main coronary arteries were added, creating the whole surgical guide surface.

Successively, the surgical guide sheet was extruded to have a 3D shape of 3.0 mm of thickness. In addition, for a better identification of the target area and a higher protection to healthy tissue from surgical procedure, an extra thickness of 3.0 mm around the target area was added, reaching 6.0 mm of thickness. These thicknesses were defined according to use considerations: 3.0 mm allows to maintain flexibility and lightweight, avoiding damages during handling, and the extra border was useful to identify the target to be treated.

Moreover, to improve the surface design the “brush” function was performed and the whole guide model was subjected to smoothing phase. Finally, the 3D surgical guide model was converted into STL format to create a suitable file to print. Figure 6 represents the 3D model of surgical mask from different views.
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FIGURE 6
3D surgical guide model. Anterior, lateral, and posterior view of the virtual surgical guide model: the blue arrows indicate the thicker border for the target (scar) identification, the red ones the reference point for aorta.


For the heart phantom realization, the CT segmentation was loaded in the Meshmixer software to create structural additional components, necessary to stabilize the model to be printed, avoiding the collapse (Figure 7).
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FIGURE 7
3D heart phantom model. 3D model of heart phantom with additional components, such as the base and the vertical cylindrical structures, which connects the base to the heart, to stabilize the model, useful to avoid the collapse during printing.




3D surgical guide printing

For this step, two types of 3D printers were used: (1) the Stratasys Objet260 Connex1 (Stratasys, USA), based on Polyjet technology, with MED625FLX to create the 3D surgical guide; and (2) the PRUSA imk3 3D printer (Josef Prusa, Prague, Czech Republic), based on FDM technology, with polylactide (PLA), for the heart phantom. Once the STL file of the 3D surgical guide was ready, it was imported in the Object Studio software (the software provided by Stratasys for printing settings), where it was automatically displaced on the virtual tray, and the printing was started.

Stratasys Objet260 Connex1 is a Polyjet 3D printing, an additive manufacturing process in which layers of polymeric materials are jetted at specific position onto a build tray and the UV lamps, mounted on the print block, partially drying the material on each pass. The print block travels from right to left, and then, the Z-stage moves upward slightly, creating the 3D object. During printing, the 3D model was inserted into the matrix, the GelMatrix, also called Support material, an alkaline solution-soluble material utilized when printing small features. The GelMatrix material is softer and easier to remove; it allows to realize a small diameter structure previously unattainable by 3D printing and gives enough support during the printing process (8).

The whole 3D prototype was printed by Stratasys Objet260 Connex1 in MED625FLX, a biocompatible polymeric material provided by the Stratasys, characterized by transparence and lightweight, and the SUP705 was used as GelMatrix. After printing, the 3D model was washed in a specific support material removal system, provided by Stratasys: the WaterJet, a compact and affordable system able to efficiently clean any type of 3D model or prototype. During washing, it is important to verify the part is fully cleaned to enable its biocompatibility properties because support material is not biocompatible. It is best to hold the waterjet nozzle at safe distance from the model—approximately 20.0 cm is considered safe. It is also recommended to move the nozzle with quick movements (not fixed on a single location for more than 2.0 s) to avoid damaging due to high water impact (9).

When all settings were selected, the printing time was calculated by the software, accounting for the object position on the tray.



3D surgical guide testing

After printing, 3D surgical guide was measured to evaluate its consistency with prespecified imputed measurements. To assess the anatomical accuracy and stability of the surgical guide, a patient-specific heart phantom fitting test was performed. Finally, to test the suitability of the guide for ablation, an ablation catheter fitting test was performed. This included different ablation tools as follows: (1) cryoablation probe (10-cm-aluminum CryoICE Cryoablation Probe, AtriCure Inc., OH, USA); (2) radiofrequency 3.5-mm tip catheter (3.5-mm tip ablation catheter, FlexAbility, St. Jude Medical, Abbott Park, IL, USA); and (3) bipolar radiofrequency linear catheter (bipolar unidirectional RF linear device, Coolrail, AtriC Inc., West Chester, OH, USA).




Results

The printing time was approximately 10 h and 50 min, with a consumption of MED625FLX of approximately 247.0 g and 556.0 g of support material. All these data are reported in Table 1. The final surgical guide had the following measurements (137.7 mm × 141.9 mm × 119.6 mm), in agreement with prespecified imputed measurements. Moreover, to determine the accuracy of 3D printing, thickness was measured, which was 3.0 mm for the whole model and 6.0 mm for the target area border, as expected.


TABLE 1    Main features of 3D surgical guide printing.
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The 3D surgical guide was characterized by a thicker border around target area, directly indicating the pathological area. For a correct visualization and positioning on the heart surface, the surgical guide presented different reference points, such as the aorta ring, the pulmonary artery annulus, and the apex, connecting each other following part of the main coronary arteries, resulting in an additional reference point for the surgeon. Both internal and external surfaces were regular and smooth also because of the “Waterjet,” which allowed a perfect cleaning, without any visible trace of support material.

The 3D-printed surgical guide is represented in three different views in Figure 8.
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FIGURE 8
3D-printed surgical guide prototype. Three views of the physical 3D surgical guide: (A) antero-posterior view; (B) latero-lateral view; and (C) postero-anterior view. The blue arrows indicate the thicker border for the target (scar) identification, the yellow ones indicate the apex, and the red ones the aorta annulus necessary for the application and positioning on the heart.


For the heart phantom printing, the STL file was sent to PRUSA and the model was realized in 15 h. The heart phantom fitting test confirmed the anatomical accuracy and stability of the surgical guide. The surgical guide was placed on the phantom, and it was fitted with the patient-specific heart model. The reference points like the aorta, pulmonary artery rings, and apex ensured good stability (Figure 9).
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FIGURE 9
3D heart phantom fitting test. Three views of the physical 3D surgical guide on the phantom: (A) antero-posterior view; (B) latero-lateral view; (C) postero-anterior view. The 3D surgical guide fitting simulation is performed on the heart phantom, previously printed in PLA by PRUSA 3D printer. The blue arrows show the target (scar) area to be treated.


Ablation catheter fitting test showed high suitability of the guide for different ablation tools including (1) cryoablation probe (10-cm-aluminum CryoICE Cryoablation Probe, AtriCure Inc., OH, USA); (2) radiofrequency 3.5-mm tip catheter (3.5-mm tip ablation catheter, FlexAbility, St. Jude Medical); and (3) bipolar radiofrequency linear catheter (bipolar unidirectional RF linear device, Coolrail, AtriC Inc., West Chester, OH, USA). All catheters could be easily positioned and manipulated within the surgical guide (Figure 10).
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FIGURE 10
Ablation catheter fitting test. Ablation catheter fitting test showed high suitability of the guide for different ablation tools, such as the bipolar radiofrequency linear catheter in the figure (bipolar unidirectional RF linear device, Coolrail, AtriC Inc., West Chester, OH, USA). All catheters could be easily positioned and manipulated within the surgical guide.




Discussion

The main results of this study are (1) a 3D-printed surgical guide for VT ablation is feasible; (2) based on the fitting test results on the heart phantom, a 3D-printed surgical guide is accurate; and (3) different ablation catheters can be easily positioned and manipulated within the surgical guide.

In the past decades, the 3D printing technology development in medical fields allowed to create 3D models, aiming to replicate anatomical and pathological structures, assist preoperative planning, and support surgical procedures (1, 2). It overcomes some of the limitations of conventional 2D/3D imaging methods by providing a tangible, physical 3D model of complex anatomical structures. 3D models have shown promising results in widespread applications from education to procedural planning and device testing (10). Most of the 3D models described in the literature are designed as an aid in the preprocedural planning. The model hereby presented is aimed at directly helping the surgeon to identify the ischemic scar area during ablation.

The concept of a patient-specific surgical guide for personalized epicardial ischemic scar treatment in patients post MI derived from the need to have a precise visualization of pathological area to assess the necrotic extent of ablation lesions; indeed, an incomplete ablation of arrhythmogenic substrate can cause subsequent recovery of tissue with restoration of conduction and recurrent arrhythmias.

The purpose of this work was to apply the additive manufacturing technique to create a 3D model, able to easily identify the target area, previously planned by the cardiologist; the model is designed to be used on the epicardium of the heart, during cardiac surgery, reducing the medical procedure timing and improving the treatment results.

The high-resolution imaging from CMR and CT, the Computer-Aided Design (CAD) software and the current 3D printing technology allow the development and realization of the 3D surgical guide for a precise identification of ischemic scar; the target zone was designed during the segmentation phase, and it can be tailored according to patient characteristics, clinical considerations, and treatment planning.

Indeed, in recent years, cardiac imaging (CT scan, CMR, intracardiac echocardiography) has emerged as a valuable tool in planning and guiding VT ablation. Cardiac images can be merged with the intraprocedural mapping acquired by mapping or ablation catheter. The potential benefit of a 3D-printed guide is the possibility to use it in epicardial-only procedure (open heart surgery or thoracoscopic) to delineate the area of interest of the VT circuit (scar and border zone). The information from CT scan and CMR is already integrated into the guide, potentially not requiring mapping (e.g., a surgical guide may represent an added value in case of non-inducible or non-hemodynamically tolerated VT). This does not prevent or exclude activation mapping and entrainment of the VT, which instead might be prompted by anatomical delineation.

The 3D-printed surgical guide prototype is represented by a patient-specific heart structure, characterized by links, ensuring stability, with moderate consumption of material and manufacturing time.

The anatomical landmarks like the aorta, pulmonary artery, and the apex, together with the heart surface shape, ensuring stability, allow a rapid and easy application and fitting on the heart. A proper flexibility is given by the polymeric material with a thickness of approximately 3.0 mm in the body and 6.0 mm in the target area border.

Therefore, this study indicates that a 3D surgical guide is a reliable technology that might contribute to a rapid and more precise identification of the pathological area during epicardial VT ablation.

Further studies are needed to evaluate reproducibility and timing of the proposed workflow. Indeed, 3D printing is a relatively long process. It can be completed in approximately 10 h. 3D printing of a surgical guide will be integrated into a procedural workflow for VT ablation starting with (1) obtaining CT scan and CMR (possible also 1–2 weeks before ablation); (2) analyzing and segmenting both CT and CMR; (3) creating the model of the surgical guide; (4) printing and first cleaning of the guide; and (5) second cleaning and sterilization phase, not earlier than 24 h before the ablation. The estimated time for modeling and printing of 3D surgical guide is approximately 48–72 h (that is compatible with real-world clinical practice).

In addition to reproducibility, another limitation is represented by segmentation as a supervised slice-by-slice segmentation through operator interaction is required. This is necessary because of boundaries ambiguity due to a low contrast between target organs and the neighboring tissue (5). Automatic and standardized image segmentation process is eagerly awaited to decrease costs of personnel and allow more reproducible results. The cost of a surgical guide is mostly dependent on the biomaterial and the support material used. Furthermore, the guide being patient-specific, the amount of material used and costs depend on patient’s heart. In the presented case, 117 g of biomaterial and 180 g of support material have been used, for a total amount of ≈80 €.

Finally, further tests to evaluate the response of materials to ablation energy sources are awaited. In particular, both materials have been recently tested by our group with radiofrequency catheter ablation (11). For surgical guides design, the 2.5-mm MED625FLX could be used, with bipolar radiofrequency catheter, ensuring good geometrical, mechanical, and thermal properties. None of the two biomaterials tested is suitable for unipolar radiofrequency ablation.



Conclusion

A 3D-printed surgical guide for epicardial VT ablation is feasible and geometrically accurate. It can contribute to a rapid and more precise identification of the pathological area. Further investigations are needed, applying these models to material validation tests and in vitro testing to assess the material properties and the biocompatibility in response to the surgical tools used for the ablation treatment.
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Background: Mutations in the CACNA1C gene–encoding for the major Ca2+ channel of the heart–may exhibit a variety of clinical manifestations. These include typical or atypical Timothy syndromes (TS) which are associated with multiple organ manifestations, and cardiac involvement in form of malignant arrhythmias, QTc prolongation, or AV block. “Cardiac only” Timothy syndrome (COTS) shows no extracardiac manifestation, whereas some CACNA1C gene mutations are associated with QTc prolongation alone (isolated long QT syndrome 8, LQT8).

Methods: A systematic search of the literature reporting cases of CACNA1C gene mutation associated syndromes, including TS, COTS and isolated LQT8 via major databases published from 2004 through 2019 was performed. Detailed patient-level phenotypic and genotypic characteristics, as well as long-term outcome measures were collected and compared between pre-specified patient groups, defined both on phenotype and genotype.

Results: A total of 59 TS, 6 COTS, and 20 isolated LQT8 index cases were identified. Apart of syndactyly or baldness, there were no major differences regarding clinical manifestations or outcome measures between TS subtypes, either defining TS subtypes on the genotype or based on the phenotype. Both subtypes were characterized by an extreme degree of QTc prolongation (median ≥600 ms) which were reflected in high major adverse cardiac event rate. On the other hand, there were marked differences between TS, COTS, and isolated LQT8. Timothy syndrome was characterized by a much earlier disease onset, much more pronounced QTc prolongation and much higher mortality rate than COTS or isolated LQT8. Similar differences were observed comparing CACNA1C exon 8/8A vs. non-exon 8/8A mutation carriers. TS showed a high degree of genetic homogeneity, as the p.Gly406Arg mutation either in exon 8 or exon 8A alone was responsible for 70% of the cases.

Conclusions: Clinical phenotypes associated with mutations in the CACNA1C gene show important clinical differences. Timothy syndrome is associated with the most severe clinical phenotype and with the highest risk of morbidity and mortality. However, distinguishing TS subtypes, in any form, are not supported by our data.

Systematic review registration: [https://www.crd.york.ac.uk/prospero/], identifier [CRD42020184737].
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CACNA1C gene, Timothy syndrome, mortality, long QT syndrome, L-type calcium channel, mutation


Introduction

In cardiac myocytes, inwardly rectifying Ca2+ current passes through the L-type calcium channel, the Cav1.2 voltage-gated calcium channel, thereby initiating calcium release through activation of ryanodine receptor 2 (RyR2) from the sarcoplasmic reticulum. The channel has several subunits, including the α1C-subunit, responsible for voltage sensing, for conduction pore formation, and for the gating mechanism. The fully functional channel complex is comprised of an additional intracellular β subunit and an extracellular α2δ subunit. The α1C subunit has 4 domains (I–IV), each with six transmembrane-spanning segments (S1–S6). S1–S4 are the voltage-sensitive subunits, whereas S5–S6 are the selectivity filter. When the membrane is depolarized, the S4 domain approaches the cytoplasmic ends of the S5 and S6 helices and the conduction pore opens. Changes in L-type calcium channel function (via phosphorylation, mutations, drugs, etc.) can affect cardiac myocyte contractility and arrhythmogenicity. The channel is expressed in many tissues of the body (1–3).

The α1C subunit of the channel is encoded by the CACNA1C gene. Mutations affecting the CACNA1C gene may exhibit a variety of clinical manifestations. These manifestations include the typical Timothy syndrome (Timothy syndrome 1, TS1), which is characterized by QTc prolongation, AV-block, congenital heart defects, facial dysmorphisms, episodic hypoglycemia and neurologic symptoms including developmental delays, possible autism, seizures, and intellectual disability. The most distinctive morphological hallmark of TS1 is syndactyly, in contrast to atypical Timothy syndrome (Timothy syndrome 2, TS2) patients, who have no syndactyly but carry many of the other multisystemic manifestations of the disease [recently reviewed by Bauer et al. (4)]. Further clinical manifestation of CACNA1C gene mutations include “cardiac only” Timothy syndrome (COTS) (5), which is characterized by QTc prolongation and congenital heart defects without extra-cardiac manifestations. In contrast to the above mentioned phenotypes, some CACNA1C gene mutations are associated with isolated QTc prolongation (isolated long QT syndrome 8, LQT8), exhibiting QTc prolongation only without additional cardiac or extra-cardiac manifestations (6–8). Because the CACNA1C gene was the eighth gene proved to cause QTc prolongation, it was historically called LQT8, but today a clear distinction exists between multi-organ Timothy syndrome and isolated LQT8 (9).

These phenotypes are associated with a variety of CACNA1C gene mutations, affecting different regions of the CACNA1C gene. The predominant genetic cause of TS1, identified in 2004, is a recurrent, canonical “de novo” heterozygous missense mutation, p.Gly406Arg, in the alternatively spliced exon 8A (10). In cases with TS2, additional mutations, originally p.Gly406Arg and p.Gly402Ser, were identified in exon 8 of the gene (11). With the clinical description of “cardiac only” TS and isolated LQT8, an increasing number of CACNA1C mutations have been described in the literature. The accumulated data indicated a great amount of genetic and phenotypic heterogeneity of CACNA1C mutations associated phenotypes, i.e., “typical” TS mutations showing variant phenotypes (12) and “non-typical” TS mutations associated with typical TS phenotype (13–16) (Figure 1). Consequently, there is a high degree of controversy regarding the classification of CACNA1C gene associated phenotypes, especially regarding TS, mainly due to the lack of comparable outcome data (4).
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FIGURE 1
Interrelation of different clinical phenotypes and genotypes in CACNA1C gene mutation associated diseases.


Since TS is an extremely rare disease and most of the respective publications comprised only individual cases or case series, a systematic review of published data appears to be the best way to summarize the typical characteristics of this genetic disorder and to describe any possible correlations between the different phenotypes and clinical outcomes. Accordingly, the aim of the current work was to identify correlations between the mutations in different regions of the CACNA1C gene and various morphologic manifestations with different clinical outcomes. A special attention was made to the subject as to whether clinically meaningful differences exist among the different subtypes of Timothy syndrome.



Methods

This systematic review was reported in accordance with the PRISMA Statement for reporting systematic reviews and meta-analyses (17). Our predefined review protocol was published in the PROSPERO database under the registration number of CRD42020184737. There was no deviation from the predefined and published protocol during the study.


Systematic search

A comprehensive search was conducted in MEDLINE (via PubMed), Embase, Web of Science, and Scopus databases from 2004 through 2019 focusing on full-text papers published reporting data on patients with Timothy syndrome or isolated long QT syndrome 8 (LQT8) affected by mutations of the CACNA1C gene. Conference abstracts were included when same data could be extracted as from full-text papers. Studies eligible for inclusion were identified by using the following search query as full text search: “Timothy syndrome” OR (”LQT8 OR CACNA1C”).



Eligibility criteria and selection

The eligibility criteria for this systematic review were as follows:


1)Reporting data on patients and/or relatives with documented mutation of the CACNA1C gene in the English language;

2)Describing detailed geno- and/or phenotypic features of the case;

3)Reporting data on clinical outcomes.



Reports on CACNA1C gene mutation associated Brugada syndrome (BrS3), short QT syndrome (SQT4) or early repolarization syndromes (ERS), exhibiting fundamentally different pathomechanisms, were excluded. Duplicate cases were identified, and the less informative ones were excluded. Two review authors independently evaluated all potentially relevant articles for eligibility. Any disagreement was subsequently resolved by consensus.


Data extraction

From the eligible reports, patient-level data were extracted. Beyond the detailed description of the mutation affecting the CACNA1C gene, the following sets of data has been extracted from the source reports (reported in more detail in Supplementary material): (1) Demographic data; (2) Manifestations of the disease (categorized as cardiac or extra-cardiac manifestations); (3) Utilized medical and device therapy; and (4) Outcome of the disease (categorized as death or cardiac events). Major adverse cardiac events (MACE) were defined as death, aborted cardiac arrest (ACA), sudden cardiac death (SCD), or appropriate ICD discharge. Arrhythmia type and circumstances at ACA/SCD/ICD discharge were also recorded if available.

Handling with aggregated data extracted from the original publication by Splawski et al. (10) is detailed in Supplementary material.




Patient groups

As there was a considerable overlap between genotypes and phenotypes, comparator groups have been defined both based on the genotype and based on the phenotype. Accordingly, patients were divided into the following groups, defined on the genotype:


1)Carriers of exon 8A p.Gly406Arg CACNA1C mutations [formerly categorized as Timothy syndrome subtype 1 (TS1)] (4).

2)Carriers of exon 8 p.Gly406Arg CACNA1C mutations [formerly categorized as Timothy syndrome subtype 2 (TS2) in the strictest sense] (4).

3)Carriers of exon 8 p.Gly406Arg and pGly402Ser CACNA1C mutations [formerly categorized as Timothy syndrome subtype 2 (TS2), according to the original report] (11).

4)Carriers of all exon 8 CACNA1C mutations [including mutations p.Gly406Arg, p.Gly402Ser, p.Ser405Arg, p.Gly402Arg, and p.Pro381Ser mutations, formerly categorized as Timothy syndrome subtype 2 (TS2) in the broader sense].

5)Carriers of non-exon 8/8A CACNA1C mutations.



According to reported phenotypic manifestations patients were divided into the following three groups:


1)TS (Timothy syndrome, either typical or atypical, defined as patients with characteristic cardiac, and extra-cardiac manifestations). Two subgroups, i.e., typical TS (defined as patients with syndactyly) and atypical TS (defined as patients without syndactyly) were also analyzed separately.

2)Cardiac only TS (COTS, defined as patients with cardiac manifestations only).

3)Isolated long-QT syndrome 8 (LQT8, defined as patients with QTc prolongation only).



Proven mosaic TS cases, reported as such, present in very small numbers in the reported publications, were not considered, taking the very specific genetic constellation of these cases into consideration.

For all the comparator groups two sets of comparisons were made: (i) including index patients only (i.e., one affected person per family) (ii) including all affected patients (i.e., including index patients and all affected family members).



Re-evaluation of the interpretation of different CACNA1C mutations

As many of the considered publications were published before the standards for the interpretation of sequence variants were issued by the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) in 2015, (18) we reassessed the interpretations of all extracted CACNA1C mutations. All the mutations were re-evaluated in ClinVar1 and Varsome.2



Statistical analysis

For descriptive statistics the number of cases and percentage were calculated for each group in case of categorical and median and interquartile range in case of continuous variables. The differences between groups in case of. categorical variables were examined using the Chi-square test and Fisher’s exact test. For continuous outcomes, because of the origin of the data, non-parametric methods, such as Mann–Whitney U-test or the Kruskal–Wallis test was used to detect differences between groups. A p < 0.05 value was considered as statistically significant. All calculation was made by IBM SPSS statistical software (IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY, USA: IBM Corp.).




Results


Study and patient characteristics

Excluding reports on mosaic patients, (19–23) a total of 34 publications comprising data of 134 patients were identified and formed the basis of this systematic review (Figure 2 and Table 1). Most of the publications reported data of one case, whereas 16 studies summarized genotypic and clinical data of more patients/pedigrees.
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FIGURE 2
Flow chart of study selection.



TABLE 1    Main characteristics of the reports included in the study.
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Out of the 134 patients, there were 85 index patients and 49 additional family members. Out of the 85 index patients 59 suffered from TS, 6 from COTS and 20 from isolated LQT8, respectively. In the entire patient population (index patients and relatives), there were 60 patients with TS, 15 patients with COTS and 59 patients with isolated LQT8 (Table 2).


TABLE 2    Patients included into the comparator groups of the study.
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Re-evaluation of the interpretation of different CACNA1C mutations

Altogether, 33 CACNA1C mutations were extracted from the reports (Table 3). Twenty-eight mutations (85%) had an interpretation of pathogenic (P), likely pathogenic (LP), or variant of unknown significance (VUS) favoring P/LP, either according to ClinVar or Varsome. In general, the number of ClinVar submissions were low (1–4 submissions). Only five mutations (p.Ala28Thr, p.Met456Ile, p.Gly1783Cys, p.Arg1906Gln, p.Gly1911Arg) had a verdict of benign (B), likely benign (LB), or VUS. However, in the case of p.Ala28Thr, reported familial segregation of the mutation in affected family members and functional studies providing evidence for deleterious effect (6) were not considered in the Varsome algorithm which would activate an additional PP1 and a PS3 criteria shifting the interpretation of the variant as VUS favoring LP. Also, for the p.Gly1911Arg variant, reported to be associated with TS, significant differences in the functional analysis and “de novo” occurrence of the variant have been demonstrated, (15) activating a PS2 and PS3 criteria and shifting the interpretation of the variant as VUS favoring P. In the case of the p.Met456Ile, Gly1783Cys and Arg1906Gln variants, all reported to be associated with isolated LQT8, no significant additional features (e.g., differences in the functional analysis, familial segregation, etc.) were demonstrated to alter the Varsome verdict. However, for the sake of data integrity all the mutations with the reported phenotypes were considered as they were reported.


TABLE 3    Distribution among phenotypes and interpretation of the different CACNA1C mutations according to ClinVar and Varsome.
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Comparison of patient groups defining different subgroups of Timothy syndrome


Comparison of different subgroups of Timothy syndrome, defined on genotype (patients with exon 8A p.Gly406Arg vs. exon 8 p.Gly406Arg mutations; vs. exon 8 p.Gly406Arg/p.Gly402Ser mutations, vs. all exon 8 mutations)

There were 31 index pts. with exon 8A mutations (all carriers of canonical p.Gly406Arg mutation), 6 pts. with exon 8 p.Gly406Arg mutations, 12 pts. with exon 8 p.Gly406Arg/p.Gly402Ser mutations and 16 pts. with exon 8 mutations (six p.Gly406Arg, six p.Gly402Ser, two p.Ser405Arg, one p.Gly402Arg and one p.Pro381Ser mutations). In further five patients (all carriers of the p.Gly406Arg mutation) it was not unequivocally reported and was impossible to determine whether the patients carried the p.Gly406Arg mutation in exon 8 or in exon 8A. (24–28) (Table 3 and Figure 3).
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FIGURE 3
Graphical representation of the location of different CACNA1C mutations. Mutations associated with Timothy syndrome are in blue, mutations associated with “cardiac only” Timothy syndrome are in red, and mutations associated with isolated LQT8 are in green.


The detailed comparison of the groups is presented in Table 4. Comparing data on demographics, clinical and ECG manifestations, and outcome, it was only syndactyly which was significantly more frequent in pts. with exon 8A p.Gly406Arg mutations in all comparisons, and baldness which was again more frequent in pts. with exon 8A p.Gly406Arg mutations in comparison with pts. carrying exon 8 p.Gly406Arg/Gly402Ser mutations or all exon 8 mutations. The presence of AV block was also more frequent and the age at MACE was lower in pts. with exon 8A p.Gly406Arg mutations in comparison with pts. with all exon 8 mutations. In addition, patients with exon 8A p.Gly406Arg mutations were significantly younger at the time of diagnosis (median 0 vs. 32 months; p = 0.019) and more pts. were diagnosed in the first year of life (89 vs. 44%; p = 0.009).


TABLE 4    Comparison of clinical characteristics and outcome data in the index patients in Timothy syndrome subtypes.
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Marked QTc prolongation (>500 ms) was present in all the patients, except two patients with exon 8 mutation. The degree of QTc prolongation (maximum QTc) was similar in the groups (median ≥600 ms in all groups). There was no difference in the utilization of pacemaker/ICD implantation or of left cervical sympathectomy. MACE rate was high (67–83%) but was not different in the groups.



Comparison of different subgroups of Timothy syndrome, defined on phenotype (Timothy syndromes with or without syndactyly)

The detailed comparison of the groups is presented in Table 4. There were 45 TS pts. with syndactyly and 14 pts. without syndactyly. Only baldness was more frequent and the age at MACE was lower in TS pts. with syndactyly. The degree of QTc prolongation was marked (median ≥600 ms in both groups) and MACE rate was high (68–71%) but showed no statistical difference.



Analysis of all patients, including family members

There was one additional family member with exon 8 mutation. His inclusion did not alter any of the statistical comparisons.




Comparison of patient groups defining different forms of CACNA1C gene associated diseases


Comparison of different forms of CACNA1C gene associated diseases, defined on genotype (patients with exon 8/8A CACNA1C mutations vs. non-exon 8/8A CACNA1C mutations)

There were 52 index patients with exon 8/8A and 33 index patients with non-exon 8/8A mutations. Exon 8/8A mutations almost all clustered at codon 402 (7 cases), 405 (2 cases), and 406 (42 cases), while the most frequently affected codons in non-exon 8/8A mutation carriers were codon 518 (three cases with p.Arg518Cys mutations and one case with p.Arg518His mutation), codon 857 (one case with p.Pro857Leu and p.Pro857Arg mutations each), codon 858 (four cases with p.Arg858His mutation), codon 1166 (two cases with p.Ile1166Thr, and one case with Ile1166Val mutation) and codon 1473 (two cases with p.Ala1473Gly mutation) (Table 3 and Figure 3).

The detailed comparison of the two groups is presented in Table 5. Patients with exon 8/8A mutations were significantly younger at the time of diagnosis, and a higher percentage of the patients were diagnosed at birth or in the first year of life.


TABLE 5    Comparison of clinical characteristics and outcome data in the index patients in CACNA1C gene associated disease forms.
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The predominant phenotype associated with exon 8/8A mutations was TS in 49 patients (96%), COTS in 1 patient (2%) and isolated LQT8 in 2 patient (2%), while with non-exon 8/8A mutations it was TS in 10 patients (29%), COTS in 5 patients (15%) and isolated LQT8 in 18 patients (56%) (p < 0.001). Extra-cardiac manifestations (94 vs. 32%; p < 0.001) were significantly more frequent in patients with exon 8/8A mutations. As TS was the overwhelmingly prevalent phenotype in patients with exon 8/8A mutations, the major phenotypic characteristics of TS were all significantly more frequent in patients with exon 8/8A mutations. QTc prolongation was present in all the 52 patients with exon 8/8A mutations, while it was seen in only in 79% of the patients with non-exon 8/8A mutations (p = 0.0025). The degree of QTc prolongation (maximum QTc) was much more pronounced in patients with exon 8/8A mutations (median 606 vs. 498 ms.; p < 0.0001) and the rate of pts. with >500 ms QTc prolongation was much higher (92 vs. 36%; p < 0.001). AV block was also observed in significantly more cases in patients with exon 8/8A mutations (74 vs. 33%; p = 0.002). There was no difference in the utilization of pacemaker/ICD implantation or of left cervical sympathectomy. There was a marked difference in terms of outcome, as much higher number of pts. with exon 8/8A mutations died (33 vs, 9%; p = 0.017) or experienced MACE (71 vs. 34%; p = 0.001).



Comparison of different forms of CACNA1C gene associated diseases, defined on phenotype (patients with Timothy syndromes vs. “cardiac only” Timothy syndrome vs. isolated LQT8)

Out of the 85 index patients there were 59 (69%) with TS, 6 (7%) with COTS and 20 (24%) with the isolated LQT8 phenotype.

As detailed previously, exon 8 or 8A mutations, affecting codons 402, 405 and 406 made up the majority of the genotypes in patients with TS (49/59 patients, 83%). Most mutations leading to COTS affected codon 518 in 4/6 patients (67%). Mutations causing isolated LQT8 scattered through the gene with only one codon having affected in more than one patient (codon 858 in 4/20 patients, 20%) (Table 3 and Figure 3).

The detailed comparison of the three groups is presented in Table 5. Patients with TS were significantly much younger at the time of diagnosis than patients with COTS or isolated LQT8 (median 1 month vs. 180 months vs. 174 months, respectively; p < 0.001). In addition, significantly much more pts. with TS were diagnosed at birth or in the first year of life. The degree of QTc prolongation was much more prominent in patients with TS than in patients with COTS or with isolated LQT8 (median 603 vs. 490 vs. 480 ms, respectively; p < 0.001) and the number of pts. with >500 ms QTc prolongation was much higher (94 vs. 17% vs. 20%, respectively; p < 0.001). There was no significant difference regarding PM/ICD/AED implantation or utilization of left cervical sympathectomy among the groups. There was a marked difference in terms of outcome, as a much higher number of pts. with TS died, as compared with COTS, or isolated LQT8 (32 vs. 17% vs. 0%, respectively; p = 0.006) or experienced MACE (71 vs. 33% vs. 30%, respectively; p = 0.004).



Analysis of all patients, including family members

There was one additional family member with exon 8/8A mutations (total of 53 patients) and additional 48 family members with non-exon 8/8A mutations (total of 81 patients), and there was one additional family member with TS (total of 60 cases), 9 family members with COTS (total of 15 cases) and 39 family members with isolated LQT8 (total of 59 cases).

As family members in every group usually exhibited a milder phenotype, all the statistical differences, observed between the index patient groups regarding disease and outcome parameters, remained statistically different, even at a higher significance level. Furthermore, the difference in age at death or at the time of MACE became statistically different, as patient with exon 8/8A mutations or patients with TS died at an earlier age and had MACE at an earlier age. Data are presented in Supplementary Table 1.





Discussion

In our systemic review we examined CACNA1C gene mutation associated Timothy syndrome, “cardiac only” Timothy syndrome, isolated long QT syndrome 8 and provided data that these disease forms exhibit major differences regarding clinical manifestations and outcome. These differences can be defined either based on the genotype or the phenotype.

In the literature, there is a high degree of controversy regarding the classification of Timothy syndrome. Since the original reports on TS1 and TS2, several proposals have been made to identify TS subtypes. One proposal suggested that all TS phenotypes resulting from mutations in CACNA1C should be classified as TS1, and when the next TS disease gene is discovered, it can be classified as TS2 (29). Another proposal recommended that TS1 and TS2 should include exclusively only patients with the p.Gly406Arg mutation in exon 8A (TS1) or in exon 8 (TS2), while the remaining alleles be called atypical TS (4). It has been also argued that there is no clinical utility to distinguishing TS1 from TS2 (30).

However, these proposals were based on small case series and mostly lacked evidence for the most profound question as to whether there is any major difference in the clinical manifestation or, more importantly, the outcome of TS subtypes. Here we provide data, that apart of syndactyly or baldness, there is no major differences regarding clinical manifestations or outcome measures between TS1 and TS2, either defining TS subtypes on the genotype or on the phenotype. Both subtypes are characterized by an extreme degree of QTc prolongation (median ≥600 ms) which is reflected in the similarly high MACE rate. All the above probably makes the distinction between TS1 and TS2 obsolete, at least with regard to clinical outcome, and may make the use of the descriptive terms “classical TS” (with syndactyly) and “non-classical TS” (without syndactyly) more appropriate, as it emphasizes that the two are similar diseases with comparable clinical outcomes.

On the other hand, there are important differences between TS, COTS and isolated LQT8. Based on the phenotype, Timothy syndrome is characterized by a much earlier disease onset, much more pronounced QTc prolongation and much higher mortality than “cardiac only” Timothy syndrome or isolated LQT8. Although phenotypic differences are the basis for the categorization of these disease forms, this is the first time that differences in ECG parameters or in the clinical outcome have been demonstrated. The degree of QTc prolongation is often extreme in TS (>600 ms), and it is >500 ms in >90% of TS patients, while it is only mildly prolonged (<500 ms) in COTS or LQTS. This might be the primary reason for the higher rate of clinical complications, either death or MACE. Similar observations were made by Landstrom et al. based on 28 independent probands (26). Based on the above findings, the established categorization of these disease groups (TS, COTS and isolated LQT8) seems to be justified also on the grounds of clinical outcome.

Differences, like those outlined above, can be encountered if comparisons are made based on the genotype, i.e., between carriers of exon 8/8A mutations vs. non-exon 8/8A mutations. As exon 8/8A mutations are responsible for 83% of TS cases and only 17% of COTS and 10% of isolated LQT8, similar differences can be observed that was seen among TS, COTS and isolated LQT8. These include that disease onset is at much a younger age, phenotypic characteristics of TS are more prevalent, QTc prolongation is much more pronounced and clinical outcome is much more severe in patients with exon 8/8A mutations.

Additionally, the results of our systemic review demonstrated that TS is a rather homogenous disease genetically, as the p.Gly406Arg mutation either in exon 8 or exon 8A alone is responsible for 70% of the cases, and mutations affecting codons 402–407 is responsible for 85% of TS cases. The strongest relationship was seen between mutation p.Gly406Arg in exon 8A and “classical” TS, which is present in 93.5% of the patients. COTS and isolated LQT8 are more heterogenous in this regard having their causative mutations more scattered through the gene.

The cellular electrophysiological alterations caused by the different CACNA1C gene mutations alone are not sufficient to explain the above differences in phenotypic expression. CACNA1C mutations may result in channel dysfunction in different ways [recently reviewed in detail by Bauer et al. (4)], but the general mechanism is that these mutations lead to gain-of-function alleles of the gene, thereby prolonging the cardiac action potential (AP) and consequently the QT interval (10, 11, 15). The classical mechanism of channel dysfunction, demonstrated for TS mutations (exon 8A and 8 p.Gly406Arg, and exon 8 p.Gly402Ser variants) in different expression systems, is a loss of voltage-dependent inactivation (VDI) of the channel, which leads to prolonged opening of the channel and subsequently causes an increase in the maximum flow of Ca2+ through the channel (peak current density) (10, 11, 15). Additional mechanisms, affecting calcium-dependent inactivation (CDI) (31, 32) and steady-state inactivation (SSI) of the channel, significantly increasing the window current, has also been demonstrated (in case of the p.Gly1911Arg mutation) (15). Alternative channel dysfunctional mechanisms are characterized by a reduction in peak current density which is associated with a negative shift in V1/2 of activation, the degree of depolarization necessary for activation of the channel (p.Ile1166Thr, p.Arg518His, p.Arg518Cys, p.Ser643Phe, p.Gly419Arg variants) (5, 6, 14, 33–35). This would also result in a net gain-of-function effect on Cav1.2 channels.

For explaining the wide variations in phenotypic expression for TS, COTS and isolated LQT8, many different possibilities have been proposed [recently reviewed in detail by Bauer et al. (4)]. One possible mechanism is the presence of parental or individual mosaicism, which has been reported in several cases with TS (20, 22). In the scenario of parental mosaicism, a “de novo” mutation may arise during gametogenesis of a parent (who is mosaic for the variant, since only his/her gamete is affected) but the descendant is fully heterozygous for the variant. In the case of individual mosaicism, mosaicism would occur in the developing embryo due to a “de novo” mutation which may arise post-zygotically. The variant may be present or absent in the cells and organs of the affected mosaic individual, depending on the timing and location of the mutation happened during embryogenesis (4).

Another explanation could involve the many different isoforms of the CACNA1C protein. The transcript profile of the CACNA1C gene was reported to be substantially more complex than appreciated by Clark et al., as they identified 38 novel exons and 241 novel transcripts (36). Importantly, many of the novel variants were abundant, and predicted to encode channels with altered function. It has been also demonstrated by Dick et al., based on studies of the p.Gly406Arg mutation in adult guinea pig ventricular myocytes, that cells could tolerate a certain proportion of mutant CACNA1C channels (32). A low level of mutant channels caused only a slight AP prolongation; however, above a certain threshold (about 12% for Gly406Arg and about 40% for Gly402Ser), APs became unstable, and cells became arrhythmogenic. This may be further affected by the “repolarization reserve,” as congenital or acquired impairment of one type of transmembrane ion channel does not necessarily result in excessive repolarization changes because other repolarizing currents can take over and compensate (37).



Conclusion

This current comprehensive systematic review demonstrates that CACNA1C gene mutation associated Timothy syndrome, “cardiac only” Timothy syndrome, and isolated long QT syndrome 8 exhibit major differences regarding clinical manifestations and outcome. These differences can be defined either based on the genotype or on the phenotype. Among the phenotypes Timothy syndrome shows the most severe clinical manifestations with much earlier disease onset, much more pronounced QTc prolongation and a much higher mortality than “cardiac only” Timothy syndrome or isolated LQT8. However, distinguishing TS subtypes, in any form, are not supported by our data.

Implications for practice include that a high degree of surveillance is warranted if these diseases, especially TS is identified because of the high rate of adverse cardiac events. Genotyping of the patients help to stratify the risk of the patients as exon 8/8A mutations carry higher risk.

Implications for research include the need for establishing a prospective world-wide registry to fully explore the phenotypic spectrum and clinical outcome of these diseases.


Limitations

This systematic review harbors all the intrinsic shortcomings of a retrospective study. Given the retrospective nature of the study, clinical information on every aspect of multiorgan involvement in the reported cases was not available. Although all efforts have been done to collect all the cases reported in the literature the study cohorts are still relatively small that limits our ability to draw definitive conclusions. Also, the timespan of the reports encompasses 15 years, from 2004 to 2019, which makes the comparison of individual reports difficult in terms of treatment and outcome over time.
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Footnotes

1     https://www.ncbi.nlm.nih.gov/clinvar/

2     https://varsome.com/
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Background: Double outlet right ventricle (DORV) describes a group of congenital heart defects where pulmonary artery and aorta originate completely or predominantly from the right ventricle. The individual anatomy of DORV patients varies widely with multiple subtypes classified. Although the majority of morphologies is suitable for biventricular repair (BVR), complex DORV anatomy can render univentricular palliation (UVP) the only option. Thus, patient-specific decision-making is critical for optimal surgical treatment planning. The evolution of image processing and rapid prototyping techniques facilitate the generation of detailed virtual and physical 3D models of the patient-specific anatomy which can support this important decision process within the Heart Team.

Materilas and methods: The individual cardiovascular anatomy of nine patients with complex DORV, in whom surgical decision-making was not straightforward, was reconstructed from either computed tomography or magnetic resonance imaging data. 3D reconstructions were used to characterize the morphologic details of DORV, such as size and location of the ventricular septal defect (VSD), atrioventricular valve size, ventricular volumes, relationship between the great arteries and their spatial relation to the VSD, outflow tract obstructions, coronary artery anatomy, etc. Additionally, physical models were generated. Virtual and physical models were used in the preoperative assessment to determine surgical treatment strategy, either BVR vs. UVP.

Results: Median age at operation was 13.2 months (IQR: 9.6-24.0). The DORV transposition subtype was present in six patients, three patients had a DORV-ventricular septal defect subtype. Patient-specific reconstruction was feasible for all patients despite heterogeneous image quality. Complex BVR was feasible in 5/9 patients (55%). Reasons for unsuitability for BVR were AV valve chordae interfering with potential intraventricular baffle creation, ventricular hypoplasia and non-committed VSD morphology. Evaluation in particular of qualitative data from 3D models was considered to support comprehension of complex anatomy.

Conclusion: Image-based 3D reconstruction of patient-specific intracardiac anatomy provides valuable additional information supporting decision-making processes and surgical planning in complex cardiac malformations. Further prospective studies are required to fully appreciate the benefits of 3D technology.

KEYWORDS
double outlet right ventricle (DORV), biventricular repair, 3D printing, congenital heart disease, image reconstruction


Introduction

Double outlet right ventricle (DORV) is a group of complex cardiac lesions, occurring in about 3-9/100,000 live births and is characterized by a malposition of the great arteries (aorta and pulmonary artery), which are both arising predominantly (>50%) or entirely from the right ventricle (RV) (1). There is a wide range of anatomic variation from a rather simple morphology of a ventricular septal defect (VSD) with overriding aorta to a complex one with transposition of the great arteries (TGA), outflow tract obstruction and a VSD. This certainly creates a heterogeneity in definition, classification and also surgical treatment options. Early classifications focused on morphological criteria based on the relationship between the VSD and the great arteries: 1. sub-aortic type, 2. sub-pulmonary type, 3. double committed type and 4. non-committed type (2). A more recent classification, adopted by the databases of the Society of Thoracic Surgeons and European Association of Cardiothoracic Surgery, classifies 4 subtypes of DORV according to their clinical aspect: 1. VSD-type, 2. Fallot-type, 3. TGA-type and 4. non-committed/remote VSD-type. This simplified classification, besides the location of the VSD, also considers the degree of right ventricular outflow tract obstruction (RVOTO). Based on these two criteria, together with ventricular dimensions, the degree of arterial malposition and possible additional cardiac malformations, surgical strategy has to be adapted. In complex cases, a careful individualized decision has to be made between feasibility of biventricular repair (BVR) or opting for univentricular palliation (UVP).

The non-physiological hemodynamics resulting from UVP may cause severe long-term complications and long-term outcome is therefore thought to be less favorable. Hence, BVR is the preferred approach (3). Current overall operative mortality rates for BVR in DORV patients of 6-7% are reported, however, the surgical feasibility and success rates are highly dependent on the morphological complexity (4, 5). Poorer outcome of BVR in patients with borderline ventricular hypoplasia or complex remote VSD morphology highlights the importance of careful preoperative assessment and surgical strategy planning (6). In general, ventricular hypoplasia, atrioventricular (AV) valve abnormalities, or unresolvable outflow tract obstruction are potential contraindications for BVR (7). In the non-committed or remote VSD-type, closure of the VSD to either artery may create a long intracavitary baffle with an acute angle resulting in high resistances and velocities and thus relevant pressure gradients or a potential baffle geometry that may cross the AV-valve inlet. Echocardiography is currently considered the reference standard in assessing cardiac anatomy and determining the preferable surgical approach in DORV patients (7). However, in patients, in whom surgical decision-making cannot be conclusively established based on echocardiography, new technologies such as 3D imaging can provide valuable additional information.

3D imaging techniques such as magnetic resonance imaging (MRI) (8) and computed tomography (CT) (9) are used increasingly frequent to visualize and analyze the anatomy of different complex congenital heart defects. These techniques allow visualization of the entire cardiovascular anatomy as well as measurements of relevant intracardiac dimensions and volumes (10). However, the representation of the 3D anatomy using two-dimensional (2D) slices perpendicular to each other, encumbers the assessment of the complex 3D structures and their position and orientation in relation to each other. These obstacles can be overcome by reconstruction of the 3D geometry of the patient-specific anatomy by means of image processing. This reconstruction can be performed using either CT or MRI data (11, 12). While several approaches and software packages exist to reconstruct the 3D surface geometry, manual interaction is usually required due to the complex anatomy and imaging artifacts. The resulting 3D reconstructions can then be visualized to better understand the complex anatomy.

In addition to approaches targeting visualization of the patient-specific 3D anatomy, physical models of it can be generated via 3D printing (13–15). These 3D printed models were found to allow better assessment of the spatial orientation of relevant intracardiac structures (11, 16). First studies already demonstrated that 3D printing prior to surgery improved understanding and surgical outcome parameters such as mechanical ventilation time or duration of intensive care unit (ICU) stay (17). Thus, 3D reconstruction of the patient-specific anatomy, especially in combination with 3D printing, might enhance understanding of the anatomical features and therefore provide a viable solution for the demand of precise preoperative planning and decision-making, that arises from the complexity of congenital heart defects.

This retrospective study addresses two aspects: First, by summarizing our experience over the last five years, the feasibility of 3D image reconstruction and 3D printing from preoperative imaging data is assessed and their additional value compared to echocardiography for surgical treatment planning of complex DORV patients, in whom decision-making is inconclusive, is appraised. Second, anatomical measurements, such as the size of the VSD and the heart valves’ annuli, as well as the ventricular volumes are compared between routine echocardiographic measurements and measurements performed on the 3D reconstructions. This comparison aims to address the question, whether 3D reconstructions simply provide additional information on the complex anatomy and the position of the intracardiac structures with respect to each other, or whether relevant measurements can also be performed directly using these reconstructions.



Materials and methods


Patient cohort

After institutional review board approval (EA2/116/22), informed consent was waived for retrospective data analysis. All DORV patients, operated at our institution between July 2017 and 2022, in whom surgical decision-making between BVR or UPV could not be decided from preoperative echocardiography alone and therefore 3D-reconstruction and 3D-printing had been performed to support decision-making, were included in this study. Patients were excluded if surgical decision was made from standard preoperative echocardiographic assessment and no additional CT or MRI data was required. Both echocardiography and 3D image data from CT or MRI were analyzed for the included patients. Heart team meetings for determining the treatment decision were only performed with the additional information obtained via 3D reconstruction and 3D printing was available. Reasons for these individual cases to be perceived as complex and in need of additional information for treatment planning are presented in the results section.

Preoperative parameters such as age, weight, anatomical characteristics or previous catheter and surgical interventions were recorded. Additionally, intraoperative characteristics, such as type of procedure, total operating time, cardiopulmonary bypass time, intraoperative complications, and postoperative characteristics, such as total ventilation time, total intensive care unit stay, total hospital stay, postoperative complications, were obtained.



Preoperative echocardiographic measurements

Echocardiographic data concerning chamber sizes, AV-valve sizes and VSD morphology of included patients was retrospectively analyzed offline from digitally archived preoperative echocardiograms with a vendor-specific software (EchoPAC™ version 203; General Electric Vingmed Ultrasound AS, Horten, Norway). Measurements were performed according to current recommendations (18). For available parameters, Z-Scores were calculated (19, 20).



3D image data

The image data available for 3D reconstruction was heterogenous in quality. In eight patients a CT scan had been performed using a Siemens Somatom Definition Flash scanner (Siemens Healthcare GmbH, Erlangen, Germany). Tube currents were adapted individually according to the body mass (CARE Dose), whereas a constant tube voltage of 100 kV was used (CARE kV). Spatial resolution of the CT images varied from 0.27 × 0.27 mm2 to 0.40 × 0.40 mm2, based on the slice thickness of 0.50–0.70 mm and reconstruction increment of 0.40 mm. While the CT device used has a minimal slice thickness of 0.625 mm, the lower values result from overlapping acquisition and respective reconstruction of the image data. Image acquisition was not ECG gated to reduce applied radiation doses. For one patient, cardiac MRI had been performed using a 1.5 Tesla Philips Achieva scanner (Philips Medical Systems, Best, Netherlands) with a 5-element cardiac phased-array coil. For assessment of the end-diastolic anatomy, a balanced 3D steady-state-free-precession imaging sequence (3 signal averages, navigator gated, ECG triggered) was used.



3D image reconstruction

Reconstruction of the patient-specific anatomy from both CT and MR image data was performed using AmiraZIBEdition (v. 2022.3; Konrad-Zuse-Zentrum Berlin, Germany). The aim of this procedure was to label all image voxels belonging to the blood pool. No reconstruction of the myocardium was performed. Entirely manual tools as brushes, as well as semi-automatic tools as region growing algorithms were employed. Due to the heterogeneous and complex anatomies of the individual patients, automatic image reconstruction was not viable. Furthermore, the heterogenous image data as well as the uneven distribution of contrast agent in the heart chambers did not allow for specification of a standardized Hounsfield unit threshold to be used for all CT data sets. In general, lower thresholds between 80 and 200 Hounsfield units were used to identify voxels belonging to the blood pool. Distinct labels were generated for the left and right ventricle, the left and right atrium, as well as the aorta and pulmonary artery (see Figure 1). The labeling procedure was performed by progressing through the 3D image stacks slice by slice using axial, sagittal and coronal orientations. Each orientation had to be processed multiple times to correctly identify all relevant anatomical structures. If discernable, neither trabeculae nor papillary muscles of the left and right ventricle were included in the respective reconstructions. All reconstructions were performed by one engineering researcher with more than 10 years of experience in image reconstruction of various pathologies. After an initial draft, each reconstruction was discussed and evaluated with pediatric cardiac surgeons and corrected if necessary.
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FIGURE 1
Illustration of the image-based reconstruction of a patient-specific anatomy using computed tomography (CT) data. The top panel shows the resulting 3D surface geometry of the patient. The lower left panel shows a CT image slice without labels. The grayscale window is set to a range from -500 to +500 Hounsfield units. This image is superimposed using the labels generated during image reconstruction in the lower right panel. Here, the left (LA) and right atrium (RA), as well as the left (LV) and right ventricle (RV) are highlighted.




3D model generation and anatomical measurements

From the final voxel mask, a rough initial surface was generated using a marching cubes algorithm implemented in AmiraZIBEdition. This initial surface was subsequently smoothed using a volume preserving smoothing algorithm implemented in JavaView (v.5.01) (21). Subsequently, the smoothed surface was imported into Meshmixer (v3.5, Autodesk, USA), where remaining topological errors were corrected. Most of these errors resulted from artificial connections between anatomically non-connected structures due to proximity of the respective voxel fields, as for example between the aorta and pulmonary artery. Finally, the separation of the different parts of the anatomy was realized on this surface geometry by manually selecting the saddle points indicating the mitral and tricuspid annulus, the perimeter of the VSD as well as the pulmonary and aortic annulus. While the voxel label field already contained separate labels for the different heart chambers, the limitations of the three cartesian orientations did not allow to correctly model the complex anatomy especially observed in the annuli of the atria-ventricular valves as well as the VSD. Finally, a separate surface geometry for the LV and RV, the left and right atrium, the aorta, the pulmonary artery, as well as all four valvular annulus planes and the VSD were stored as triangulated surface mesh. An example of the final surface reconstruction of one geometry together with the labeled CT images is presented in Figure 1. Different visualization strategies were identified for each patient together with pediatric cardiac surgeons. This a priori specification of visualizations was necessary to account for the short schedule available for each patient during heart team meetings. Visualization strategies included showing structures in transparent that obstructed relevant anatomical structures or showing cut-open surface geometries of the ventricles to better highlight in the intra-cardiac structures. Exemplary visualizations used during heart team meetings are provided for all patients as Supplementary material.

Using these reconstructed surfaces, several anatomical parameters were measured for each patient. These include the volume of the reconstructed LV and RV. Additional length measurements were obtained for the RV, by using a cutting plane mimicking the four-chamber view. Then, the maximum distance from the tricuspid annulus to the RV tip was measured within this plane. For each annulus plane as well as the VSD, the cross-sectional area A, the circumference C, and the hydraulic diameter (D = 4*A/C) were calculated. The distances from the VSD to the aortic as well as pulmonary valve annulus were calculated in two ways. First, the distance from the centers of mass of the VSD and the respective valve was calculated. Second, a cubic spline demonstrating the “route” was generated, connecting the centers of mass of the VSD and the respective valve annulus. Here, an additional point was generated halfway between both centers of mass. The position of this center point was manipulated manually, using AmiraZIBEdition, to ensure that the resulting spline lies within the reconstructed blood pool. These two distance measurements were calculated as an estimate of the required length of a tunnel reconstruction via a patch insertion (see Figure 2).
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FIGURE 2
Illustration of the anatomical measurements performed using the specific surface reconstructions of each patient. An exemplary 3D surface geometry is shown in the upper left panel. Top right) The distance from the center of mass of the ventricular septal defect (VSD) and the aortic and pulmonary valve annulus were measured automatically by two approaches. First, the shortest linear connection (arrow) was calculated. Second, a cubic spline (dashed line) was generated to calculate a more realistic curved path. Bottom left) For each valve annulus as well as the VSD, which is shown here exemplarily, the circumference C and the cross-sectional area A were measured. From those two measurements the hydraulic diameter D was calculated. Bottom right) The left (LV) and the right ventricle (RV) were separated from each other and the exact volume of the closed surface geometries of both structures was measured.




3D printing of selected models

Physical models of the patient-specific anatomy were 3D printed using either a Form 2 or a Form 3 (Formlabs, Massachusetts, USA) printer. Here, the surface geometry of the patient-specific blood pool was artificially extruded by a thickness of one millimeter using the extrude command in Meshmixer. Thus, a thin-shelled representation of the blood pool was reconstructed that aimed at mimicking the conventional view a surgeon will have during the procedure, by providing a positive model rather than the negative blood pool model. These models were then cut at a plane or contour identified together with a cardiac surgeon, resulting in two or more pieces allowing the assessment of intracardiac anatomy (the detailed procedure for preparing the 3D prints is provided as Supplementary material). All models were printed using rigid resin [Formlabs Clear Resin RS-F2-GPCL-04 or Gray Resin RS-F2-GPGR-04, Somerville (MA), USA], resulting in a stiff non-pliable model. This approach does not represent the patient-specific myocardium and is thus, not suited for assessment of tissue thicknesses. Two additional models were printed via selective laser sintering of polyamide using a commercial print-on-demand service.



Statistical analysis

Baseline, intraoperative and outcome measures for patients undergoing UVP vs. BVR are presented as median [interquartile range (IQR)] when reporting continuous data or as frequency (%) when reporting categorical data. Due to the small sample size, only descriptive statistics are given and no comparative analyses of patients undergoing UVP vs. BVR were performed. For the anatomical parameters that were calculated based on the surface reconstructions, average values for both subgroups as well as the entire sample were calculated. To compare echocardiographic measurements and measurements based on the 3D reconstructions, Pearson correlation was calculated for each parameter that was available from both approaches. This analysis was performed using IBM-SPSS version 24.0 (IBM-SPSS Inc, Armonk, NY).




Results


Patient characteristics

A total of 64 DORV patients were operated at our institution in the study period between 2017 and 2022; 18 patients received UVP, 43 BVR, one patient underwent 1 1/2 correction and two patients with interim palliations await intended BVR. Nine out of these 64 DORV patients, had preoperative 3D imaging performed since the surgical approach (BVR vs. UVP) could not be conclusively decided based on preoperative echocardiography and were included in this retrospective study. Median age within the study cohort was 13.2 months (IQR: 9.6–24.0) and median weight was 8.3 kg (IQR: 7.8–11.0). No genetic disorders or preterm births were present. Cardiac anatomy was complex among all patients with multiple additional cardiac malformations (see Table 1 for further details). The DORV-VSD subtype was found in three patients, six patients had a DORV-TGA morphology. Four patients had significant pulmonary valve stenosis/RVOTO prior to surgery, the remaining five patients underwent previous pulmonary artery banding before BVR or UVP (Table 1).


TABLE 1    Baseline characteristics.
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Preoperative echocardiographic data

Echocardiographic measurements are given in Table 2. Overall, the LV was rather small with an average LV end-diastolic volume Z-Score of -2.5 and end-diastolic diameter Z-Score of -3.6. The RV on the other hand was rather large with a RV end-diastolic area Z-Score of 1.7. In two patients, moderate AV-valve regurgitation was observed. Overall AV valve dimensions were normal (average Z-scores from -0.1 to -1.6). No obvious AV valve straddling was observed by echocardiography.


TABLE 2    Preoperative echocardiographic characteristics.
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Indications for requesting 3D reconstruction and printing

In all study cases, routine clinical information was considered to be insufficient for adequate treatment planning for various reasons. Primarily 3D reconstruction was proposed to assess, whether closure of the VSD to either the aorta or the pulmonary artery would create a potential outflow tract obstruction or an obstruction of the AV-valve inlet. In many cases ventricular volumes measured using echocardiography as well as initial assessment of the size and location of the VSD suggested BVR to be a valid strategy. While echocardiography can sufficiently visualize the structures of interest, namely the pulmonary and aortic valve, the VSD and the AV valve inlet, the geometry and spatial relationships of these structures can often only be apprehended insufficiently.



Reconstruction of the patient-specific anatomy

The patient-specific anatomy of all patients is shown in Figure 3. A rotating animation of the entire anatomy is provided for every patient as Supplementary material. Furthermore, the surface geometries of all regions of the cardiovascular anatomy are also made accessible as Supplementary material. The entire anatomy consisting of the LV/RV, the left and right atrium as well as the aorta and pulmonary artery was reconstructed for all patients except for patient #3, for whom the right atrium was not discernable due to a lack of contrast. For patient #1 the atrial septal wall was not visible in the CT image data so that a joint geometry was generated for the left and right atrium. The required time for image reconstruction varied from 4 to 12 h, depending on the complexity of the anatomy, the image contrast, and the image voxel resolution, as well as the necessary corrections and reviews together with the surgical experts. While most ventricular surface geometries are rather smooth and feature no marked signs of the trabeculae carneae, some patients’ reconstructions feature rather jagged ventricular geometries (e.g., patient #3. #5, #6).
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FIGURE 3
Overview of all reconstructed surface geometries using the same color scheme for highlighting all anatomical structures. Patients with biventricular repair are shown with a gray background.




Qualitative considerations regarding the benefit of 3D reconstructions

One advantage arising from the availability of 3D representations of the patient-specific anatomy is that the spatial orientation of intracardiac structures can be assessed in a qualitative manner as well. Here pediatric cardiac surgeons as well as pediatric cardiologists considered the 3D visualization alone as already being helpful for understanding the usually complex anatomy. Manipulation of this 3D visualization, such as transparent representations of selected parts for example the right ventricle (see Figure 3) as well as the opportunity to freely manipulate the view’s orientation further helped to assess the size, shape and spatial relationship of different intracardiac structures as well as to understand surgical constraints imposed by the patient-specific anatomy.

Apart from quantitative measures as distances between the VSD and the AV valve annuli, qualitative assessment was considered to allow estimation of potential treatment strategies, such as tunnel orientations, lengths, and sizes. Two examples where the 3D visualization clearly highlighted whether BVR by surgical creation of a tunnel from the VSD toward the aortic valve annulus was feasible are shown in Figure 4. While BVR was possible in both patients, only in patient #8 connection from the VSD to the aortic valve was feasible. In patient #7, this tunnel would have been strongly bent and long due to the constraints imposed by the LV anatomy. In this patient a closure of the VSD toward the pulmonary artery and an additional arterial switch helped creating a straighter and shorter tunnel. The eventual surgical treatment performed in both patients matched these theoretical considerations.


[image: image]

FIGURE 4
Examples of the virtual treatment decision based on the 3D reconstructions for two patients (patient #7 and patient #8), for which biventricular repair (BVR) was feasible. The 3D reconstruction of the blood pool is shown in the left column, whereas the extruded, thin-walled geometry, superimposed with the relevant structures for treatment planning is shown in the second column. The virtual treatment strategy is shown in the third column, whereas the right column shows a photograph of a 3D print of the model. For patient #8 (upper row) BVR by creation of a tunnel from the ventricular septal defect (VSD) to the aorta (Ao) was considered feasible due to the size and orientation of these structures as well as the size of the left ventricle. In patient #7 the tunnel from VSD to Ao was considered to be too strongly bent and not feasible due to the orientation and shape of the VSD, whereas a connection from VSD to the pulmonary artery (PA) was considered feasible.


In addition to the 3D visualization, the 3D printed models were considered to offer additional understanding of the anatomy. While the 3D visualization was considered to be better suited to highlight different compartments and intracardiac structures, the 3D printed models were considered to be closer to the real surgical environment, even though the models were rigid, and the myocardium was not reconstructed in a patient-specific manner. A major advantage of the 3D printed models was the intrinsic understanding of the sizes and dimensions of different intracardiac structures. The missing pliability of the models was considered the major constraint, as having soft-tissue models might allow to already mimic different surgical procedures before the intervention.



Anatomical measurements based on surface reconstruction

The anatomical measurements which were performed on the reconstructed surface geometries are listed in Table 3. Here, all individual measurements as well as the average for all nine patients and the average values for the patients receiving UVP or BVR are provided, respectively. On average, the end-diastolic ventricular volumes were larger in the patients receiving BVR. In general, the RV volumes were larger than the LV volumes in both groups. The distances from the VSD to the pulmonary and aortic valve were similar when averaged for all patients. However, on average for the patients receiving UVP, larger distances to the aortic valve were observed compared to the pulmonary valve. In contrast, the distances between VSD and the two valves were similar in the BVR subgroup. However, similar to the ventricular volumes, these trends were not observed in all individual cases. In patient #1, who received UVP, distances where similar and in patient #5 for whom BVR was achieved, the distance to the aortic valve was larger than that to the pulmonary valve. Size measurement of the heart valves’ annuli and the VSD revealed that the VSD was considerably larger in UVP patients than in BVR patients. Similarly, the aortic annulus was larger in patients with BVR.


TABLE 3    Preoperative anatomic features of DORV patients measured using 3D reconstructions.
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Quantitative comparison between 3D-based measurements and echocardiographic assessment of anatomic parameters

Not all parameters that were evaluated via echocardiography were also measured using the 3D reconstructions. The average values of the LVEDV were similar between echocardiography and 3D reconstruction. Also, the trend of slightly larger LV volumes in the BVR group was observed in both approaches. A moderate correlation between both measurements of 0.67 was found. However, absolute volumes of several patients varied between both modalities (Tables 2, 3). For the RV length measurement an excellent correlation of 0.94 was found. The echocardiographic assessment of the VSD diameter revealed slightly larger VSD in patients receiving BVR than in those receiving UVP. However, the VSD diameters measured using the 3D reconstruction were larger in the UVP group. The correlation between both measurements was 0.50. Similar correlations were found for the TV and MV diameters. For the TV, correlation coefficients between echocardiography and 3D reconstruction were 0.70 and 0.59 for the four-chamber and parasternal long axis view, respectively. Those values were 0.36 and 0.40 for the MV respectively.



Patients’ outcome

Five patients underwent BVR, four UVP. Reasons why BVR was not feasible in all patients are given in Table 4. BVR was performed by creating an intraventricular baffle closing the VSD and connecting the LV to the aorta in three patients (3/5, 60%) and to the pulmonary artery with an additional arterial switch operation in two patients (2/5, 40%). In two patients (2/5, 40%) the existing VSD was enlarged during BVR. Among the four patients with UVP, one patient underwent Stage I palliation (Damus-Kaye-Stansel anastomosis with modified BT-Shunt), two patients received a Glenn procedure (Stage II palliation), and the remaining patient had a Fontan surgery (Stage III palliation).


TABLE 4    Decision-making in DORV patients with UVP.
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Discussion

DORV represents a heterogenous and complex group of congenital heart defects with considerably variable morphology. Patients frequently require thorough decision-making to ensure optimal treatment tailored for their specific anatomy.

BVR in DORV requires several anatomic prerequisites such as adequately sized ventricles, a VSD that can be rerouted toward either the aorta or the pulmonary artery, the ability to create an adequate outflow tract without compromising ventricular inflow, and a coronary anatomy that allows relocation in case an arterial switch is required. A conclusive decision between BVR vs. UVP is not always straightforward and therefore precise preoperative evaluation with optimal visualization of the anatomy is desired. 3D reconstruction or printing is a rather new technology, which could add additional information to the clinical routine assessment via echocardiography. If anatomy is not comprehended completely, surgical planning, execution and outcomes will be imperfect. Prior studies have demonstrated that improper patient selection for BVR, the generally desired approach, can result in inferior outcomes if anatomic prerequisites are not favorable (6).

The major aim of this study was to focus on this complex group of DORV patients, in which surgical decision-making based on preoperative echocardiography is inconclusive and to evaluate if 3D reconstruction and/or printing can help to better understand anatomy and guide surgical planning. Furthermore, we wanted to access the feasibility of 3D reconstruction and/or printing of the anatomy of DORV patients based on routine image data from CT and MRI and to evaluate whether clinically relevant anatomical measurements could also be performed using these reconstructions.


Benefits of 3D reconstruction and 3D printing

The overall feedback regarding the additional information provided by either 3D reconstruction and/or 3D printing from the heart team consisting of pediatric cardiac surgeons and pediatric cardiologists was favorable. The possibility of having the entire 3D information of the patient-specific anatomy available was considered beneficial for treatment planning. Furthermore, having 3D printed models allowed ad hoc assessment and evaluation of sizes, shapes, relationships, and orientations of various intracardiac structures. Thus, the general feedback from our clinical center matches the experience from other retrospective studies (10–12).

According to members of the heart team, the main advantage provided by both 3D reconstruction and 3D printing was that different treatment strategies could be elaborated and discussed easier, as the entire intra-cardiac anatomy could be analyzed at once. For example, feasibility of a patch insertion to connect the VSD to either the pulmonary artery or the aorta could be assessed directly, as the theoretical path could be easier judged. Combined with the experience of the pediatric surgeons, potential obstructions of the AV valves or long narrow tunnels that would result in outflow tract obstruction could be easier identified when the entire information of the patient-specific anatomy was available. Interestingly, anatomical measurements performed using the 3D reconstructions, were of minor interest, as evaluation of the patency of the ventricular sizes and the size of the atrial septal defect were already considered to be well described by echocardiographic measurements. The main advantage was clearly seen in the qualitative information provided by either 3D reconstruction or 3D printed models, such as position, shape, and orientation of intracardiac structures.

In theory, this information about the patient-specific anatomy is already provided entirely by the 3D reconstructions. Furthermore, these simultaneously allow for strong versatility with respect to the choice of visualization, as for example in highlighting different anatomical structures, making structures transparent or being able to freely zoom and rotate the models. However, the feedback from members of the heart team with respect to the 3D printed models were very favorable of that approach, as it allows easy manipulation of the view, and the anatomy of the heart could be assessed ad hoc by touching and rotating the model freely. While the printed models still deviate from the real surgical situation, they were considered closer to this than the visualization on the computer screen. Furthermore, as the models were printed in their actual size, intra-cardiac structures were true to size, even though these sizes might not reflect the end-diastolic state perfectly A major advantage of the 3D printed models was, that they allowed to better describe and discuss treatment strategies by indicating them in the model.

However, 3D printing comes with an additional preparation step, as the models must be pre-processed and printed. Furthermore, depending on the complexity of the model, as well of the printing technology used, post-processing of the models can also require substantial time. In contrast, preparation of the visualizations of the purely digital 3D reconstructions also takes time and was not sufficiently interactive. This problem, however, might be overcome with training or dedicated software solutions allowing ad hoc changes of the visualization during the heart team meetings. Finally, common feedback was, that pliable models allowing deformation and probably even mock interventions would be favorable over rigid models.



Comparison of echocardiographic and reconstruction-based measurements

We also attempted to compare anatomical measurements performed on the reconstructions against echocardiographic measurements performed in clinical routine to assess whether 3D reconstructions could also be used for robust assessment of these parameters. While average measurements available from echocardiography and 3D reconstructions were reasonably comparable, individual measurements showed considerable variability. In particular the VSD diameter was measured substantially different with smaller diameters in UVP patients based on echocardiographic assessment and larger diameters in that the BVR group based on the 3D reconstructions. However, even though several average measurements agreed well, correlations between both modalities were not excellent. Only for the RV length a strong correlation was observed, whereas for all other parameters, correlations ranged between 0.36 and 0.70. One possible explanation for this is that the RV length measurement is defined in the four-chamber view, which was reproduced in the 3D reconstruction for this measurement. Thus, similarity of the evaluation planes could be achieved. Planar echocardiographic measurements are known to be less precise than volumetric measurements (22) and measurements in neonates are known to be operator dependent (23).

Quantifications of cardiac chamber volumes have important inherent limitations in both modalities. Since our CT protocols in children are generally not ECG gated due to higher radiation exposition with retrospective ECG gating, acquired 3D images are not reliably end-diastolic and therefore might underestimate end-diastolic volumes. Echocardiography using the modified Simpson’s method for LV volume measurement may also be inaccurate, especially in complex anatomies, due to incongruence of geometric assumptions but also resulting from poor acoustic windows or limited operator experience. Moreover, RV volumes cannot be reliably measured in conventional 2D echocardiography. Nonetheless, as current reference values are based on echocardiographic measurements and echocardiography allows assessment of the end-diastolic state, measurements based on 3D reconstructions are no viable substitute for assessing ventricular volumes yet. ECG-gated acquisition of CT image data might overcome this problem but would require higher radiation dosage. Also, MRI images are performed ECG-gated. However, due to the long acquisition times, MR imaging usually requires sedation of neonates to prevent motion artifacts and the image resolution is usually poorer than that of CT images.



Outlook

While the main benefit of 3D reconstruction and 3D printing was seen in providing a clear visualization of the entire cardiac anatomy at once and reconstruction-based measurements were of limited importance, these measurements could be beneficial in future. First, echocardiographic measurements are often performed in 2D representations. In this study, the morphology of the ventricles and VSDs was very complex in several patients. For example, the RV length measurement in the four-chamber view was not ideal to assess the maximum elongation of the ventricle. Furthermore, some VSD shapes featured marked ellipticity, which cannot be assessed using only one diameter measurement. In contrast, the 3D reconstruction provided the exact representation of all anatomical structures, allowing detailed measurements. If the 3D reconstruction procedure can be automated or at least standardized, this approach might allow anatomic quantification without operator biases. Furthermore, additional quantitative measures describing the complex anatomy, such as the orientation of intracardiac structures as well as the orientation of structures in relation to each other might be feasible. Here, parameters such as the angles between the valve annulus planes and the VSD, but also more complex and abstract measurements based on statistical shape analysis (24) can be thought of. Such parameters might allow to objectify the mostly qualitative nature of the additional information provided by either 3D reconstructions or 3D printing.

However, even if such parameters can be identified, 3D reconstruction and 3D printing can currently only be considered as an important complementary diagnostic tool, as not all aspects required for pre-operative treatment planning can be fully assessed from the reconstructions alone. For example, for assessment of the presence of straddling AV valve chordae passing through the VSD, additional echocardiographic examination will always be necessary. Also, identification of novel discriminating parameters for DORV cases eligible for BVR requires much larger sample sizes and a prospective study design, which might be the goal of future studies.



Limitations

Due to the retrospective nature of this study and the small numbers of patients, the benefits arising from 3D reconstruction and 3D printing of the patient-specific anatomy could only be assessed qualitatively. As 3D reconstruction and 3D printing was only performed for complex cases, where no clear treatment decision could be discerned from routine data, comparison of procedural outcomes of the patients investigated in this study against other patients was not possible. While the first studies aiming at quantification of the added benefit of these technologies exist (17, 25), the conduction of comparative studies of surgical success and/or performance parameters, with and without added information by either 3D reconstructions or 3D-printed models, is not trivial. Since there is neither a consensus nor a standardized approach for reconstruction of the patient-specific anatomy, each center has yet to evaluate these procedures individually to generate evidence and build confidence needed for a prospective investigation.

The reconstruction procedure used in this study requires extensive manual interaction of up to several hours. This surely will be a relevant limitation for any translational endeavors of this approach. However, due to the considerable heterogeneity, both in the patient-specific anatomy but also in the image data, this approach can be considered as beneficial in the current stage of research, as it allows to accurately assess the relevant aspects of the anatomy and mitigate imaging artifacts via the experience of the heart team. The advance of machine learning-based algorithms for image processing was already successful in providing automated tools for reconstruction of different anatomical structures (26–28), including the heart (27), albeit mostly for those with normal physiology. For these approaches to be applicable for congenital heart defects, a joint effort by multiple centers is most likely required to provide the necessary case numbers and sufficiently heterogenous image data for the approach to be widely applicable. Such a database would also be extremely helpful in identifying anatomical parameters with predictive capabilities for BVR or the need for UVP.

One limitation with respect to the comparison between echocardiographic and 3D reconstruction-based parameters is, that both methods are subject to operator biases and uncertainties in its current state, making it impossible to discern the ground truth. Here, prospective studies might allow to assess the accuracy of both methods in more detail, as additional information can be acquired during the surgical intervention.




Conclusion

Image-based 3D reconstruction of the patient-specific intracardiac anatomy provides important additional information supporting decision-making process and surgical planning. While this information might be useful for further objectification of treatment, the approach is not yet commonly used in clinical routine. Here, one problem is the limited number of prospective studies aiming at quantification of the benefits for treatment-planning. Similarly, the question whether relevant measurements can also be performed directly using 3D reconstruction of the patient-specific anatomy and how these measurements compare against current gold-standard methods cannot be answered sufficiently without additional prospective investigations.
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Aims: To quantify extra-valvular cardiac damage associated with severe aortic valve stenosis (AS), a novel staging model was proposed. This study aimed to validate this model in patients undergoing transcatheter aortic valve replacement (TAVR) as well as to assess its prognostic impact.

Methods and results: Based on echocardiographic findings, the following stages were applied: isolated AS (stage 0), left ventricular (LV) damage (stage 1), left atrial or mitral valve damage (stage 2), pulmonary hypertension or tricuspid regurgitation (stage 3), or right ventricular dysfunction (stage 4). The primary endpoint was 2-year all-cause mortality. The distribution across stages was 0.8% at stage 0, 7.5% at stage 1, 63.3% at stage 2, 18.3% at stage 3, and 10.1% at stage 4. All-cause mortality increased at all stages 1–4 (12.1%, 18.2%, 26.6%, and 28.2%; p = 0.023). In the multivariate model, the stage of cardiac damage, age, New York Heart Association (NYHA) class III/IV, peripheral artery disease, and previous pacemaker were independent predictors of the primary endpoint.

Conclusions: Patients treated for severe AS show a high prevalence of extra-valvular cardiac damage. An increase in stage is associated with higher 2-year all-cause mortality. The application of this staging model may add value to current treatment algorithms.

KEYWORDS
 aortic stenosis, cardiac damage, femoral, transcatheter aortic valve implantation (TAVI), transthoracic echocardiogram, stages of cardiac damage


Introduction

Aortic valve stenosis (AS) is the most commonly acquired heart valve defect in industrial nations, and its incidence rate is 4.4%/year in patients above 65 years of age (1). Surgical or transcatheter aortic valve replacement (TAVR) remains the standard therapy for severe AS. Currently, an indication for the treatment of AS is driven by the severity of stenosis and the clinical manifestation of symptoms. The decision to recommend conventional surgical vs. catheter-based aortic valve replacement depends on patients‘ age and comorbidities (2). With the exception of a reduced left ventricular (LV) ejection fraction (< 50%), no additional structural cardiac changes are currently included in the decision algorithm, although extra-valvular cardiac damage is believed to occur over time. After an initial adaptive response with concentric hypertrophy to maintain cardiac output in severe AS, this initially beneficial mechanism leads to both systolic and diastolic LV dysfunction, the time point at which most patients will develop symptoms (3). The damage then extends to the left atrium due to elevated filling pressures and leads to left atrial dilatation and remodeling with an increased risk of atrial fibrillation and mitral regurgitation (4). A secondary increase in pulmonary artery pressure may eventually lead to tricuspid regurgitation and right ventricular dysfunction (5, 6). Although concomitant cardiac damage has been described in numerous studies in patients with severe AS (7–10) and is expected to affect long-term outcomes, it is currently under debate whether it can be used as a prognostic parameter and thus be relevant for decision-making regarding the optimal timing of therapy. Recently, in the PARTNER II trial, Généreux et al. proposed the quantification of extra-valvular cardiac damage in patients with AS and found that this classification was significantly correlated with a worse outcome when applied to patients undergoing TAVR for severe AS (11). Therefore, we aimed to validate extra-valvular cardiac damage staging initially proposed by Généreux et al. in patients undergoing TAVR for severe AS stenosis in a real world, single-center population and to assess its impact on mid-term outcome. To increase statistical power, we dichotomized the proposed cardiac damage stages corresponding to isolated left heart dysfunction (0–2) vs. stages 3–4, i.e., the damage extending to the pulmonary circulation and right heart.



Methods


Patient population

Between 2011 and 2016, 1,118 patients underwent TAVR for symptomatic severe AS at the Deutsches Herzzentrum München, Munich, Germany. For the scope of this analysis, only patients treated by transfemoral access and without previous valve surgery (aortic, mitral, or tricuspid) were considered (n = 1,063). Of these, for 841 (79%) patients a complete echocardiographic data set was obtained at baseline to allow staging. For a detailed study flow chart, see Supplementary Figure S1. All cases were discussed in the multidisciplinary heart team, and a consensus on the therapeutic strategy was achieved. All patients gave their written informed consent for the procedure. TAVR was performed in a hybrid operating suite under general anesthesia or conscious sedation. Data were prospectively collected and classified according to the Valve Academic Research Consortium criteria (12). Data collection was approved by the ethics committee of the Faculty of Medicine at Technische Universität München.



Echocardiography and staging

Echocardiography was performed prior to the procedure in the hospital's echocardiography department. Two-dimensional, color-wave, pulsed-wave, and continuous Doppler technique images were obtained in parasternal and apical views according to current recommendations (13). The following parameters were assessed: LV ejection fraction, LV mass index, E/e', left atrial volume, aortic valve area, mean and maximum transaortic valve gradient, the grade of aortic, mitral, and tricuspid regurgitation, pulmonary artery pressure, and right ventricular function.

The extent of extra-aortic cardiac damage was retrospectively categorized into five stages according to the model previously described by Généreux et al. (11): stage 0: showing no extra-valvular cardiac damage; stage 1 with isolated LV damage defined by increased LV mass, LV ejection fraction < 50% or E/e'>14; stage 2 with left atrial dilatation >34 ml/m2, moderate-to-severe mitral regurgitation or the presence of atrial fibrillation; stage 3 with pulmonary hypertension ≥ 60 mmHg or moderate-to-severe tricuspid regurgitation; and stage 4 with moderate-to-severe right ventricular dysfunction.



Follow-up and definition of endpoints

Follow-up data were prospectively collected during routine ambulatory visits at the outpatient clinic, by referring to the treating physician, hospital documentation, or through telephone interview. Events were censored after 2 years or when the last event-free contact was made.

The primary endpoint of this analysis was to assess the impact of extra-valvular cardiac damage on all-cause mortality, while the secondary endpoint comprised a composite of all-cause mortality and rehospitalization for worsening congestive heart failure (CHF).



Statistical analysis

Categorical and ordinal variables are expressed as frequencies and proportions and were compared using the chi-squared or Fisher exact test. Continuous variables are expressed as mean with standard deviation (SD) or median with interquartile range and compared using the Student‘s t-test or the Mann–Whitney U-test, as appropriate. Survival and event rates during follow-up were calculated as Kaplan–Meier estimates, and a comparison of cumulative event rates between these groups was performed by a log-rank test. Two-sided p < 0.05 was considered statistically significant for all analyses. To increase statistical power, cardiac damage stages were dichotomized in stages 0–2 (isolated left heart dysfunction) vs. stages 3–4 (left and right heart dysfunction). To identify significant predictors of the primary and secondary endpoints, univariate Cox regression analysis was performed for all variables; clinically relevant variables yielding p < 0.05 in the univariate analysis were used for the multivariate Cox regression analysis.

IBM SPSS Statistics (Version 28, SPSS, Inc. Chicago, IL, USA) and R (Version 1.4.1103, The R Foundation, Vienna, Austria) were used for analyses.




Results


Patient population and cardiac damage staging

Overall, of the 841 patients enrolled in this study, the mean age was 81.1 ± 5.8 years and 47.3% (398/841) were women with a median logistic EuroScore of 14.2% (8.97–22.06). Pre-procedural echocardiographic staging classified 0.8% (7/841) of patients having no cardiac damage (stage 0), and 7.5% (63/841) and 63.3% (532/841) were graded in stages 1 and 2, respectively. 18.3% (154/841) of patients were in stage 3, while 10.1% (85/841) were in stage 4. The single component of each stage is depicted in Supplementary Table S1. Baseline characteristics according to the stage of cardiac damage are shown in Table 1. The number of patients suffering from New York Heart Association (NYHA) functional class III/IV increased stepwise with each stage of cardiac damage (p for the trend < 0.001). Furthermore, the logistic EuroScore showed a non-linear increase with each stage of cardiac damage, and patients in stages 2–4 had more frequently undergone coronary artery bypass grafting and previous pacemaker implantation.


TABLE 1 Baseline characteristics according to stages of cardiac damage.
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Table 2 shows baseline characteristics according to the dichotomized stages of cardiac damage. Patients in stages 3–4 were ~1 year older than patients in stages 0–2 (81.8 ± 6.1 vs. 80.8 ± 5.7 years; p = 0.033), and presented with significantly higher rates of comorbidities including higher rates of chronic obstructive pulmonary disease, previous coronary artery bypass grafting, and previous pacemaker implantation. Overall, patients in stages 3–4 had a higher preoperative logistic EuroScore I [22.9% (13.5–32.7) vs. 12.2% (8.1–17.6); p < 0.001] and higher rates of NYHA classes III–IV (78.7 vs. 63.1%; p < 0.001).


TABLE 2 Baseline characteristics according to dichotomized stages of cardiac damage.
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Two-year outcome according to cardiac damage

The median follow-up was 851 days (438–1,700), and a 2-year follow-up was completed for 722/841 (85.9) patients. At 2 years, all-cause mortality in the overall population was 20.3%, while the composite of all-cause mortality and CHF occurred in 26.5%. Clinical outcomes at 2 years differed between the individual stages of cardiac damage, as depicted in Table 3. The Kaplan–Meier survival curves showed a significant stepwise increase in all-cause mortality and the composite endpoint of all-cause mortality or rehospitalization for CHF across all stages of cardiac damage, except for stage 0 due to small numbers (Figures 1A,B).


TABLE 3 Two-year outcome according to stage of cardiac damage.
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FIGURE 1
 (A) Cumulative incidence of all-cause mortality according to the stages of cardiac damage. Kaplan–Meier curves showing cumulative incidence of all-cause mortality according to the stages of cardiac damage. (B) Cumulative incidence of the composite all-cause mortality or rehospitalization for worsening CHF according to the stages of cardiac damage. Kaplan–Meier curves showing cumulative incidence of the composite all-cause mortality according to the stages of cardiac damage.


The results were even more pronounced using the dichotomized stages of cardiac damage (stages 0–2 vs. 3–4), where the Kaplan–Meier survival analysis paralleled prior findings with almost doubled event rates for the primary and secondary endpoints for stages 3–4 of cardiac damage (Figures 2A,B). Supplementary Table S2 displays a 2-year clinical outcome according to the dichotomized stages of cardiac damage.
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FIGURE 2
 (A) Cumulative incidence of all-cause mortality according to the dichotomized stages of cardiac damage. Kaplan–Meier curves showing cumulative incidence of all-cause mortality according to the dichotomized stages of cardiac damage. (B) Cumulative incidence of the composite all-cause mortality or rehospitalization for worsening CHF according to the dichotomized stages of cardiac damage. Kaplan–Meier curves showing cumulative incidence of the composite all-cause mortality according to the dichotomized stages of cardiac damage.




Prognostic relevance of cardiac damage

To assess the impact of cardiac damage on the outcome, univariate and multivariate Cox regression analyses for the primary and secondary endpoints were performed; significant results are shown in Table 4. The stage of cardiac damage, age, NYHA class III/IV, peripheral artery disease, and previous pacemaker implantation were significant predictors of all-cause mortality. In detail, each step increase in the stage of cardiac damage resulted in a 30% higher risk for 2-year all-cause mortality (odds ratio (OR) 1.306, 95% confidence interval (CI): (1.051–2.622); p = 0.016).


TABLE 4 Univariate and multivariate Cox proportional hazard analysis for variables yielding p < 0.05 for all-cause mortality and the composite of all-cause mortality or rehospitalization for worsening CHF at 2 years.
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Similar findings were found for the secondary endpoint, where the stage of cardiac damage, age, NYHA III/IV, peripheral artery disease, and previous pacemaker were significant predictors in multivariate analysis. In particular, each increase in the stage of cardiac damage resulted in a 33% higher risk for all-cause mortality or rehospitalization for CHF [OR 1.331, 95% CI: (1.119–1.584); p = 0.001].




Discussion

The main findings of this study can be summarized as follows: in a large, single-center, real-world population, the application of the staging classification proposed by Généreux et al. showed a high prevalence of significant extra-valvular cardiac damage among patients referred for TAVR with symptomatic severe AS. Furthermore, clinical outcome worsened stepwise with increasing stage of cardiac damage. In multivariate analyses, increased cardiac damage stage independently predicted adverse outcome in terms of all-cause mortality and a composite of all-cause mortality or rehospitalization for worsening CHF. This finding was even more pronounced when considering a simplified dichotomized staging classification of stages 0–2 vs. 3–4.

In the original study of 1,661 patients with a mean age of 73 years undergoing aortic valve replacement for severe AS, Généreux et al. found the stage of cardiac damage to be the strongest predictor of 1-year all-cause mortality along with frailty and oxygen-dependent chronic obstructive pulmonary disease. For each increase in the stage of cardiac damage, the 1-year mortality risk increased by 45%. Similarly, in a strong population of 1,189 patients with severe AS with a mean age of 73 years, Vollema et al. confirmed the negative impact of cardiac damage staging on the outcome, in addition to age, previous myocardial infarction, renal function, and surgical or transcatheter AVR, which were all independently associated with all-cause mortality in the multivariable analysis (14). The current analysis differs from previous studies in that it only recruits patients undergoing TAVR, leading to obvious demographic differences, with a mean age of 81 years. Nevertheless, we found that cardiac damage staging was an independent predictor of all-cause mortality up to 2 years after TAVR, confirming its negative impact and reproducibility across different study populations. Similarly, Okuno et al. found that elderly patients with a high prevalence of right ventricular damage had a 5- to 7-fold increased risk of mortality at 1 year (15). It is not surprising that in this elderly population, age and clinical manifestation with regard to NYHA class III/IV were also independently associated with mortality. Recently, the cardiac damage staging model was applied to patients with asymptomatic moderate-to-severe AS, and 61% of patients were found to be in stage ≥2, with a markedly increased risk of mortality during a follow-up. The staging system may be applied to optimize the timing of TAVR procedures and identify asymptomatic patients with severe AS who may benefit from early valve replacement (16). It should also be noted that mortality and worsening of CHF in the current TAVI population, which is older and has many comorbidities, are multifactorial events that are not solely influenced by the extent of cardiac damage. Indeed, the presence of peripheral artery disease was associated with a poorer 2-year clinical outcome. Further, COPD, which was previously was associated with increased mortality after TAVR (17, 18), showed a trend toward a poorer clinical outcome, albeit without reaching statistical significance. To achieve the optimal clinical outcome, operators need to consider such comorbidities when planning treatment.

An indication for treatment is currently based on the extent of valve stenosis severity, symptoms, and LV ejection fraction, and guidelines further consider the presence of additional risk factors, such as STS-score or EuroScore, frailty, or other major organ dysfunction (19). The ongoing extension of an indication with TAVR will likely entail the need to tailor treatment and identify those who benefit the most. Finally, establishing the simplification of the staging classification using the dichotomized stages presented in this paper and differentiating patients with isolated LV damage from those with damage extending to the pulmonary circuit and right ventricle may help to increase the efficiency and accuracy of the clinical decision process in identifying patients who may best benefit from TAVR. Similarly, a recent retrospective analysis identified structural alterations in left and right heart morphology as sensitive indicators of poor prognosis after TAVR by applying unsupervised machine learning (20).

Furthermore, the question arises as to the best timing of treatment: symptomatic manifestation of AS is the principle underlying decision-making to proceed to TAVR; however, the onset of symptoms is often delayed and may manifest when irreversible damage has already occurred. In the analysis by Généreux et al., the stage of cardiac damage was a stronger predictor of mortality compared to any hemodynamic parameter, suggesting that the impact of extra-valvular damage secondary to AS often persists even after successful aortic valve replacement (11). In these cases, patients may possibly benefit from early intervention when irreparable extra-valvular damage has not yet occurred, especially since there is evidence that LV (21) and RV dysfunction can improve immediately after the relief of LV obstruction with TAVR (22). The treatment of this specific subset of patients is still controversial: while guidelines recommend treatment for asymptomatic very severe AS or rapid progression with low surgical risk, evidence is scarce (23, 24). Meanwhile, recent evidence suggests that early surgery in asymptomatic patients with aortic stenosis reduces mortality and death from cardiovascular causes (25), so further research on the optimal timing of transcatheter replacement is crucial. The ongoing randomized clinical Evaluation of TAVR Compared to SurveilLance for Patients With AsYmptomatic Severe Aortic Stenosis (Early TAVR) trial (ClinicalTrials.gov Identifier: NCT03042104) will soon shed light on this debate by enrolling asymptomatic patients with severe AS and comparing clinical surveillance to TAVR.



Strengths and limitations

Despite the inclusion of 841 strong, real-world patients treated at a high-volume center and presenting complete data with a 2-year follow-up, this analysis has some limitations: first of all, it is an observational study with self-adjudication of events, lacking a central core laboratory. Furthermore, intra- and inter-observer variability inherent in echocardiography cannot be ruled out as a possible confounder in this analysis. There was no systematic assessment of symptomatic status improvement during the follow-up.



Conclusions

Patients undergoing TAVR for severe AS show a high prevalence of extra-valvular cardiac damage. An increase in the stage of cardiac damage is associated with higher 2-year all-cause mortality. The application of this staging model may add value to current treatment algorithms. Further prospective studies are warranted to confirm the additive value of the proposed staging system in patients with severe AS.



Impacts on daily practice

Severe AS may be associated with extra-valvular cardiac damage. Recently, Généreux et al. proposed a staging model with stages 0–4 according to the severity of the echocardiographic findings of extra-valvular cardiac damage. In a large population of patients undergoing TAVR, we found a high prevalence of extended cardiac damage. Further, the stage of cardiac damage was associated with higher 2-year all-cause mortality and was found to be an independent predictor of 2-year all-cause mortality in a multivariable model. The application of this staging model may add value to current treatment algorithms for patients with severe AS undergoing TAVR.
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Aims: The efficacy of anti-proprotein convertase subtilisin/Kexin type 9 (PCSK9) monoclonal antibodies in patients with atherosclerotic cardiovascular disease (ASCVD) remains unclear. Therefore, this study aims to assess the effect of PCSK9 inhibitors (alirocumab and evolocumab) on ASCVD patients considering the number needed to treat (NNT).

Methods: We reviewed randomized controlled trials (RCTs) which compared the effects of alirocumab or evolocumab and placebo or standards of care. All articles were published in English up to May 2022. Using random effect models, we estimated risk ratios (RRs), NNT, and 95% confidence intervals (CI).

Results: We incorporated 12 RCTs with 53 486 patients total, of which 27 674 received PCSK9 inhibitors and 25 812 received placebos. The mean follow-up duration was 1.56 years. The effect of PCSK9 inhibitors on major adverse cardiovascular events (MACE) was statistically significant, and the corresponding mean NNT was 36. Alirocumab reduced the risk of MACE, stroke, and coronary revascularization; the corresponding mean NNT were 37, 319, and 107, respectively. Evolocumab positively affected MACE, myocardial infarction, stroke, and coronary revascularization; the corresponding mean NNT were 32, 78, 267, and 65, respectively. The effects of alirocumab or evolocumab on all-cause mortality and cardiovascular mortality were not statistically significant.

Conclusion: This study suggests that preventing one patient from MACE needed to treat 36 patients with ASCVD with PCSK9 inhibitors for 1.56 years. Both alirocumab and evolocumab reduced MACE, stroke, and coronary revascularization. Evolocumab had a positive effect on myocardial infarction, but no effects were noted for alirocumab. In addition, alirocumab may not be as effective as evolocumab. NNT visualizes the magnitude of efficacy to assist in clinical decisions.

Systematic review registration: [https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=344908], identifier [CRD42022344908].

KEYWORDS
PCSK 9 inhibitors, alirocumab, evolocumab, efficacy, number needed to treat (NNT)


Introduction

Atherosclerotic cardiovascular disease (ASCVD) is a leading cause of death worldwide (1, 2). An elevated Low-Density Lipoprotein Cholesterol (LDL-C) level is an independent risk factor for ASCVD. Therefore, lowering LDL-C is a crucial strategy for both the primary and secondary prevention of ASCVD (3, 4). To achieve absolute or relative reductions in LDL-C among patients with high cardiovascular risk, statin lipid-lowering therapy is commonly recommended by current guidelines (5). However, a substantial proportion of patients who are either intolerant to or resistant to statins remain at significant residual risk for ASCVD events (6, 7). Therefore, many advocate the use of drug combinations to achieve greater efficacy and lower risk of cardiovascular events (8).

Anti-proprotein convertase subtilisin/Kexin type 9 (PCSK9) monoclonal antibodies are newer effective lipid-lowering drugs (9). The mechanisms of action of PCSK9 inhibitors: hepatocyte surface low-density lipoprotein receptor (LDLR) which is in charge of cellular uptake and subsequent LDL-C degradation is critical for cholesterol homeostasis (10). By interacting with LDLR on the hepatocyte surface, PCSK9 reduces the ability of LDLR to recycle. PCSK9 inhibitors can increase the density of LDLR on the cell surface and remove serum LDL particles for lipid control by preventing the interaction between circulating PCSK9 and LDLR (Supplementary Figure 1). Alirocumab and evolocumab, which are the representative drug of the PCSK9 inhibitors, have received approval from both the US Food and Drug Administration (FDA) and the European Medicine Agency (EMA). They are lipid-lowering injectable drugs demonstrated to reduce cardiovascular risk (11). They have been used for heterozygous familial hypercholesterolemia (HeFH) or clinical ASCVD requiring further lowering of LDL-C in addition to diet and maximally tolerated statin therapy (12–15). A growing body of literature recognizes the importance of PCSK9 inhibitors in reducing the occurrence of cardiovascular outcomes (16). Nevertheless, the independent report of relative indicators such as RR has not considered baseline risk, which may lead to underlying absolute risks being concealed and overestimation of results (17). Therefore, this study aims to assess the effect of alirocumab and evolocumab on all-cause mortality and major cardiovascular events considering the number needed to treat (NNT).

Number needed to treat as a commonly used absolute risk estimate is arguably the most clinically intuitive indicator (18). NNT has the advantage of being an easily interpretable summary of different treatment effects (19). NNT has both statistical and clinical meanings since it could transform an abstract rate into a specific frequency and translates clinical test results into clinical practice indicators. NNT also has the potential to support benefit-risk analysis and aid in the decision-making process for drug regulators (20, 21). NNT improves the objectivity, transparency, and repeatability of benefit-risk assessments since it can be used as a metric to quantitatively analyze the benefits and harms of medicines (18). In the reporting of clinical trials and other biomedical studies, NNT has been used frequently (22). In prior studies about ASCVD, only the NNT of statins and aspirin has been described (23, 24). Therefore, we explore the effectiveness of alirocumab and evolocumab in patients with established ASCVD utilizing NNT.



Materials and methods

The protocol for this study has been registered in the International Systematic Prospective Register (PROSPERO, CRD42022344908).


Research strategy and selection criteria

We systematically reviewed the literature according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines (25). We searched electronic databases of PubMed/Medline, Embase, CENTRAL (Cochrane Central Register of Controlled trials), and Web of Science up to May 23, 2022. The relevant keywords for searching included evolocumab, alirocumab, AMG145, Praluent, SAR236553, REGN727, and Repatha. The search strategy was presented in the Supplementary materials (Supplementary Text 1).

The inclusion criteria were: (1) Phase 2 or 3 randomized controlled trials (RCTs) comparing PCSK9 inhibitors to placebo or standards of care. (2) Patients with dyslipidemia and/or established ASCVD. (3) With follow-up duration of longer than one year, and (4) Trials reported the primary efficacy outcomes of interest: the composite endpoint of major adverse cardiovascular events (MACE), which were defined as cardiovascular death, myocardial infarction (MI), stroke, and coronary revascularization when available. No relevant outcomes were reported, meta-analyses, studies with duplicate data, and the number of participants who were less than 100 were excluded.

The screening strategy was primary searching through titles and abstracts and screening the remaining articles at the full-text level if any record fulfilled the study inclusion criteria.



Data extraction

Two investigators (HW and YM) independently collected data with the pre-specified data collection forms and settled any discrepancies by discussion and consensus with the third reviewer (XX). Information collected from each study included the name of a registry, year of publication, sample size, type of medication, comorbidities, mean age, sex, duration of follow-up, baseline LDL-C, and efficacy outcomes. The primary outcome is MACE. Secondary outcomes included all-cause mortality, cardiovascular death, MI, stroke, and coronary revascularization. Two investigators (HW and YM) reviewed the studies and judged the risk of bias as low, unclear, or high risk in six different domains consisting of random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other sources of bias using the Cochrane Risk of Bias Tool (Supplementary Figure 2).



Statistical analyses

We used the random effect model to obtain pooled RR and NNTs. Fixed effect models for each efficacy outcome were also given in the Supplementary. Heterogeneity was assessed using the χ2 text, with I2 < 25%, 25% to 50%, and > 50% considered minimal, moderate, and substantial. We calculated NNT using the formula: NNT = 1/([1-RR] × CER), CER: the control (placebo) event rate. This study of 18 pooled CERs was obtained (Supplementary Table 1). NNT rounded up to the whole number for data interpretation. We calculated NNT together with its 95% CI. For rational interpretation of NNTs, the number needed to treat to benefit (NNTB) and the number needed to treat to harm (NNTH) are defined as the number of patients needed to be treated to reduce the number of outcomes by one and to increase the number of outcomes by one, respectively. If the 95% CI of NNTs crosses positive infinity, then it means there is no statistically significant. Due to the variations in trial duration, NNT may be somewhat biased when comparing alirocumab and evolocumab. Therefore, we used the method proposed by Laupacis et al. to adjust the length of follow-up (26). The formula: NNT: T × T ÷ S = NNT:S, NNT: T: the actual observed NNT, NNT:S: the adjusted NNT, T: the follow-up time, and S: the mean follow-up time. This method assumes that both the incidence of events and the treatment’s effect are constant over time.

Furthermore, we assumed that the MACE might be related to the mean age, published year, the mean follow-up duration, the percentage of male participants, diabetes mellitus, coronary artery disease, and taking stains. We used a random-effects univariate meta-regression to test this assumption. A 2-tailed P value < 0.05 was considered statistically significant.

All analyses were conducted using Review Manager V.5.4.1 (RevMan), R software, V.4.2.1, and Stata, V.17.0 (Stata Corp.).




Results


Included studies

Figure 1 shows the flow diagram for study selection. (27–37). 1,738 records were identified by literature search (Web of Science 286 articles, the Cochrane Library 223 articles, Pubmed 354 articles, and EMBASE 875 articles). Finally, a total of 12 RCTs were identified which comprised 53,486 patients. At baseline, 27,674 patients were being treated with a PCSK9 inhibitor (12,071 with alirocumab and 15,603 with evolocumab), and 25,812 patients were being treated with placebo or standards of care. The mean follow-up time was 1.56 years. Table 1 presented the characteristics of included studies.


[image: image]

FIGURE 1
Flowchart of study selection for meta-analysis.



TABLE 1    Characteristics of interventions and populations at baseline included RCT.
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Endpoints


Major adverse cardiovascular events

Figure 2 presented the random-effects meta-analysis of the primary outcome. There were 53,486 patients with established ASCVD. The effect of PCSK9 inhibitors on MACE was statistically significant (RR 0.83, 95% CI 0.79–0.87) (Supplementary Figure 3), and the corresponding NNT was 36 (NNTB 29 to NNTB 47). When alirocumab and evolocumab analyses were conducted independently, they both reduced the incidence of MACE (RR 0.85, 95% CI 0.78–0.93 and RR 0.80, 95% CI 0.75–0.85, respectively). The NNT of MACE in ASCVD patients with alirocumab was 37 (NNTB 25 to NNTB 79), and evolocumab was 32 (NNTB 25 to NNTB 42).
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FIGURE 2
Efficacy endpoints for PCSK9 inhibitors vs. control. Effect of proprotein convertase subtilisin/Kexin type 9 (PCSK9) inhibitors on major adverse cardiovascular events, all-cause mortality, cardiovascular mortality, myocardial infarction, stroke, and coronary revascularization over 1.56 years. The number needed to treat (NNT) with the corresponding confidence intervals (CIs). MACE, major adverse cardiovascular events; NNT, the number needed to treat; NNTB, the number needed to treat to benefit; NNTH, the number needed to treat to harm.


The effect of PCSK9 inhibitors in MACE is shown in Figure 3. Direct comparison is not reasonable due to the difference in CER. For the convenience of comparison, NNT was transformed from the number of people required to treat to prevent one adverse event to the number of adverse events that could be prevented when treating 1,000 people for 1.56 years. The meanings of these two indicators are the same. A total of 12 studies with CER of 16.5% were included, and the treatment of 1,000 ASCVD patients by PCSK9 inhibitors would benefit an average benefit of 27-28 individuals. Alirocumab was included in eight studies with CER of 19% and benefited an average of 27-28 people treating 1,000 patients with ASCVD. Evolocumab was included in 4 studies with CER of 14.7% and benefited an average of 31-32 people treating 1,000 patients with ASCVD.
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FIGURE 3
Cates plot. The effect of PCSK9 inhibitors in major adverse cardiovascular events is shown. 100 smiley faces represent 1,000 participants treated with PCSK9. Green face means no major adverse cardiovascular events if treated with PCSK9. Yellow face means no major adverse cardiovascular events even if not treated with PCSK9. Red face means major adverse cardiovascular events will occur even if treated with PCSK9.




All-cause mortality

All trials evaluated the data of PCSK9 inhibitors on all-cause mortality. Compared with no treatment with PCSK9 inhibitors, PCSK9 inhibitors were not associated with a statistically significant change in all-cause mortality (RR 0.92, 95% CI 0.76–1.11) (Supplementary Figure 4) with a value of 386 (NNTB 129 to ∞ to NNTH 281). Alirocumab and evolocumab were not statistically significant in all-cause mortality (P = 0.38 and P = 0.59, respectively).



Cardiovascular mortality

Cardiovascular mortality analysis included eleven RCTs (52,508 patients). The NNT of cardiovascular mortality was 813 (NNTB 204 to ∞ to NNTH 326). Between PCSK9 inhibitors and controls, there were no significant differences in cardiovascular mortality (RR 0.94, 95% CI 0.76–1.15) (Supplementary Figure 5). The effect of alirocumab and evolocumab on cardiovascular mortality was also statistically non-significant (P = 0.50 and P = 0.65, respectively).



Myocardial infarction

All trials reported the data of PCSK9 inhibitors therapy on MI. The effect of PCSK9 inhibitors on MI was statistically significant (RR 0.78, 95% CI 0.70–0.88) (Supplementary Figure 6). The NNT of PCSK9 inhibitors on MI was 84 (95% CI, NNTB 62 to NNTB 154). When alirocumab and evolocumab were performed separately, evolocumab reduced MI (RR 0.73, 95% CI 0.65–0.82), and NNT was 78 (NNTB 60 to NNTB 117). Alirocumab had no effect (P = 0.06).



Stroke

There were 10 trials (52,267 patients) that reported data on stroke. Compared with no treatment with PCSK9 inhibitors, the efficacy of PCSK9 inhibitors on stroke was statistically significant (RR 0.78, 95% CI 0.68–0.90) (Supplementary Figure 7), and NNT was 294 (NNTB 203 to NNTB 647). When alirocumab and evolocumab were performed separately, they both lowered the occurrence of heart failure (RR 0.76, 95% CI 0.60–0.96 and RR 0.79, 95% CI 0.66–0.95, respectively). The NNT of stroke in patients with alirocumab was 319 (NNTB 192 to NNTB 1913), and evolocumab was 267 (NNTB 163 to NNTB 1106).



Coronary revascularization

Coronary revascularization was evaluated in 11 trials (52,567 patients). Compared with the control group, treatment with PCSK9 inhibitors was associated with a statistically significant reduction in coronary revascularization (RR 0.83, 95% CI 0.78–0.88) (Supplementary Figure 8). The NNT of coronary revascularization was 81 (95% CI, NNTB 63 to NNTB 115). When alirocumab and evolocumab were performed separately, they reduced coronary revascularization incidence (RR 0.88, 95% CI 0.80–0.96 and RR 0.78, 95% CI 0.72–0.86, respectively). The corresponding NNT for alirocumab was 107 (NNTB 64 to NNTB 320), and the NNT for evolocumab was 65 (NNTB 51 to NNTB 102).



Meta-regression analysis and publication bias

The purpose of conducting meta-regression is to evaluate the magnitude and sources of heterogeneity among studies. According to predefined baseline characteristics, there are many trial subgroups: mean age, published year, the percentage of male participants, diabetes mellitus, coronary artery disease or statin, and follow-up years. We further identified study heterogeneity by focusing on the relationship between clinical characteristics and intervention effect sizes. There was no evidence of differences in the effects of PCSK9 inhibitors on MACE among trial subgroups (all P > 0.05 for heterogeneity) (Supplementary Table 2). There was no evidence for publication bias in the funnel plots (Supplementary Figure 9), as Begg’s rank correlations (P = 0.15) and Egger’s linear regression (P = 0.80) have been proven with statistics (Supplementary Figure 10).





Discussion

To the best of our knowledge, this study is the first meta-analysis focusing on NNT and assessing the efficacy of PCSK9 inhibitors on cardiovascular events in patients with ASCVD. This study determines the effectiveness of PCSK9 inhibitors to prevent MACE among patients with established ASCVD by calculating NNTs.

Both alirocumab and evolocumab could prevent MACE, stroke, and coronary revascularization. Prior studies have noted the importance of PCSK9 inhibitors to reduce the risk of MACE. PCSK9 inhibitors increase the availability of cell surface LDL receptors and thus reduce plasma LDL-C levels (38, 39). It provides most cardiovascular benefits by lowering LDL-C, but lipid effects alone are insufficient to fully explain the changes in clinical cardiovascular event rates. The non-lipidic effects of PCSK9 inhibitors also play a role in this process to some extent. Firstly, PCSK9 inhibitors can interfere with the atherosclerotic inflammatory response to a certain extent and further achieve vascular benefit. Secondly, coagulation status is also an influential factor in acute coronary syndrome. It was found that PCSK9 can directly activate platelets on the one hand, and on the other hand, it can also lead to abnormal lipid and inflammatory status and thus indirectly lead to a hypercoagulable state of the body (10). PCSK9 inhibitors significantly inhibit platelet hyperactivation by neutralizing PCSK to reduce the incidence of cardiovascular events. PCSK9 inhibitors are expected to change the landscape of LDL-lowering therapy in future clinical drug therapy (7, 40).

This study reported adding PCSK9 inhibitors to statins may reduce the risk of MI and stroke but does not affect mortality. The insignificant effect on mortality was most likely due to the short follow-up period. Several studies have found that PCSK9 inhibitors over time enhanced the beneficial cardiovascular effects (32, 37, 41). Although studies with at least a year of follow-up were included in the current meta-analysis, the median follow-up time for all trials was only 1.56 years. More long-term follow-up studies are needed (39). The similar finding on mortality was also reported by Safi U Khan et al. (10, 16). However, the used RRs alone do not reflect the magnitude of baseline risk. RRs convey relative differences not absolute differences in the outcomes (42). It is interpretable only if the occurrence rate in the control group is also mentioned (43). For example, the RRs for MACE and coronary revascularization in our report were approximately the same, however, the NNT is very different. Considering the baseline data, we used the relative effect indicator RRs in our study and added the absolute effect indicator NNT for evaluation. NNT may be useful in assisting doctors to understand the specific risks and advantages of treatment strategies (44).

Another finding indicates that evolocumab is more effective than alirocumab. Among patients with ASCVD, only evolocumab but not alirocumab could reduce MI. Several previous studies have also concluded that alirocumab had a weaker LDL-C-lowering ability than evolocumab (45–47). NNT conveys the absolute size of differences in outcomes between treatments in a readily interpretable way. For example, both alirocumab and evolocumab may reduce the incidence of stroke. If clinicians just focus solely on RRs, without considering patient personality characteristics and drug differences when making drug selections, they will probably choose alirocumab due to its lower RRs. However, when we consider the risk at baseline, we observed that the NNT for alirocumab is 319, while the NNT for evolocumab is 267, which means evolocumab performed better in treating the same number of patients than alirocumab. NNT does not only have the advantage of showing true efficacy but is also more convincing in the interpretation of conclusions than RRs (48, 49). However, due to the lack of direct face-to-face studies, this conclusion needs to be further investigated.

Increasingly, top medical journals require reporting of NNT as a supplemental indicator (50). NNT has advantages over RR by expressing efficacy by combining baseline risk and treated risk reduction. The NNT is more useful than an absolute risk because it tells clinicians and patients more specifically how much effort they must exert to prevent an event. Previous studies have also used an absolute effect metric, incidence per 1,000 persons over five years, for assessment. Yet this is not consistent with many included trials in our study. Five years far exceeds the true experimental follow-up time. It is unrealistic to assume that the five-year baseline risk is constant. The advantage of NNT over incidence per 1,000 persons over five years is a more accurate assessment of baseline data, enabling more realistic and credible conclusions.

This study also aids with the cost-effectiveness analysis of drugs (51–53). When two PCSK9 inhibitors became commercially available in 2015, they did improve the clinical prognosis for secondary prevention, but the annual retail cost was nearly $14,000. Expensive market prices are a significant barrier to patient access (54–56). When we need to conduct a cost-effectiveness analysis, the most frequently advised numerical metric for healthcare professionals is NNT (57).

There are several limitations of our analysis when interpreting the results. Firstly, baseline risk and follow-up time have a significant influence to calculate NNT, but they varied for each included study. To address this variation, we pooled the baseline risks and the mean follow-up time of the trials involved in the study to calculate an approximation of the true value. Secondly, this study primarily analyzed all-cause mortality and major cardiovascular events and excluded safety outcomes. Future studies could investigate this further. Finally, this meta-analysis was performed at study level data rather than the patient level. Therefore, we could only explore meta-regressions of the association between baseline levels and outcomes but not conduct subgroup analyses between some potential factors. We attempted to contact the authors to obtain individual data from their trials and hope to report these data in future trials.



Conclusion

In conclusion, this study suggests that preventing one patient from MACE needed to treat 36 patients with ASCVD with PCSK9 inhibitors for 1.56 years. Both alirocumab and evolocumab, which are currently in clinical use, have reduced MACE, including stroke and coronary revascularization in patients with ASCVD. Evolocumab has also shown promising results in MI. In addition, alirocumab may not be as effective as evolocumab. NNTs visualize the magnitude of efficacy. These findings provide important and useful guidance for clinicians in treating and managing patients with ASCVD.
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Introduction: Chemoradiotherapy (CRT) has been associated with increased incidence of cardiovascular (CV) adverse events (CVAE). Coronary artery calcium scoring (CAC) has shown to predict coronary events beyond the traditional CV risk factors. This study examines whether CAC, measured on standard of care, non-contrast chest CT (NCCT) imaging, predicts the development of CVAE in patients with non-small cell lung cancer (NSCLC) treated with CRT.

Methods: Patients with NSCLC treated with CRT at MD Anderson Cancer Center from 7/2009 until 4/2014 and who had at least one NCCT scan within 6 months from their first CRT were identified. CAC scoring was performed on NCCT scans by an expert cardiologist and a cardiac radiologist following the 2016 SCCT/STR guidelines. CVAE were graded based on the most recent Common Terminology Criteria for Adverse Events (CTCAE) version 5.0. CVAE were also grouped into (i) coronary/vascular events, (ii) arrhythmias, or (iii) heart failure. All CVAE were adjudicated by a board-certified cardiologist.

Results: Out of a total of 193 patients, 45% were female and 91% Caucasian. Mean age was 64 ± 9 years and mean BMI 28 ± 6 kg/m2. Of 193 patients, 74% had CAC >0 Agatston units (AU), 49% CAC ≥100 AU and 36% CAC ≥300 AU. Twenty-nine patients (15%) developed a grade ≥2 CVAE during a median follow-up of 24.3 months (IQR: 10.9–51.7). Of those, 11 (38%) were coronary/vascular events. In the multivariate cox regression analysis, controlling for mean heart dose and pre-existing CV disease, higher CAC score was independently associated with development of a grade ≥2 CVAE [HR: 1.04 (per 100 AU), 95% CI: 1.01–1.08, p = 0.022] and with worse overall survival (OS; CAC ≥100 vs. <100 AU, HR: 1.64, 95% CI: 1.11–2.44, p = 0.013). In a sub-analysis evaluating the type of the CVAE, it was the coronary/vascular events that were significantly associated with higher baseline CAC (median: 676 AU vs. 73 AU, p = 0.035).

Discussion: Cardiovascular adverse events are frequent in patients with NSCLC treated with CRT. CAC calculated on “standard of care” NCCT can predict the development of CVAEs and specifically coronary/vascular events, as well as OS, independently from other traditional risk factors and radiation mean heart dose.

Clinical trial registration: [https://clinicaltrials.gov/ct2/show/NCT00915005], identifier [NCT00915005].
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Introduction

Radiation therapy (RT) is an integral part of the treatment for non-small cell lung carcinoma (NSCLC). In a recent study including more than 288,000 subjects with NSCLC, RT was used in one third (1). Despite its significant benefits in the treatment of NSCLC, RT has been associated with increased incidence of cardiovascular (CV) adverse events (CVAEs) including coronary events, arrhythmias, and heart failure (2, 3). In a recent meta-analysis of four prospective radiation therapy trials that included patients with NSCLC stage II–III treated between 2004 and 2013, approximately 1 out of 10 participants (11%) developed a significant CVAE within 2 years from RT initiation (3). Higher mean heart dose (MHD) and pre-existing cardiovascular disease (CVD) have been associated with higher incidence of CVAEs (2–4). More recent studies suggest that critical cardiac substructure dose, such as left ventricular or left anterior descending artery dose as opposed to left circumflex or right coronary artery dose, may predict the development of future CVAEs more accurately than MHD (5, 6). Contemporary RT modalities, such as 3-dimensional conformal RT (3DCRT), intensity modulated RT (IMRT), volumetric modulated arc radiation (VMAT), RT with respiratory gating and proton beam therapy, have managed to lower the MHD, and cardiac substructure dose (7, 8). Despite improvement in radiation modalities and cardiovascular shielding techniques, radiation induced CVD remains a common cause of morbidity and mortality among NSCLC survivors (9, 10). Early diagnosis of subclinical atherosclerosis, such as identification of coronary calcification, has the potential to better risk stratify patients with NSCLC and potentially guide preventive pharmacotherapy with statins, which has shown some promise in mitigating radiation induced atherosclerotic events (11).

Coronary artery calcium scoring (CAC) on CT imaging, has emerged as a widely available, cost-effective and reproducible means of detecting pre-clinical coronary atherosclerosis (12). It improves prediction of major CV outcomes beyond assessment of traditional CV risk factors, and it is especially useful in asymptomatic individuals for planning primary prevention interventions such as initiation of statins (12, 13). Although CAC was initially developed based on ECG-gated, non-contrast, prospective cardiac CT imaging (14), CAC on standard, non-gated, non-contrast CT (NCCT) imaging has been shown to correlate well with the traditional CAC and has been proposed as a cost-effective method of screening patients with lung cancer prior to RT (15, 16). Furthermore, in a recent study from our institution, coronary artery radiation exposure was associated with subsequent increase in CAC in patients with cancer (17). In this study, we investigate the role of CAC measured on standard of care, oncologic NCCT scans in predicting CVAEs in patients with NSCLC treated with concurrent chemoradiation including different modalities of RT.



Materials and methods


Study population

This is a sub study of a prior randomized clinical trial (clinical trial # NCT00915005) (18). We screened 238 consecutive patients with NSCLC that were part of the trial and started receiving either photo-radiation or proton therapy from 7/1/2009 to 04/30/2014 at MD Anderson Cancer Center. All patients also received concurrent chemotherapy. Patients who had at least one NCCT within 6 months from the first day of their RT were included. NCCT scans were either part of the patients’ PET-Scan protocol or standalone NCCT scans for lung cancer staging and they were used for quantifying CAC score. CT scans performed for RT planning were not included due to lower spatial resolution and limited image quality to evaluate heart substructures. After applying our inclusion criteria, the study population of this study was limited to 193 patients.



Data collection

The patient demographic and clinical parameters were collected prospectively as part of the randomized clinical trial (clinical trial # NCT00915005) (18). These variables included age, sex, race, body mass index (BMI), pre-existing CV disease, cancer characteristics such as histology, staging, gross tumor volume, and information regarding RT including technique, mean heart dose, and total radiation dose. Pre-existing CV disease included coronary artery disease, carotid artery disease, peripheral artery disease, aortic aneurysm, sustained atrial or ventricular arrhythmias, heart failure or cardiomyopathy, and pericardial disease.



Coronary artery calcification scoring

Coronary artery calcification scoring was performed following the 2016 SCCT/STR guidelines for CAC scoring on NCCT scans (19). Every NCCT scan prior to RT was uploaded into a workstation (Syngo.Via, Siemens Healthcare, Malvern, PA, USA). CAC score was quantified in each study using the CT Ca Scoring application from the CT Cardiac package of Syngo.Via (Siemens Healthcare, Malvern, PA, USA). Each study was processed by a board-certified cardiologist, level 3 COCATs trained in Cardiac CT and cross verified by a cardiac radiologist. A meticulous assessment of all coronary territories was performed for CAC assessment, making sure that mitral annular calcification, valvular calcification and cardiac implants did not interfere with the CAC calculation. Total and individual coronary artery CAC scores were collected. Presence of coronary stents was noted.



Outcomes

Cardiovascular adverse events were collected by a retrospective patient chart review. CVAEs were graded based on severity using the most recent Common Terminology Criteria for Adverse Events (CTCAE) version 5.0 published by the National Cancer Institute (NCI) of the National Institutes of Health (NIH) (20). CVAEs were also grouped into the following categories: (i) coronary/vascular events, (ii) sustained supraventricular or ventricular arrhythmias, and (iii) heart failure. All cardiac events were adjudicated by a board-certified cardiologist. All-cause mortality/overall survival (OS) was also collected.



Statistical analysis

Continuous variables are presented as mean values +/− standard deviation (SD) and were compared using the student’s t-test. Categorical variables are presented as percentages and were compared using the χ2 test. Time to an adverse event was computed from the start of RT to the date of the first documented CVAE. Patients who did not develop a CVAE were censored at the time of the last follow-up or death. Cumulative incidences of CVAE and OS were estimated by the Kaplan–Meier method and compared with log-rank tests for differences between groups. CAC scores were compared in CVAE groups by Mann–Whitney U-Test. Univariable and multivariable Cox proportional hazard regression analysis were used to identify factors predictive of CVAE and OS. Clinical factors (age, sex, race, BMI, smoking status, performance status, pre-existing heart disease, clinical disease stage, tumor size, location and histology, receipt of chemotherapy, and radiation dose and modality) and radiation mean dose to heart were assessed for potential association with CVAE and survival. Risk factors were selected for OS multivariable model in backward stepwise manner using a threshold of removal of P > 0.2; and selected for the CVAE multivariable model if p < 0.1 in univariable analysis or clinically relevant to CVAE. A two-sided p-value of < 0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp.




Results


Patient population

A total of 193 participants with NSCLC were included in the study. Mean age was 64 ± 9 years, 45% were female and 91% were Caucasian. Mean BMI was 28 ± 6 kg/m2. Out of 193 patients, 89 (46%) were diagnosed with hypertension, 45 (23%) with dyslipidemia, 32 (17%) with diabetes mellitus, while 93% were tobacco product users [former (71%) or active (22%)]. Pre-existing CV disease was present in 22% of patients, out of which 32 (17%) had coronary artery disease, 7 (4%) cardiomyopathy or heart failure, 6 (3%) non-coronary atherosclerotic vascular disease, and 3 (2%) arrhythmias. Adenocarcinoma was diagnosed in 49% of patients while squamous cell carcinoma in 36%. Most patients had NSCLC stages IIIA (41%) and IIIB (40%), while 8% had stage II and 4% stage IV. Recurrent NSCLC was present in 6% of patients. Photon-radiation was administered in 59% and proton therapy in 40% of the patients. The range of radiation dose in this population was 60–75 Gy (median 74 Gy). Most patients in this cohort (59%) received ≥74 Gy of radiation, while 33% received 66 to 73 Gy and 8% received <66 Gy. Mean heart dose ± SD in this cohort was 14 ± 10 Gy (Table 1).


TABLE 1    Demographic and baseline clinical characteristics of 193 patients with NSCLC treated with concurrent chemoradiation categorized based on their baseline coronary calcium scores.
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Coronary artery calcification assessment

A total of 74% of the patients in our cohort (142/193) had a CAC more than 0 Agatston units (AU), 49% had CAC ≥100 AU and 36% CAC ≥300 AU. Median CAC was 78 AU (IQR: 0, 761.9), Demographic and clinical characteristics of the patients with 0 AU, >0 AU and ≥100 AU are presented in Table 1. Compared to the patients with CAC of 0 AU, patients with CAC >0 AU were older (mean age 57 ± 10 years vs. 66 ± 8 years, p < 0.001), more likely to be male (35% vs. 62%, p = 0.001), have pre-existing CV disease (2% vs. 29%, p < 0.0001) and be diagnosed at earlier stages of NSCLC (Stage II and IIIA in 4 and 23% vs. 10 and 47%, respectively; p = 0.01) (Table 1). Among patients with CAC >0 AU, higher CAC score values (CAC ≥100 AU vs. <100 AU) were noted in older patients (68 ± 7 years vs. 64 ± 9 years, p = 0.002), men (70% vs. 46%, p < 0.006), former or active smokers (98% vs. 88%, p = 0.036), patients with diabetes (25% vs. 8%, p = 0.019) pre-existing CV disease (43% vs. 2%, p < 0.0001) and patients with SCC over other NSCLC types (46% vs. 29%, p = 0.015) (Table 1).



Cardiac events

During a median follow-up of 24.3 months (IQR: 10.9–51.7), 29 patients (15%) developed at least one grade ≥2 CVAE. Two patients (1%) had a grade 2 event, 21 (11%) a grade 3 event, 4 (2%) a grade 4 event, and 2 (1%) a grade 5 event. Out of the 29 patients who developed a grade ≥2 CVAE, 11 (38%) developed a coronary/vascular event, 12 (41%) atrial fibrillation, and 6 (21%) heart failure. In the univariable Cox regression analysis, CVAEs of grade ≥2 were associated with higher CAC score [HR 1.04 (per 100 AU), 95% CI 1.01–1.06, p = 0.003], pre-existing heart disease (HR 2.17, 95% CI 1.01–4.67, p = 0.048), and specifically history of heart failure (HR 5.81, 95% CI 1.68–20.11, p = 0.005) (Table 2). In the Cox regression analysis, CAC score [HR: 1.04 (per 100 AU), 95% CI: 1.01–1.08, p = 0.022] and prior history of heart failure (HR: 4.76, 95% CI: 1.29–17.50, p = 0.019) remained significantly and independently associated with the development of grade ≥2 CVAEs (Table 2 and Figure 1). When patients with a CAC score ≥100 AU were compared to those with a CAC score <100 AU, the former had a higher incidence of grade ≥2 CVAE with a trend toward statistical significance (18% vs. 11%, p = 0.085; Figure 1). In a sub-analysis evaluating the type of the CVAE, it was the coronary/vascular events that were significantly associated with higher baseline CAC (median: 676 AU vs. 73 AU, p = 0.035; Figure 2).


TABLE 2    Association of demographic and baseline clinical characteristics with development of grade ≥2 CVAEs based on univariable and multivariable Cox regression analysis.
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FIGURE 1
Development of grade ≥2 cardiovascular adverse events (CVAE) overtime among patients with coronary artery calcium (CAC) score <100 AU vs. those with a score ≥100 AU.
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FIGURE 2
Comparison of baseline coronary artery calcium (CAC) score among patients who developed arrhythmias, coronary/vascular (cor./vasc.) events and heart failure (HF) and those who did not develop any cardiovascular adverse event (CVAE).




Overall survival

A total of 148 patients (77%) died during the follow-up period of the study. The median survival time was 27 months after chemoradiation therapy in the total cohort. Patients with low CAC score (<100 AU) had longer survival time (29 months) compared to patients with high CAC score (>=100 AU; 22 months; p = 0.051). Univariable Cox regression analysis showed that OS was longer among patients with lower CAC score (HR 0.68, 95% CI 0.49–0.94, p = 0.021 for CAC <100 AU vs. ≥100 AU), female sex, patients with adenocarcinoma vs. SCC, patients with lower gross tumor volume, higher Karnofsky performance status and those who received lower dose of radiation (Table 3). In the multivariable Cox regression analysis, lower CAC remained independently associated with longer OS (CAC <100 vs. ≥100 AU, HR: 0.61, 95% CI: 0.41–0.90, p = 0.013) (Table 3 and Figure 3).


TABLE 3    Association of demographic and baseline clinical characteristics with overall survival based on univariable and multivariable Cox regression analysis.
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FIGURE 3
Overall survival of patients with coronary artery calcium (CAC) score <100 AU vs. those with ≥100 AU.





Discussion

This study evaluated the role of CAC on standard of care, oncologic NCCT in predicting CVAEs in patients with NSCLC who are treated with concurrent chemoradiation therapy. Our findings suggest that even in the era of contemporary RT techniques reducing radiation exposure to the heart, CVAEs (grade ≥2) remain frequent among patients with NSCLC, being observed in 1 out of 7 patients in our cohort over a median follow-up of 24 months. CAC on standard of care, oncologic NCCT predicts the development of CVAEs, specifically coronary/vascular events, and OS, independent of traditional CV risk factors, total radiation dose, mean heart dose, and radiation modality.

The incidence of CVAEs in patients with NSCLC has been reported to be in the range of 10%. Dess et al. studied 125 patients with locally advanced NSCLC enrolled in four prospective RT trials at two centers in Michigan from 2004 to 2013 (3). They reported a 24-month cumulative incidence of grade ≥3 CVAEs of 11% (3). This is in line with the findings of this study, where the incidence of grade 3 or higher CVAEs was 14% among patients with NSCLC treated between 2009 and 2014, suggesting that RT-related CVAEs remain prevalent.

Coronary artery calcification scoring on ECG-gated, non-contrast, prospective cardiac CT imaging has been shown to predict major CV outcomes beyond traditional CV risk factors in the general population and has been proposed by expert guidelines as an approach to identify individuals with intermediate CV risk who will benefit from statin therapy (21). However, patients with cancer who are actively treated with chemoradiation are frequently overwhelmed with the burden of tests they have to complete and adding an imaging study, which may not directly affect their cancer treatment, may be challenging. However, recent expert recommendations support the qualitative or quantitative evaluation of NCCT for CAC (22). CAC measured on non-gated CT correlated well with the traditional gated CAC protocol acquired by a multi-detector CT (MDCT) in a study of 163 healthy participants who underwent both imaging studies on the same day (Spearman correlation coefficient 0.83, P < 0.001) (15). In a recent retrospective analysis of 428 patients with locally advanced lung cancer, a deep learning method was used to generate an Agatston-like CAC score and showed that CAC ≥1 was associated with increased risk mortality and a trend toward increased risk of major adverse cardiac events (23). Our study included patients with NSCLC stage II–IV treated with concurrent chemoradiation therapy, including photon or proton RT. A detailed characterization of the patients and their treatment was available in our study and used for our analysis. Furthermore, CAC scores were calculated as opposed to a qualitative description of presence or absence of coronary calcifications. Our findings confirmed that CAC on NCCT is an independent predictor of mortality. Furthermore, our study showed that CAC on NCCT independently predicts adverse atherosclerotic CV events in patients with NSCLC.

The strengths of our study include the thorough characterization of patients with NSCLC including details about their RT, the quantitative analysis of CAC as opposed to qualitative analysis and the long follow-up period (2 years). Despite its strengths, our study also has limitations. The small sample size and the retrospective nature of the study with its inherent risk for bias are two main ones. Multivariable regression analysis was performed as a means of addressing the risk of bias. Additionally, CAC when analyzed as a continuous variable was significantly associated with grade ≥2 CVAE but not as a categorical variable (<100 vs. ≥100 AU). In contrary, CAC as categorical variable (<100 vs. ≥100 AU) was significantly associated with OS but not as a continuous variable. This discrepancy is likely related to the small sample size of the study and our findings need to be confirmed in larger cohorts. Finally, even though we reported the prevalence of baseline CV risk factors in the patients of our cohort, we did not have sufficient data to calculate their predicted 10-year atherosclerotic risk and evaluate how CAC performed in each risk category.

In conclusion, CVAEs are frequently observed in patients with NSCLC treated with concurrent chemoradiation therapy. CAC on standard of care, oncologic NCCT independently predicts the development of coronary/vascular events and worse OS. We propose the use of CAC on NCCT scans for the routine assessment of the CV risk in patients with NSCLC which will allow for better risk stratification and implementation of treatment strategies that will mitigate CVAEs.
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Background: Dual antiplatelet therapy (DAPT) is recommended in patients undergoing off-pump coronary artery bypass graft surgery (OPCAB). Clopidogrel is less effective among patients with loss-of-function (LoF) of CYP2C19 alleles, while ticagrelor has direct effects on P2Y12 receptor. Whether a CYP2C19 genotype plus platelet aggregation test (PAgT)-guided DAPT after CABG could improve clinical outcomes remain uncertain.

Materials and methods: From August 2019 to December 2020, 1,134 consecutive patients who underwent OPCAB received DAPT for 1 year after surgery in Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. According to the actual treatment they received in real-world, 382 (33.7%) of them received a traditional DAPT: aspirin 100 mg qd + clopidogrel 75 mg qd, no matter the CYP2C19 genotype and response in platelet aggregation test (PAgT). The other 752 (66.3%) patients received an individual DAPT based on CYP2C19 genotype and PAgT: aspirin 100 mg qd + clopidogrel 75 mg qd if CYP2C19 was extensive metabolizer, or moderate metabolizer but normal response in PAgT; aspirin 100 mg qd + ticagrelor 90 mg bid if CYP2C19 was poor metabolizer, or moderate metabolizer but no or low response in PAgT. One-year follow-up was achieved for all patients. The primary outcome was major adverse cardiovascular events (MACE), a composite of cardiovascular death, myocardial infarction, and stroke. The safety outcome was thrombolysis in myocardial infarction (TIMI) criteria major bleeding.

Results: Compared with the traditional DAPT group, the risk of MACE in the individual DAPT group was significantly lower (5.5 vs. 9.2%, HR 0.583; 95% CI, 0.371–0.915; P = 0.019), mainly due to the decreased risk of MI (1.7 vs. 4.2%, HR 0.407; 95% CI, 0.196–0.846; P = 0.016). The risk of TIMI major bleeding events was similar between the two groups (5.3 vs. 6.0%, RR 0.883; 95% CI, 0.537–1.453; P = 0.626).

Conclusion: For patients who underwent OPCAB, individual DAPT (CYP2C19 genotype plus PAgT-guided strategy) was associated with a lower risk of MACE and a similar risk of major bleeding.

KEYWORDS
dual antiplatelet therapy (DAPT), CYP2C19 genotype, platelet aggregation test (PAgT), off-pump coronary artery bypass grafting (OPCAB), major adverse cardiovascular events (MACE), major bleeding


Introduction

Dual antiplatelet therapy (DAPT) is defined as the combined application of aspirin and P2Y12 receptor inhibitor and is highly recommended for patients undergoing OPCAB (1). Currently, clopidogrel is the most widely used P2Y12 receptor inhibitor in patients undergoing PCI or OPCAB. As clopidogrel is a prodrug that requires inactivation by CYP2C19, its genetic variants could affect the conversion of clopidogrel, implying that the benefits of clopidogrel may be attenuated in patients with these genetic variants (2, 3). The metabolic activity of clopidogrel could be absent or decreased in carriers of CYP2C19 loss-of-function (LOF) alleles (4–6). Conversely, ticagrelor is a direct-acting P2Y12 inhibitor that reversibly inhibits adenosine diphosphate (ADP)-mediated platelet aggregation (7). A comparison of the pharmacokinetics of ticagrelor and clopidogrel reveals that ticagrelor shows a stronger antiplatelet effect with less variation between patients and maintains better therapeutic uniformity (6–8).

Off-pump coronary artery bypass grafting (OPCAB) is the most effective and durable choice for ischemic heart disease. However, patients who have undergone OPCAB are still at risk of subsequent ischemic events and the development of graft dysfunction. Therefore, secondary prevention after OPCAB plays an important role in keeping graft patency and preventing major adverse cardiovascular events (MACE). Post-operation antiplatelet therapy is the most important among all the secondary preventions (1). It is unequivocally accepted that administration of aspirin after OPCAB is necessary; however, whether patients would benefit from clopidogrel remains controversial (9–18).

Currently, guidelines recommend ticagrelor prior to clopidogrel as first choice P2Y12 inhibitor in STEMI patients (19, 20). CYP2C19 gene detection is an excellent tool for the selection of appropriate P2Y12 receptor inhibitors, which may improve the outcomes in patients with acute coronary syndrome (ACS) (21, 22). However, there have been few studies related to personalizing DAPT in patients undergoing CABG and recommended international guidelines are unavailable. On the other hand, epidemiological studies have confirmed that East Asians have a considerably higher frequency of CYP2C19 LOF alleles than other races (23). However, clear evidence regarding the clinical benefit of individualized antiplatelet therapy based on CYP2C19 genotype in Asians is lacking.

Currently, there is no exact conclusion on whether ticagrelor is safer and more effective than clopidogrel in patients undergoing OPCAB. Therefore, we conducted a retrospective cohort study to investigate whether an individual DAPT strategy based on CYP2C19 genotype can obtain a better prognosis within 1 year in patients undergoing OPCAB in China.



Materials and methods


Patients

This single-center, non-randomized, retrospective cohort study was performed at the Ruijin Hospital, Shanghai Jiao Tong University School of Medicine. The study involved a total of 1,134 consecutive patients who underwent OPCAB between August 2019 to December 2020 and received DAPT for 1 year after surgery. This study was reviewed and approved by Ruijin Hospital Ethics Committee, Shanghai Jiao Tong University School of Medicine.



CYP2C19 genotyping

All patients underwent CYP2C19 gene testing at the time of admission for the following variant alleles: CYP2C19*2 (rs4244285) and CYP2C19*3 (rs4986893).

According to the clinical pharmacogenetics implementation consortium (24), we classified the two-LoF-alleles-carriers as poor metabolizer (*2/*2, *2/*3, *3/*3), one-LoF-allele-carriers as moderate metabolizer (*1/*2, *1/*3), and non-LoF-allele-carriers as extensive metabolizer (*1/*1).



Monitoring the platelet aggregation rate

We monitored the platelet aggregation rate using light transmission aggregation (LTA, 4 μmol/L ADP induced) at the time of admission, pre-operation and every alternate day from the first to seventh day after operation. We judged the therapeutic response to the medicine and formulated individual therapeutic schedule based on platelet aggregation test (PAgT). Platelet aggregation of < 30% was considered normal response, platelet aggregation > 60% was considered no response, while 30–60% were categorized as low response.



P2Y12 inhibitor treatment

As a retrospective cohort study, actual antiplatelet treatment the patients received in real-world were depended on surgeons’ advice and patient’s compliance. At that period, CYP2C19 gene testing and platelet function testing were already routine in our center, but surgeons were not required to formulate a unified antiplatelet therapy regimen based on the test results. Due to the difference in surgeons’ philosophy, we were surprised to find two completely different types of antiplatelet strategies and therefore this non-randomized retrospective study was conducted.

The patients who received a 75 mg dose of clopidogrel daily no matter the CYP2C19 genotype and response in platelet aggregation test (PAgT), were allocated as the traditional DAPT group. The patients who received a 75 mg dose of clopidogrel daily only if CYP2C19 was extensive metabolizer, or moderate metabolizer but normal response in PAgT; otherwise switched to a 90 mg dose of ticagrelor twice daily if CYP2C19 was poor metabolizer, or moderate metabolizer but no or low response in PAgT, were allocated as the individual DAPT group.

Throughout the entire follow-up period, all the patients were administrated with a100 mg dose of aspirin daily. Pantoprazole or lansoprazole instead of omeprazole and esomeprazole were recommended to prevent gastrointestinal bleeding events.



Study outcomes

The primary outcome was MACE, defined as a composite of cardiovascular death (CV death), myocardial infarction (MI) and stroke. Secondary outcomes included the individual components of MACE (CV death, MI, and stroke), all-cause death, non-CV death. Other outcomes included the variation in platelet aggregation rate in PAgT, and grafts outcome at 1-year post-CABG.

Grafts’ outcome was classified according to FitzGibbon grade criterion. Grade A was defined as excellent patency or stenosis < 50%, Grade B was stenosis ≥ 50% and Grade O was total occlusion.

Safety outcomes were major bleeding events using TIMI criteria, including CABG-related and non-CABG-related major bleeding events (25).



Follow-up

According to local clinical practice protocol, all patients were encouraged to receive outpatient follow-up at 1 month, 3 months, 6 months, and 1-year post-CABG. If outpatient follow-up was not feasible, a telephone interview would be conducted. Graft outcome was assessed using multislice computed tomographic angiography at 1-year post-CABG. All these follow-up data were recorded in a local database.



Statistical analysis

Statistical analysis of the baseline characteristics and outcomes were performed using IBM SPSS version 26.0 (IBM Corp., Armonk, NY, USA). Categorical variables were presented as numbers and percentages and compared using chi-square or Fisher’s exact tests. Continuous variables with normal distribution were expressed as mean ± standard deviation (± S.D), and differences between groups were analyzed using Student’s t-test.

Primary and secondary endpoints were compared using log-rank test. Kaplan-Meier curves and were performed using Prism version 8.0 (GraphPad Software, San Diego, CA, USA). Cox proportional hazard models were applied to calculate hazard ratios with 95% confidence intervals. A two-sided test was performed, and P value < 0.05 were considered statistically significant.




Results


Flow chart

Of the total 1,134 patients in this retrospective cohort study, 382 (33.7%) received a 75 mg dose of clopidogrel daily added to a 100 mg dose of aspirin, no matter the CYP2C19 genotype and result of PAgT, were allocated as the traditional DAPT group.

The other 752 (66.3%) patients received either a 75 mg dose of clopidogrel daily (525 patients) or a 90 mg dose of ticagrelor twice daily (227 patients) according to the guidance of CYP2C19 genotype and PAgT, were allocated as the individual DAPT group. Of them, 302 patients with extensive metabolizer received a 75 mg dose of clopidogrel daily without a result of PAgT; 115 patients with poor metabolizer switched to a 90 mg dose of ticagrelor twice daily without a result of PAgT; 335 patients with moderate metabolizer received a 75 mg dose of clopidogrel daily for 1 week initially, and then underwent a PAgT; 233 patients with normal response continued clopidogrel treatment, while 112 patients with low response switched to ticagrelor treatment (Figure 1).
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FIGURE 1
Flow chart of the study design and the traditional dual antiplatelet therapy (DAPT) group (A) and individual DAPT group (B).




Baseline characteristics

Among the 1,134 patients, 72.0% were men with a mean age of 62.7 ± 6.0 years. The overall prevalence of hypertension, diabetes mellitus, and hyperlipidemia was 67.0, 32.5, and 54.1%, respectively. Old myocardial infarction was present in 203 (17.9%) patients and 72 (6.3%) patients had previous PCI. The mean left ventricular ejection fraction was 60.8 ± 6.0%. 230 (20.3%) patients were with left main coronary disease. All patients underwent OPCAB and the mean number grafts was 3.2 ± 1.0. In addition to DAPT, the usage of other secondary prevention medications were all high, including 95.5% with beta-blockers, 88.6% with angiotensin-converting enzyme inhibitor or angiotensin receptor blockers, 99.3% with statin.

There was no significant difference in the baseline characteristics between the two groups (P > 0.05; Table 1).


TABLE 1    Demographics and characteristics of the study population.
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Distribution of CYP2C19 genotypes and platelet aggregation rate variation

All 382 patients in the traditional DAPT group underwent CYP2C19 genotyping. A total of 164 (42.9%) patients were non-carriers of LOF alleles while the remaining 218 (57.1%) patients carried LOF alleles, including 178 (46.6%) patients with one LOF allele and 40 (10.5%) patients with two LOF alleles. The proportion of non-carriers, one-LOF-allele-carriers, and two-LOF-alleles-carriers in the individual DAPT group were 302 (40.2%), 335 (44.5%), and 115 (15.3%), respectively. The data of PAgT showed that out of all the patients in the traditional DAPT group, only 61.0% had normal response to clopidogrel and only 5.0% of patients who carried two LOF alleles had normal response. In the traditional DAPT group the response to clopidogrel significantly varied between the patients with different CYP2C19 genotypes (P = 0.000; Table 2A); however, the differences were partly reversed in individual DAPT group after using ticagrelor in the poor metabolizer patients (P = 0.000; Table 2B).


TABLE 2    Analysis of metabolic type of CYP2C19 in traditional dual antiplatelet therapy (DAPT) group (A) and individual DAPT group (B).

[image: Table 2]

Platelet aggregation test (PAgT) was monitored at admission, pre-operation, and once every other day from the first to seventh day after operation. The poor metabolizer patients in individual DAPT group had a crossover with the extensive and moderate metabolizer groups and had promising effect on restraining platelet aggregation (Figure 2).
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FIGURE 2
Tendency of platelet aggregation rate in traditional dual antiplatelet therapy (DAPT) group (A) and individual DAPT group (B).




Clinical outcomes

There was no loss to follow-up in either group. During the follow-up period, MACE was observed in 76 (6.7%) patients, including 41 cases in the individual DAPT group and 35 cases in the traditional DAPT group. Compared to the traditional DAPT group, the risk of MACE in the individual DAPT group was significantly lower (5.5 vs. 9.2%, HR 0.583; 95% CI, 0.371–0.915; P = 0.019), mainly due to the decreased risk of MI (1.7 vs. 4.2%, HR 0.407; 95% CI, 0.196–0.846; P = 0.016). The risk of all-cause death was numerically lower in the individual DAPT group when compared with the traditional DAPT group (2.3 vs. 4.2%, HR 0.534; 95% CI, 0.270– 1.058; P = 0.072), which might mainly due to the decreased risk of CV death (1.3 vs. 2.9%, HR 0.459; 95% CI, 0.195–1.082; P = 0.075). On the other hand, no significant differences were found in the risk of non-CV death (0.9 vs. 1.3%, HR 0.709; 95% CI, 0.225–2.234; P = 0.557), ischemic stroke (3.1 vs. 3.4%, HR 0.896; 95% CI, 0.454–1.770; P = 0.753), and hemorrhagic stroke (0.1 vs. 0.3%, HR 0.507; 95% CI, 0.032–8.111; P = 0.631) between groups (Figure 3; Table 3).
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FIGURE 3
Kaplan-Meier curve of major adverse cardiovascular events (MACE) (A), Cardiovascular (CV)-Death (B), MI (C), Stroke (D) during the 1 year follow-up.



TABLE 3    Endpoints of individual dual antiplatelet therapy (DAPT) group vs. traditional DAPT group.
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Major bleeding events were observed in a total of 63 patients (5.6%), including 40 cases in the individual DAPT group and 23 cases in the traditional DAPT group. The risk of overall major bleeding events was similar between the groups (5.3 vs. 6.0%, RR 0.883; 95% CI, 0.537–1.453; P = 0.626) (Table 4).


TABLE 4    Safety endpoints of individual dual antiplatelet therapy (DAPT) group vs. traditional DAPT group.
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The risk of MACE between the genotypes was not significantly different in the traditional DAPT group (extensive metabolism vs. non-extensive metabolism, 5.5 vs. 11.9%, HR 0.511; 95% CI, 0.246–1.065; P = 0.073) or in the individual DAPT group (extensive metabolism vs. non-extensive metabolism, 5.6 vs. 5.3%, HR 1.050; 95% CI, 0.564–1.954; P = 0.878). We observed a decreased risk of MACE in patients with non-extensive metabolism, which might be amplified when sample size is increased (Tables 5, 6). Safety analyses showed that the incidence of major bleeding events in traditional DAPT group and in individual DAPT group between genotypes was not significantly different (P values > 0.05) (Supplementary Tables 1, 2).


TABLE 5    Endpoints of individual dual antiplatelet therapy (DAPT) group (genotype-guided).
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TABLE 6    Endpoints of traditional dual antiplatelet therapy (DAPT) group (genotype-guided).
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Grafts outcomes

A total of 336 of 382 patients in the traditional DAPT group and 679 of 752 patients in the individual DAPT group underwent multislice computed tomographic angiography 1 year after surgery. There was no significant difference in patency of ITA and RA between the two groups and the patency of SVG in traditional DAPT group was significantly lower than that in the individual DAPT group (84.4 vs. 91.4%, OR 0.506; 95% CI, 0.387–0.661; P = 0.000) (Table 7).


TABLE 7    Grafts patency between traditional dual antiplatelet therapy (DAPT) group and individual DAPT group.
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Discussion

To the best of our knowledge, there are few studies on individualized pharmacogenomic antiplatelet therapy in patients after CABG, particularly in the Chinese population. Our study demonstrated that individualized antiplatelet therapy strategy based on CYP2C19 genotypes and PAgT monitoring can significantly reduce the risk of MACE and MI in patients within 12 months after OPCAB. Although only 1015 (89.5%) patients underwent multislice computed tomographic angiography 1 year after surgery, we observed a significantly increased patency rate of vein grafts in the individual DAPT group. Safety analysis revealed that the individual DAPT group had the similar risk of major bleeding as the traditional DAPT group.

Clopidogrel, a prodrug metabolized by CYP2C19, inhibits diphosphate-induced platelet aggregation, platelet cycloxygenase-1, and interrupts thromboxane A2 formation. Compared with aspirin alone, clopidogrel combined with aspirin has a stronger synergistic antithrombotic effect. A combination of aspirin and clopidogrel can effectively reduce the risk of graft failure and MACE among patients undergoing CABG, which suggests that this population may benefit from intensive secondary prevention (12, 15). According to the recent guidelines from ACC/AHA 2015, aspirin plus clopidogrel is the recommended standard medical therapy after OPCAB (I/A) (1). Despite the overall benefit of clopidogrel, some individuals may be less responsive to it (26).

Ticagrelor has shown a higher efficacy than clopidogrel in patients with acute coronary syndrome (ACS) and is a promising new antiplatelet agent (7). Several studies have confirmed that ticagrelor is superior to aspirin in maintaining vein grafts patency and preventing MACE within 1 year after CABG (27, 28). But there was also study found that both aspirin plus ticagrelor, and aspirin plus clopidogrel can maintain a fairly high graft patency rate and CYP2C19 genotypes may have no obvious effect on graft patency during the 1 year after CABG (29). In the platelet inhibition and patient outcomes (Plato) study and its further hoc subgroup study of CABG, the addition of ticagrelor with low-dose aspirin in patients significantly reduced overall mortality and cardiovascular mortality (4.7 vs. 9.7%, ticagrelor versus clopidogrel, P < 0.01; 4.1 vs. 7.9%, ticagrelor versus clopidogrel, P < 0.01) without an increase in CABG-related major bleeding (hazard ratio for ticagrelor group vs. clopidogrel group, 1.01; 95% CI, 0.90–1.15; P = 0.84) (30). According to the recent guidelines of ACC/AHA 2015, aspirin plus ticagrelor (preferred over clopidogrel) is the recommended standard medical therapy after CABG in ACS populations (IIa/B) (1).

The proportion of CYP2C19 LOF allele carriers in our study (57.1% in the traditional DAPT group and 59.8% in the individual DAPT group) was similar to that previously reported in Asians and significantly higher than in western populations (21, 31). A higher risk of MACE among LOF allele carriers than non-carriers in the PCI population treated with clopidogrel was reported previously (32, 33). Based on available evidence, it is reasonable that DAPT strategies in Asians needs to be considered prudently because of ethnic differences in CYP2C19 allele frequencies. A large meta-analysis showed that CYP2C19 genotype was significantly associated with clopidogrel response but not with the risk of MACE (34). Additionally, another study reported that the level of platelet reactivity is not always associated with clinical outcomes in patients with ACS after PCI (35). Most studies are focused on patients undergoing PCI and to the best of our knowledge, there are no existing studies on patients undergoing CABG, especially in Asians. We found significant advantages of individualized therapy in individual DAPT group in terms of MACE and vein graft patency. This suggests that the use of ticagrelor, particularly in Chinese patients undergoing OPCAB, is meaningful.

In our study, we considered the CYP2C19 genotype and the reaction of platelet aggregation to clopidogrel for selecting P2Y12 receptor inhibitors. In our study, 33.4% (112/335) moderate metabolizer patients (one-LOF-allele carriers) in individual DAPT group were switched from clopidogrel to ticagrelor because they had low or no response to clopidogrel treatment for 7 days after surgery. The safety study showed that there was no significant difference in the risk of bleeding events between the two groups. Based on the results of this study, we demonstrated that our individual DAPT strategy considering both CYP2C19 genotype and platelet aggregation monitoring might help in achieving better outcomes without an increased risk of bleeding.

In view of the widespread use of clopidogrel worldwide, the high frequency of CYP2C19 gene mutations in Asians may lead to futility of antiplatelet therapy in patients after CABG. Unfortunately, a well-designed DAPT strategy based on CYP2C19 genotyping is not widely adopted. The FDA black-box warning recommends avoiding CYP2C19 poor metabolizers with clopidogrel, but mandates CYP2C19 genetic testing (36). The 2011 ACCF/AHA/SCAI PCI and 2014 ACC/AHA NSTE-ACS guidelines address the role of platelet function testing and genetic testing in patients receiving DAPT (20, 37). Unfortunately, platelet function and CYP2C19 genetic testing are not recommended for routine use because no RCT was conducted to explore whether they could improve the outcomes (38). Although this was a retrospective cohort study with weak evidence-based medicine, to some extent, our study findings may provide evidence for CYP2C19 genetic testing and platelet function testing among Asian patients undergoing OPCAB.

Our study had several limitations. First, as a retrospective cohort study, the antiplatelet treatment the patients received were depended on physician’s advice and patient’s compliance rather than randomized allocation, which would bring selection bias. Secondly, we did not detect frequency of CYP2C19 allele *17 variants as the mutation takes place in the intron and we did not have appropriate detection means. Third, this study was a single-center study and the sample size was still not large enough. Fifth, nearly all the patients were of Han ethnicity, which might not be representative of the characteristics of the Asian population. Considering the positive results of our study, it is meaningful to carry out a multicenter, randomized, prospective, and blinded trial to verify the benefits of the individual DAPT strategy.



Conclusion

Compared with a traditional DAPT strategy (aspirin plus clopidogrel), an individual DAPT strategy with CYP2C19 genotype plus PAgT-guided (switched to aspirin plus ticagrelor if necessary) was associated with a lower risk of MACE and a similar risk of major bleeding in Chinese patients within 1 year after OPCAB.
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Background: Mahaim-type accessory pathways (MAPs) are rare accessory pathways (APs) with specific properties. They are mostly located in the right side of the heart but rarely exist on the left side.

Objectives: This study aims to analyze the clinical and electrophysiological (EP) characteristics of both-sided MAPs.

Methods: A total of 2,249 patients with AP from our center were enrolled between 1 January 2011 and 27 March 2022. During the EP study (EPS) 17 patients were diagnosed with MAPs (right-sided: n = 13, left-sided: n = 4) according to the properties of Mahaim fibers.

Results: MAPs constitute 0.75% of all APs. Out of 1,553 patients with left-sided APs, four patients (0.26%) were diagnosed with Mahaim fiber-mediated tachycardia. Out of 696 patients with right-sided APs, 13 patients (1.9%) were diagnosed with Mahaim fiber. Most Mahaim fibers were located at the free wall of the tricuspid and mitral annuli. Seven patients of right-sided MAPs were of atriofasicular type, six patients had right-sided MAPs, and all of the patients with left-sided MAPs were of atrioventricular (AV) type. The M potential only was detected in long-length MAPs. Coexistence with other supraventricular tachycardias (SVTs) was also observed both in patients with right-sided and left-sided MAPs. All the patients underwent radiofrequency ablation successfully. Only one patient had tachycardia recurrence during a follow-up.

Conclusion: Although MAPs are commonly located at right sides, left sites are not impossible. The M potential contributes to the improvement of the successful ablation.

KEYWORDS
 Mahaim, accessory pathway, decremental, tachycardiac, right-sided, left-sided


Introduction

Mahaim and Benatt first described the Mahaim fiber leading to wide QRS tachycardia (1). Mahaim fibers are uncommon accessory pathways (APs) with specific characteristics. Mahaim-type accessory pathways (MAPs) usually originate from the atrial tissue, cross the atrioventricular (AV) junctions, and finally, insert into the branch of the His bundle (HB) (2). Therefore, MAPs are displayed as anterograde decremental conduction (AV-node-like) and a lack of retrograde conduction. MAPs are commonly located in the right-sided lateral region of the tricuspid annulus (3, 4). However, paraseptal and left-sided MAPs are rarely reported (5–7). Herein, we report on seven patients with right-sided MAPs and four patients with left-sided MAPs. The aim of this study is to describe the electrocardiographic and electrophysiologic characteristics in 17 patients with Mahaim fibers and to compare these findings between the patients with right-sided Mahaim fibers and those with left-sided Mahaim fibers.



Materials and methods

This study enrolled 17 patients with MAPs between 1 January 2011 and 27 March 2022. The various electrophysiological (EP) properties of Mahaim fiber were retrospectively analyzed. Informed and written consent was obtained from study subjects. The study was approved by the Ethics Committee of the Second Xiangya Hospital of Central South University.


EP study

During the study period, programmed electrical stimulation and recordings of the 12-lead surface ECG and intracardiac electrograms were performed by an electrophysiology system (Lead 2000; Sichuan Jinjiang Electronic Science and Technology Co., Ltd). The 3-D electroanatomic mapping and ablation were performed by CARTO system [Biosense Webster Co. or EP study (EPS); HT-Viewer system]. A Decapolar catheter was placed into the coronary sinus through the right internal jugular vein. Three quadripolar catheters were, respectively, positioned at the right ventricular (RV) apex, His bundle (HB), and right atrium. Programmed atrial stimulation and ventricular stimulation were performed to determine the antegrade conduction pattern to the ventricle and the retrograde conduction pattern to the atrium. For patients with right-sided MAP, atrial programmed stimulation induced tachycardia with broad complex LBBB surface ECG morphology. Left-sided MAP in patients induced tachycardia with broad complex RBBB surface ECG morphology (Figure 1). The M potential was recorded during sinus rhythm and tachycardia. The characteristics of Mahaim fibers were defined as follows: (1) baseline normal QRS without pre-excitation or minimal pre-excitation; (2) programmed atrial pacing inducing manifest pre-excitation and a progressive increase in AH and AV interval along with a shortening of HV interval (Figure 2); (3) absence of retrograde conduction over the AP during ventricular stimulation; and; (4) during antegrade pre-excitation, SVT retrograde His bundle activation was detected.


[image: Figure 1]
FIGURE 1
 Representative 12-leads surface electrocardiograms of tachycardia in patients with right-sided and left-sided Mahain-type accessory pathways (MAPs). (A) It showed a typical wide QRS complex tachycardia with a left bundle branch block (LBBB) pattern. (B) It showed a typical wide QRS complex tachycardia with a right bundle branch block (RBBB) pattern.



[image: Figure 2]
FIGURE 2
 Representative intracardiac electrocardiogram from a patient with right-sided MAP and a patient with left-sided MAP. (A) Atrial programmed atrial stimulation (S1S1) induced a pre-excitation of QRS complex with LBBB pattern. It presents antegrade long conduction with lengthening of the A-H interval and A-V interval, a contemporary shortening of the H-V interval. (B) Atrial programmed stimulation (S1S1) induced tachycardiac with a broad QRS complex. The tachycardia has an RBBB pattern, long AV interval, and short VA interval. The earliest atrial activation was detected at the His-bundle electrodes during the tachycardia.


VAbl-QRS was defined as the interval between the beginning of ventricular ECG and the beginning of the QRS complex. The type of MAPs VAbl-QRS was determined by the VAbl-RVApex interval and was treated as the interval between the beginning of ventricular ECG at the successful ablation point and the ventricular ECG recorded from the RV apex. Vabl-RVapx intervals contribute to the guidance of MAPs ablation.



RF ablation

After MAP was confirmed by the EP properties, a catheter (8 Fr, 3.5-mm-tip electrode, DD or JJ curve, 1-6-2 mm spacing, 115 insertion length, Thermocool SmartTouch SF® Biosense Webster Co.; or EPS, HT-Viewer system) was used for mapping and ablation. The MAPs were ablated with a target contact force of 10–15 g, a target ablation index (AI) of 500–600 watts/grams/second, and an impedance drop of 5–10 Ω. The tricuspid annulus and mitral annulus were mapped during sinus rhythm. For the left-sided MAPs, the transseptal approach was performed. The M potential was detected between atrial and ventricular intracardiac potential during sinus rhythm (Figure 3). The AM interval (between the beginning of the atrial electrogram and the M potential) and MV interval (between the M potential and the beginning of the ventricular electrogram) were recorded. The M potential was recorded at the atrial insertion site of the Mahaim fibers. It was considered a good predictor of a suitable ablation site (8). Successful ablation includes no ventricular pre-excitation, no AP conduction, and no inducible tachycardia observed during repeated programmed stimulation.


[image: Figure 3]
FIGURE 3
 3-D mapping images of successful ablation sites in a patient with right-sided MAP. (A) The targets of Mahaim fiber located at the right anterior wall of tricuspid annulus (12:00 p.m.). (B) The target in ablated catheter presented Mahaim potentials.




Statistical analysis

SPSS software (version 23.0; SPSS, Inc., Chicago, IL) was used for statistical analyses. The medians and minimum-maximum were presented for the non-normally distributed variables. The Mann-Whitney U-test was performed to compare the differences in non-normally distributed variables between the right-sided group and the left-sided group. Categorical variables were analyzed by the chi-square test. A p-value < 0.05 was considered statistically significant.




Results

The records of 2,249 patients with AP who underwent EPS were evaluated. Among these patients, 1,553 (69.1%) were diagnosed with left-sided APs and 696 patients (30.9%) were diagnosed with right-sided APs. In our center, MAPs constituted 0.75% of all APs. Out of 1,553 patients with left-sided APs, four patients (0.26%) were diagnosed with Mahaim fiber-mediated pathway. Out of 696 patients with right-sided APs, 13 patients (1.9%) were diagnosed with MAPs. According to the abovementioned results, it was observed that these APs were more often right-sided rather than left-sided.


Clinical characteristic analysis

The baseline characteristics of the 17 patients are summarized in Table 1. Approximately 54.8% were female in the right-sided group, while 50% were male in the left-sided group. The mean age was 47 (28–66) years in the right-sided group, while it was 56 (31–79) years in the left-sided group. All of the patients had palpitations, and none of them had syncope. Antiarrhythmic drugs were prescribed before RF ablation therapy for three patients in the right-sided group and two patients in the left-sided group. A resting 12-lead ECG revealed a minimal pre-excitation during sinus rhythm in five patients of the right-sided group and in one patient of the left-sided group.


TABLE 1 Clinical characteristics of patients with MAPs.
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Electrophysiological study

Tables 2, 3 show the EPS characteristics of the patients studied. Atrial pacing protocol showed manifest pre-excitation with decremental AV conduction in all patients. With incremental atrial pacing, AH was prolonged, HV was shortened, and tachycardia was induced (Figure 2).


TABLE 2 Electrophysiological data from 17 patients with Mahaim-type accessory pathways who underwent electrophysiological study.

[image: Table 2]


TABLE 3 EPS of all patients.
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For right-sided and left-sided MAPs, the median paced duration of the QRS interval was 132 ms (111–159) and 150 ms (133–169), respectively (P = 0.17). The median of basic cycle length was 691 ms in the right-sided and 717 ms in the left-sided groups, respectively (P = 0.43). Only seven patients with right-sided MAPs presented with “Mahaim potential,” but no patients with left-sided MAPs were observed to have M potentials. After ablation, all of the M potentials were eliminated. The median SVT cycle length was 325 ms in the right-sided and 332 ms in the left-sided groups, respectively (P = 0.97).

Among 11 patients with right-sided MAPs, there were two patients found with atrioventricular reentrant tachycardia (AVRT) or concealed AP, four patients accompanied with atrioventricular nodal reentrant tachycardia (AVNRT), and one patient accompanied with AT. In four patients with left-sided MAPs, only one patient was induced with AVRT or concealed AP and one patient was accompanied with AVNRT. None of the patients had Ebstein's disease. Radiofrequency ablation was delivered in temperature-controlled mode at a target temperature of 55–60°C and a power output of 30–35 W in all the cases. All of the patients underwent successful ablation, and the median procedure duration time was 111 min in the right side and 82 min in the left side groups, respectively (P = 0.17). The median RF ablation duration time was 11 min in the right side and 3 min in the left side groups, respectively (P = 0.03). Only one patient with right-sided MAPs had recurrence during the 1-year follow-up.

According to our study, MAPs were located on the tricuspid annuli (right-sided, n = 13) and mitral annuli (left-sided, n = 4). In the right-sided group, one patient had anteroseptal MAP, two patients with anterolateral MAP, six patients with lateral MAPs, two patients with posterolateral MAP, and two patients with posteroseptal MAP. In the left-sided group, there were three patients with anterolateral MAPs and one patient with posterolateral MAP (Figure 4).


[image: Figure 4]
FIGURE 4
 Representative fluoroscopic images of successful ablation sites in two patients with Mahaim-type accessory pathway of 17 patients. (A) The fluoroscopic images in a patient with right-sided MAP. (B) Solid circles show radiofrequency ablation targets around the tricuspid and mitral annuli. There were 13 patients showing MAPs around the tricuspid annulus, but for most patients they were located at the free wall. In total, four patients had them around the mitral annulus, but in most of the patients, it was located at the free wall. The dot was represented as his bundle. (C) The fluoroscopic images in a patient with left-sided MAP. ABL, ablation catheter; CS, coronary sinus; L, patient with left-sided Mahaim; LAO, left anterior oblique; R, patient with right-sided Mahaim; RAO, right anterior oblique; RV, right ventricular.





Discussion

This study evaluated clinical and EP characteristics in patients with right-sided and left-sided MAPs. The main findings were as follows: (1) the incidence of MAPs was very low in APs. MAPs mainly existed in the lateral aspect of the tricuspid annulus, but could also exist in the mitral annulus. (2) The success rate of catheter ablation was very high. (3) Not all of the right-sided MAPs have M potential, but we did not detect the M potential in the left-sided MAP. The M potential provided a suitable target for the ablation of MAPs and improved the successful ablation.

Mahaim-type accessory pathways are rare APs with unique properties. They were usually found in the right side of the heart. MAPs in the left side are very rare, and only a few cases have been reported. In our center, MAPs constitute 0.75% of all APs. Out of 1,553 patients with left-sided APs, four patients (0.26%) were diagnosed with Mahaim fiber-mediated pathway. MAPs in right-sided patients are more common than in left-sided. Consistent with a previous study (9), MAPs were commonly located at the lateral tricuspid annulus site (10–12). However, the incidence in our study is much lower than others (9). This may be due to regional differences between different countries. Ozcan et al. indicated that it was possibly ascribed to the fact that their center is a referral hospital for atypical AP ablation. Incidence may vary from region to region or race to race. Therefore, it is a more representative response to the prevalence of MAPs.

Yanni et al. demonstrated that the “primary ring” formed the AV node and the AV conduction axis which only contributed to the tricuspid annulus. MAPs originated from inferior extensions of the AV node. Therefore, right-sided MAPs are more commonly found than left-sided MAPs. MAPs are AV ring tissues, which are the remnants of the primary ring and have the similar properties to AV node and Kent bundle (13). Therefore, MAPs display AV node-like conduction properties and a slight pre-excitation. Recently, more cases with left-sided MAPs were reported (9). It was hypothesized that left-sided MAPs were attributed to a defect in embryological migration accompanied by AV isolation defect.

The length of the MAPs was determined by Vabl-QRS intervals. If the earliest ventricular potentials in the ablated MAPs were later at QRS complexes (a negative Vabl-QRS interval), it was considered long-length MAPs and defined as atriofasicular MAPs (Table 3). It was a long accessory from atrial insertion to ventricular insertion. If the earliest ventricular potentials in the ablated MAPs were preceded the surface QRS complexes (a positive Vabl-QRS interval), it was considered short-length MAPs and defined as AV MAPs (Figure 5). In those cases, all of the left-sided MAPs and parts of the right-sided MAPs were short-length MAPs and AV MAPs. Long-length MAPs were only existed in the right side. It indicated that long-length MAPs were just only appeared in the right-sided. However, the left-sided MAPs just only presented as short-length MAPs. Short-length MAPs also existed in the right side. In our cases, the M potential was not detected in all patients. We found that parts of patients with right-sided MAPs and all of the patients with left-sided MAPs were not observed M potential. M potential were only detected in long-length MAPs or atriofasicular MAPs. The M potential is helpful for the improvement of successful ablation. The earliest ventricular potential as well as Vabl-RVapx intervals contribute to the guidance of MAPs ablation in patients without M potentials.


[image: Figure 5]
FIGURE 5
 Schematic diagram of the mechanism of the long-length and short-length Mahaim-mediated tachycardias. (A) The mechanism of right-sided long-length Mahaim-mediated tachycardias. (B) The mechanism of left-sided short-length Mahaim-mediated tachycardias. AF, anterior fascicle; AVN, atrioventricular node; LBB, left bundle branch; MAP, Mahaim accessory pathway; PF, posterior fascicle; RBB, right bundle branch.


Both the right-sided and left-sided MAPs have similar clinical and EP characteristics. In the present study, we found that the AM and the MV intervals were longer in the right-sided MAPs than that in the left-sided MAPs. Ozcan et al. demonstrated that they were associated with decremented conduction rather than the length of the MAPs. Previous studies have reported that the coexistence of AVNRT in patients with right-sided MAPs was from 9 to 40% (9, 14–16). However, in our center experience, we found that the incidence of AVNRT was 42.8% and the incidence of AVRT was 28.3%. Ozcan et al. found that no AVNRT coexisted in patients with left-sided MAPs (9). However, in our study, we found that one patient was with AVNRT and one patient was with AVRT. It indicated that the coexistence was not specific to the right-sided MAPs but also existed in the left-sided MAPs.


Limitations

The present study included only 17 patients with MAPs, which is a very small number for an observational, retrospective, and single-center study. More patients with MAPs in other EP centers could be involved in future studies.




Conclusion

The reported incidence of MAPs is very low. MAPs are generally located in the right side and occasionally the left. The M potential only is detected in long-length MAPs. The coexistence of other arrhythmias is also a common phenomenon. The radiofrequency ablation of MAPs has high success rates.
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Background: CAVD is a common cardiovascular disease, but currently there is no drug treatment. Therefore, it is urgent to find new and effective drug therapeutic targets. Recent evidence has shown that the infiltration of M1 macrophages increased in the calcified aortic valve tissues, but the mechanism has not been fully elucidated. The purpose of this study was to explore the shared gene characteristics and molecular mechanisms of macrophages M1 polarization in CAVD, in order to provide a theoretical basis for new drugs of CAVD.

Methods: The mRNA datasets of CAVD and M1 polarization were downloaded from Gene Expression Omnibus (GEO) database. R language, String, and Cytoscape were used to analyze the functions and pathways of DEGs and feature genes. Immunohistochemical staining and Western Blot were performed to verify the selected hub genes.

Results: CCR7 and GZMB were two genes appeared together in hub genes of M1-polarized and CAVD datasets that might be involved in the process of CAVD and macrophages M1 polarization. CCR7 and CD86 were significantly increased, while CD163 was significantly decreased in the calcified aortic valve tissues. The infiltration of M1 macrophages was increased, on the contrary, the infiltration of M2 macrophages was decreased in the calcified aortic valve tissues.

Conclusion: This study reveals the shared gene characteristics and molecular mechanisms of CAVD and macrophages M1 polarization. The hub genes and pathways we found may provide new ideas for the mechanisms underlying the occurrence of M1 polarization during CAVD process.

KEYWORDS
calcific aortic valve disease (CAVD), M1 macrophages, bioinformatics, CCR7, hub genes


1. Introduction

As the most prevalent valvular heart disease, calcific aortic valve disease (CAVD) is a major health problem with risk of severe morbidity and mortality (1). It ranges from valve thickening and mildly calcified to severe valve calcification with impaired leaflet motion and vast blood flow obstruction (2). In developed countries, calcific aortic stenosis is the second-most frequent cardiovascular disease after coronary artery disease and systemic arterial hypertension with a prevalence of 0.4% in the general population (3) and 1.7% in the population over 65 years (4). Currently, there is no effective medical treatment other than surgical or transcatheter aortic valve replacement (5, 6).

The aortic valve microenvironment mainly includes valvular interstitial cells, valvular endothelial cells, and immune cells (7). Recent evidence suggests that CAVD is an active process involving multiple complex pathological factors such as valvular endothelial cell injury, valvular interstitial cell differentiation, chronic inflammation, fibrosis, matrix remodeling, mechanical stress, and neovascularization (1, 8–11).

Currently, immune cells are also believed to play important roles in aortic valve calcification (12–14). Zhou’s study (15) showed that immune cells accounted for about 5.4% in the aortic valve tissue, and macrophages were the most dominant immune cells. Another study showed that (16) in the calcified aortic valves, the infiltration of M1 macrophages was increased, while the infiltration of M2 macrophages was decreased. Therefore, M1 macrophages may play an important role in the CAVD process (17).

At present, there are few studies on the mechanism of macrophages M1 polarization in CAVD. However, exploring the mechanism of macrophages M1 polarization in CAVD may help to prevent the occurrence of CAVD or delay the progression of CAVD. Microarray technology can effectively screen the biomarkers of CAVD. Gene Expression Omnibus (GEO)1 is a public database, and contains a large number of genes for various diseases. In this study, many bioinformatics analysis methods and microarray technology in GEO database were combined to screen and analyze the shared gene characteristics and molecular mechanism of macrophages M1 polarization in CAVD from the transcriptome level. This will be beneficial to deepen our understanding of CAVD and promote the research of therapeutic drugs for CAVD.



2. Materials and methods


2.1. Acquisition of GEO datasets

We use the keywords “calcified aortic valve disease” and “M1 macrophages” in GEO database (see text footnote 1) to search the mRNA datasets of CAVD and M1-polarized macrophages. The datasets we chose included mRNA microarray data of CAVD samples and healthy controls, as well as mRNA microarray data of M1 and M0 macrophages.

The GEO datasets were numbered as:


 CAVD mRNA dataset: GSE51472, 10 CAVD samples and 5 control samples,

 CAVD mRNA dataset: GSE83453 (10 samples of bicuspid aortic valve were excluded), 9 CAVD samples and 8 control samples,

 M1-polarized mRNA dataset: GSE49240, 2 M1 macrophage samples and 2 M0 macrophage samples, culture condition of M0 macrophages: monocytes + M-CSF,

 culture condition of M1 macrophages: M0 macrophages + IFN-γ + TNF-α,

 M1-polarized mRNA dataset: GSE61298, 3 M1 macrophage samples and 3 M0 macrophage samples.

 Culture condition of M0 macrophages: monocytes + M-CSF, culture condition of M1 macrophages: M0 macrophages + IFN-γ + LPS.





2.2. Microarray data processing

In this study, microarray datasets GSE49240 and GSE61298 were first used to identify differentially expressed genes (DEGs) during M1 polarization. The “limma” package in R language (version 4.1.3) was used to screen out DEGs in the process of M1 polarization. The cut-off values were |log2(foldchange)| > 1and p-value < 0.05. Then two other microarray datasets (GSE51472, GSE83453) were used to identify the feature modules in CAVD by WGCNA analysis. The overlapping DEGs between two M1 macrophage datasets and feature genes between two CAVD datasets were implemented by the “VennDiagram” package.



2.3. WGCNA analysis

Weighted gene co-expression network analysis (WGCNA) was an analytical method for analyzing gene expression patterns in multiple samples. It could cluster modules with similar expression and analyze the correlation between specific modules and disease phenotypes. In this paper, we used WGCNA analysis to obtain modules that were highly related to CAVD. We selected the top 5,000 genes according to their variance and analyzed them by the “WGCNA” package in R language. Before analysis, the “Hclust” function was first used for hierarchical cluster analysis to exclude the outlier samples. Then the “pickSoftThreshold” function in “WGCNA” package was used to select an appropriate power value (ranging from 1 to 30, with R2 ≥ 0.85) according to the criteria of the scale-free network. Then we constructed a hierarchical clustering dendrogram, clustered similar gene expressions into different modules, and calculated the correlation between each module and the disease phenotype. In this study, the soft threshold β of dataset GSE51472 was 19. The soft threshold β of dataset GSE83453 was 13. The other parameters were as followed: networkType = “unsigned,” minModuleSize = 30, mergeCutHeight = 0.25 and deepSplit = 2.



2.4. Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were performed for Gene function and pathway analysis. GO enrichment analysis analyzed protein function at three levels: biological process, cellular component, and molecular function. GO and KEGG enrichment analysis were implemented by the “clusterProfiler” package. ClueGO enrichment analysis was a powerful complement to GO and KEGG enrichment analysis and was implemented by the ClueGO plug-in in Cytoscape (version: 3.7.1).



2.5. Protein-protein interaction network and hub genes screening

The construction of the protein-protein interaction (PPI) network was implemented by the online analysis tool String2 and Cytoscape. The cytoHubba plug-in in Cytoscape was used to evaluate the scores of gene nodes and screened out the top 20 hub genes (Top 20 genes were ranked by MCC method).



2.6. Cibersort immune infiltration analysis

Cibersort (cell-type identification by estimating relative subsets of RNA transcripts) was an immune infiltration algorithm based on transcriptome. It could calculate the relative content (LM22 gene signature was downloaded from https://www.nature.com/articles/nmeth.3337#MOESM207) and immune score (perm replacement = 1000, QN quantile normalization = TRUE) of 22 kinds of immune cells by using microarray or high-throughput sequencing data. On this basis, the Spearman correlation between hub genes and immune cells were calculated by the “ggcorrplot” package.



2.7. Analysis of single cell sequencing results

The single cell sequencing data in this paper was downloaded from Xu’s article (18)3 and included 9,410 CAVD cells and 3,366 normal aortic valve cells. The raw expression matrix was integrated into Seurat objects and filtered by the “Seurat” package. Then the “NormalizeData” function was used for normalization and the “UMAP” package was used for dimensionality reduction (FindClusters functions with a resolution of 0.5). Finally, cell clusters were annotated by the “singleR” package.



2.8. Clinical samples and histological examination

In this study, we collected aortic valve specimens from six patients who underwent aortic valve replacement or heart transplantation at the Department of Cardiovascular Surgery, Changhai Hospital Affiliated to Naval Medical University from April 2022 to July 2022. The study has been approved by the Ethics Review Committee of Changhai Hospital. Among the six patients, three patients who underwent aortic valve replacement were diagnosed with calcified aortic valve, and another three patients who underwent heart transplantation were diagnosed with dilated cardiomyopathy with normal aortic valve, which were identified by echocardiography and Alizarin red S staining. Patients with rheumatic heart disease, myocarditis, and bicuspid aortic valve were excluded. Part of the specimens were embedded in paraffin and the thickness of the paraffin section was 5 μm.

Alizarin red S staining: Paraffin sections were dewaxed and rehydrate routinely, Alizarin red S staining solution (1% dilution, pH = 4.2) was incubated at room temperature for 5 min, and then the sections were washed with anhydrous alcohol and sealed before observation.

Von Kassa (VK) staining: After dewaxing and hydration, paraffin sections were stained with silver nitrate, irradiated continuously with UV lamp for 1 h and washed with distilled water three times, and then sealed for observation.

Immunohistochemical (IHC) staining: The paraffin sections were dewaxed and hydrated before heat mediated antigen retrieval (Tris-EDTA buffer, pH = 9.0). Endogenous peroxidase activity was blocked by peroxidase blocking solution and non-specific binding sites were blocked by goat serum. Then the slides were incubated with the primary antibody overnight (4°C). The next day, biotin-labeled secondary antibody was added. Finally, DAB solution and hematoxylin were used for staining and counterstaining, respectively. Antibody Information: CCR7 (1:100 dilution, bioworld, USA, No. BS9847M), CD86 (1:100 dilution, Affibiotech, No. DF6332), CD163 (1:100 dilution, abcam, UK, No. ab182422).



2.9. Western blot analysis

Aortics valve specimens were lysed in SDS buffer containing a protease inhibitor PMSF (1:100 dilution) on ice for 30 min. Total protein concentrations were evaluated using a protein assay kit (Beyotime Biotech, Shanghai, China). Cell lysate was separated using 10% SDS-PAGE and then transferred to polyvinylidene difluoride membranes. Subsequently, the membranes were blocked for 1 h at room temperature by incubation in TBST solution containing 5% non-fat milk. Primary antibodies against CCR7 (1:1000 dilution, bioworld, USA, No. BS9847M), OPN (1:1000 dilution, Protein tech, Chicago, USA, No. 22952-1-AP), and GAPDH (1:50000 dilution, Protein tech, Chicago, USA, No.60004-1-Ig) were incubated overnight at 4°C. Finally, the membranes were incubated with appropriate secondary antibodies (Jackson Immuno Research, USA, 115-035-003, 1:5000) for 1 h at room temperature and detected with an ECL kit (Thermo Scientific, USA).




3. Results


3.1. Identification and analysis of DEGs in M1 macrophages datasets


3.1.1 Identification of DEGs in M1 macrophages datasets

M1-polarized mRNA datasets GSE49240 and GSE61298 were downloaded from GEO database. The “limma” package in R language was used to identify DEGs. 488 DEGs were screened from GSE49240 (including 271 up-regulated and 217 down-regulated mRNAs, shown in Supplementary Material 1). Three thousand four hundred and ninety-one DEGs were screened from the dataset GSE61298 (including 1378 up-regulated and 2113 down-regulated mRNAs, shown in Supplementary Material 1). The distribution of DEGs were visualized by volcano map in Figures 1A, B. At the same time, the top 50 DEGs ranked by |Log2fold change| were shown by heatmap in Figures 1C, D (mRNA expression levels were processed by Z-score). The results showed that IDO1 was the largest increased DEGs and FABP4 was the largest decreased DEGs in both datasets. In addition, the overlapping DEGs in the two M1-polarized datasets were visualized by Venn diagram (Figure 1E), and 277 overlapping DEGs were screened (including 157 up-regulated and 120 down-regulated mRNAs, shown in Supplementary Material 1).
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FIGURE 1
Identification of DEGs in M1 macrophages datasets. (A) Volcano diagram of DEGs in GSE49240 and (B) volcano diagram of DEGs in GSE61298, the cut-off value of –log10(P-value) is –log10(0.05), cut-off value of |log2fold change| is 1, red and blue, respectively, represent relatively high and low expression of the mRNA. (C) Heatmap of DEGs in GSE49240 and (D) heatmap of DEGs in GSE61298 showed the mRNA expression of M1 macrophages and M0 macrophages, with red representing up-regulation and blue representing down-regulation. The panels showed the top 50 DEGs ranked by |Log2fold change|. (E) Venn diagram of the overlapping DEGs from two datasets, GSE49240 and GSE61298, identified a total of 157 up-regulated and 120 down-regulated DEGs, with different colors representing different datasets.




3.1.2 Enrichment analyses of the overlapping DEGs in M1-polarized datasets

The overlapping DEGs were analyzed by GO, KEGG, and ClueGO enrichment analyses. GO enrichment analysis (Figure 2A) showed that DEGs were significantly associated with the biological processes of “Positive regulation of cytokine production,” “Regulation of response to biotic stimulus,” “Immune response-regulating signaling pathway,” “Response to virus,” and “Activation of Immune response.” KEGG pathway analysis (Figure 2B) showed that the overlapping DEGs were mainly enriched in “NOD-like receptor signaling pathway,” “Phagosome,” “Influenza A,” “PPAR Signaling Pathway,” and “Viral protein interaction with cytokine and cytokine receptor.” ClueGO enrichment analysis (Figure 2C) showed that the overlapping DEGs were mainly involved in “Interleukin-1 beta production,” “Type I interferon signaling pathway,” and “Response to interferon gamma.” The signaling pathway “Interleukin-1 beta production” accounted for 27.27% of the total terms, and 82 genes were involved (Figure 2D). These results suggested that chemokine-chemokine receptor pathway and inflammatory response may play important roles in macrophage M1 polarization.
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FIGURE 2
Enrichment analyses of the overlapping DEGs in M1-polarized datasets. (A) GO enrichment analysis of the overlapping DEGs, at three levels: biological process, cellular component, and molecular function. (B) KEGG pathway analysis of the overlapping DEGs. (C) The interaction network of GO terms, the significant term of each group was highlighted. (D) The proportion of each GO terms group in the total, **P < 0.05.




3.1.3 PPI analysis of the overlapping DEGs in M1-polarized datasets

We further constructed a PPI network at the level of protein and screened out hub genes. Firstly, the online analysis tool String was used to analyze the interactions among 277 overlapping DEGs (minimum required interaction score = 0.4, 276 nodes and 1,107 edges were included in the PPI network) (Figure 3A). Then the cytoHubba plug-in in Cytoscape was used to calculate the score of gene nodes and screen out the top 20 hub genes. The results (shown in Supplementary Material 2) showed that CXCL10, TNF, TLR4, CXCL8, TLR7, STAT1, CCL5, IL15, CXCL9, CD40, CD274, ICAM1, GZMB, CASP1, IRF1, CCL20, TNFSF10, CCRL2, IDO1, and CCR7 were identified as hub genes (Figure 3B).
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FIGURE 3
PPI network and hub genes of the overlapping DEGs. (A) The interaction between 277 overlapping DEGs. Minimum required interaction score = 0.4, 276 nodes and 1,107 edges were included in the PPI network. (B) Top 20 hub genes.





3.2. Identification and analysis of feature genes in CAVD datasets


3.2.1 Identification of feature genes in CAVD datasets

A total of five modules were identified by WGCNA analysis in CAVD mRNA dataset GSE51472. Then, a heatmap of module-phenotype relationship (Figure 4A) was drawn according to spearman correlation coefficient to evaluate the association between each module and disease. Two modules were selected as CAVD-related module (blue module: r = 0.68, p = 0.005, containing 1,263 genes; Brown module: r = 0.74, p = 0.002, containing 202 genes). Five modules were also identified in CAVD mRNA dataset GSE83453 (Figure 4B). Only the blue module was selected as CAVD-related module (blue module: r = 0.89, p = 2e–06, containing 1,195 genes).
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FIGURE 4
Identification of feature genes in CAVD datasets. (A) Module–phenotype relationships in CAVD dataset GSE51472. Each cell contains the corresponding correlation and p-value. (B) Module–phenotype relationships in CAVD dataset GSE83453. Each cell contains the corresponding correlation and p-value. (C) Venn diagram of the feature genes in two datasets, GSE51472 and GSE83453, identified a total of 279 up-regulated feature genes, with different colors representing different modules.


CAVD-related modules in both datasets were shown in Supplementary Material 3. The CAVD-related modules in the two CAVD datasets were overlapped by Venn diagram. The results showed that there were 279 overlapping up-regulated genes between the two CAVD datasets, which may be associated with the pathogenesis of CAVD (Figure 4C, shown in Supplementary Material 3).



3.2.2 Enrichment analyses of feature genes in CAVD datasets

The feature genes in two CAVD datasets were analyzed by GO, KEGG, and ClueGO enrichment analyses. GO enrichment analysis (Figure 5A) showed that the feature genes were significantly associated with the biological process of “Leukocyte cell-cell adhesion,” “Regulation of cell-cell adhesion,” “Positive regulation of cell activation,” “Leukocyte migration,” and “Positive regulation of leukocyte activation.” KEGG pathway analysis (Figure 5B) showed that the feature genes were mainly enriched in “Cell adhesion molecules,” “Natural killer cell mediated cytotoxicity,” “Th1 and Th2 cell differentiation,” “Hematopoietic cell lineage,” and “T cell receptor signaling pathway.” ClueGO enrichment analysis (Figure 5C) showed that the feature genes were mainly involved in “Positive regulation of leukocyte cell-cell adhesion,” “Myeloid leukocyte migration,” and “T cell differentiation.” The signaling pathway “Positive regulation of leukocyte cell-cell adhesion” accounted for 25.4% of the total terms, and 479 genes were involved (Figure 5D). These results suggested that the cell-cell adhesion pathway may play an important role in CAVD.
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FIGURE 5
Enrichment analyses of feature genes in CAVD datasets. (A) GO enrichment analysis of the feature genes, at three levels: biological process, cellular component, and molecular function. (B) KEGG pathway analysis of the feature genes. (C) The interaction network of GO terms, the significant term of each group was highlighted. (D) The proportion of each GO terms group in the total, **P < 0.05.




3.2.3 PPI analysis of feature genes in CAVD datasets

We further constructed a PPI network at the level of protein and screened out hub genes. Firstly, String was used to analyze the interactions among 279 feature genes (minimum required interaction score = 0.4, 275 nodes and 1,705 edges were included in the PPI network) (Figure 6A). Then the cytoHubba plug-in was used to calculate the score of gene nodes and screen out the top 20 hub genes. The results (shown in Supplementary Material 4) showed that CD86, ITGAM, CD8A, CD2, GZMB, CD28, CD27, IL7R, ITGAX, IL10RA, IL2RB, SLAMF1, TNFRSF4, CCR7, CXCR3, ITGAL, CD48, KLRB1, CD247, and ITGB2 were identified as hub genes (Figure 6B).


[image: image]

FIGURE 6
PPI network and hub genes of feature genes. (A) The interaction between 279 feature genes. Minimum required interaction score = 0.4, 275 nodes and 1,705 edges were included in the PPI network. (B) Top 20 hub genes.





3.3. Identification and analysis of shared genes between M1-polarized and CAVD datasets


3.3.1 Identification of shared genes between M1-polarized and CAVD datasets

The overlapping DEGs in M1-polarized datasets were overlapped with the feature genes in CAVD datasets. The results showed that CCR7 and GZMB appeared simultaneously (Figure 7A), and both were hub genes in the CAVD datasets and the M1-polarized datasets (Figure 7B). These results suggested that CCR7 and GZMB may play important roles in M1 polarization and CAVD.
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FIGURE 7
Identification of shared genes between M1-polarized and CAVD datasets. (A) Venn diagram of the shared genes in M1-polarized and CAVD datasets. (B) The interaction between 40 hub genes in M1-polarized and CAVD datasets.




3.3.2 Immune infiltration analysis of CAVD datasets

Next, two CAVD datasets were analyzed for immune infiltration. The results showed that compared with the normal aortic valves, the proportion of M0 and M1 macrophages were increased, but the proportion of M2 macrophages was decreased in the calcified aortic valves (Supplementary Figures 1, 2). By calculating the correlation between hub genes and immune cells in CAVD datasets, this study found that CCR7 was positively correlated with M1 macrophages, while GZMB was negatively correlated with M1 macrophages (Supplementary Figures 3, 4). Therefore, we focused on the relationship between CCR7 and M1 macrophages.



3.3.3 Distribution of CCR7 in aortic valve tissue cells

To investigate cellular heterogeneity in aortic valves microenvironment at single-cell resolution, aortic valve tissue cells were divided into 11 clusters (Figure 8A, FindClusters functions with a resolution of 0.5) by using the “UMAP” package. The annotation of single cell sequencing (Figure 8B) showed that the aortic valve tissue included four types of cells, including valvular interstitial cells (VICs), valvular endothelial cells, T cells, and macrophages. Among them, most of the cells in Cluster 6 were macrophages. The results of bubble map (Figure 8C) showed that CCR7, CD68 (macrophage marker), CD86 (M1 macrophage marker), and CD163 (M2 macrophage marker) were significantly higher in Cluster 6 than those in other clusters. Then the distribution of M1 and M2 macrophages were marked by CD86 and CD163, respectively. The results showed that the distribution of CCR7 was consistent with that of CD86, but not consistent with that of CD163 (Figures 8D–G). These results indicated that CCR7 was associated with M1 macrophages.
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FIGURE 8
Distribution of CCR7 in aortic valve cells. (A) The clusters of cells in aortic valve tissues and the annotation of cells (B) in aortic valve tissues. (C) The bubble map of the expressions of different markers in aortic valve cells. (D–G) The distribution of different markers in aortic valve cells.





3.4. Experimental verification of clinical specimens


3.4.1 Pathological verification of calcification of clinical specimens

Aortic valves from patients with calcified or normal aortic valves were selected and sectioned. Calcified nodules were identified by Alizarin red S staining and VK staining in calcified aortic valve samples. Representative Alizarin red S staining and VK staining images were shown as follows (Figures 9A, B).
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FIGURE 9
Representative Alizarin red S staining and VK staining images. (A) Representative Alizarin red S staining images of normal aortic valve tissue and calcified aortic valve tissue. (B) Representative VK staining images of normal aortic valve tissue and calcified aortic valve tissue.




3.4.2 IHC staining and western blot verification of clinical specimens

Finally, the calcified and normal aortic valve tissues were sectioned for CCR7, CD86, and CD163 IHC staining. The IHC staining results showed the expression level of CCR7 and CD86 were significantly increased in the calcified aortic valve tissues compared to the normal aortic valve. On contrary, the expression of CD163 was significantly decreased as shown in Figures 10A–C. We further investigated the expression profile of CCR7 in calcified and normal aortic valves tissues. Western blot assay confirmed that the expression level of CCR7 was increased in calcified aortic valve tissues (Supplementary Figure 5).
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FIGURE 10
Representative IHC staining images. (A) Representative CD86 IHC staining images of normal aortic valve tissue and calcified aortic valve tissue. (B) Representative CD163 IHC staining images of normal aortic valve tissue and calcified aortic valve tissue. (C) Representative CCR7 IHC staining images of normal aortic valve tissue and calcified aortic valve tissue.






4. Discussion

In this study, we screened out the DEGs in M1 polarization. Enrichment analyses showed that chemokine-chemokine receptor pathway and inflammatory response may play important roles in the process of M1 polarization. Then, the feature genes of CAVD were screened out. Enrichment analyses indicated that cell-cell adhesion pathway may play an important role in the process of CAVD. CCR7 and GZMB appeared in hub genes of M1-polarized and CAVD datasets. These results suggested that CCR7 and GZMB may regulate CAVD by regulating the polarization, chemotaxis, and adhesion of M1 macrophages. Cibersort immune infiltration analysis showed that the infiltration of M1 macrophages was increased and the infiltration of M2 macrophages was decreased during the CAVD process. Single cell sequencing results showed that the distribution of CCR7 was consistent with the distribution of CD86, but not with CD163, suggesting that CCR7 was correlated with M1 macrophages, which may affect the process of CAVD. IHC staining results showed that, compared with the normal aortic valve tissues, the expressions of CCR7 and CD86 were significantly increased in the calcified aortic valve tissues, while the expression of CD163 was significantly decreased. These results indicated that the infiltration of M1 macrophages was increased and the infiltration of M2 macrophages was decreased. Western blot assay further confirmed that CCR7 was increased in calcified aortic valve tissues.

Recent studies have shown that macrophage play an important role in CAVD (19), the infiltration of M1 macrophages was increased and the infiltration of M2 macrophages was decreased in the calcified aortic valves (20). Raddatz et al.’s (21) research reported that increased macrophage recruitment promotes osteogenic calcification. Compared with unstimulated conditioned macrophage medium, conditioned medium of M1 macrophage enhanced expression of osteogenic genes in VICs, while inhibition of M1 polarization inhibited osteoblastic differentiation in VICs, suggesting that M1 macrophage may promote human aortic valve calcification (17, 22, 23). Grim et al.’s article reported that proinflammatory cytokines in M1 conditioned media inhibit myofibroblast activation in VICs and promote their osteogenic differentiation (24).

The protein encoded by CCR7 is a member of the G protein-coupled receptor family (25–27) and is up-regulated in response to inflammation, pathogens, and tissue damage (28). CCR7 chemokine axis is composed of chemokine ligands CCL19 and CCL21, and chemokine receptor CCR7 (29, 30). At the cellular level, CCR7-mediated signaling pathways mainly include the activation of integrins leading to cell adhesion and the polarization of actin cytoskeleton (31). Activation of CCR7 can activate T cells, secrete a large amount of IFN-γ, and promote Th1 polarization (32). The deficiency of CCR7 leads to Th2 polarization and activation of B cells (33). CCL19 and CCL21 only induce M1 polarization, and CCL19 or CCL21 induced activation of both MEK1-ERK1/2 and PI3K-AKT cascades in M1 but not in M2 macrophages (27). In rheumatoid arthritis, it has been reported that the activation of CCL19/CCL21-CCR7 signaling pathway increases the infiltration of M1 macrophages (34, 35). It has been shown that patients with symptomatic aortic stenosis have higher serum CCL21 level compared to healthy controls (36). Another study reported that O2 consumption and CO2 production were higher in CCR7–/– mice than in wild-type mice. CCR7–/– mice are protected from diet-induced obesity and subsequent insulin resistance (37), which may protect CCR7–/– mice from CAVD. This study hypothesized that the CCR7 axis may promote the polarization and adhesion of macrophages, thereby promoting the progression of CAVD.

GZMB encodes a member of the granzyme subfamily of proteins, granzyme B. GZMB-induced apoptotic cells, when phagocytosed by macrophages, can induce the production of TGF-β and thereby influence the Th1/Th2 cytokine and Ig balance (38). Another research reported that GZMB mediates IL-8/macrophage inflammatory protein-2 secretion (39). Further, Guo et al.’s study also reported that GZMB was differentially expressed gene in CAVD datasets (40), which supports our analysis.

To sum up, CCR7 may act as a potential target for the treatment of CAVD. This study still has many limitations. At first, the increased expressions of CCR7 and M1 macrophages in calcified aortic valve tissues were verified only by bioinformatics analyses and clinical specimens in this study. The function of CCR7 needs to be explored by a more comprehensive design, both in vitro and in vivo, to determine its in-depth mechanism leading to CAVD. Secondly, the sample size of the datasets in this paper are too small, which may reduce the reliability of the analysis results. Analysis of datasets with larger sample size and more detailed description of patient characteristics will facilitate the understanding of the results. At last, our grouping of the samples in the dataset GSE51472 is not optimal. Putting mildly calcified and severely calcified samples together may result in false negative results. We will pay more attention to the quality of our datasets and achieve homogeneity in the same group of samples in the future.



5. Conclusion

In this study, bioinformatics analyses suggested that CCR7 and GZMB might be involved in the process of CAVD. In addition, the infiltration of M1 macrophages was increased and the infiltration of M2 macrophages was decreased during the CAVD process, and the distribution of CCR7 was consistent with that of M1 macrophages. These results suggest that CCR7 may regulate the process of CAVD by regulating macrophage polarization and adhesion.
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Objectives: The objective of this study was to characterize a population of patients with severe tricuspid regurgitation (TR) evaluated at a tertiary care center, assess mid-term clinical outcomes, and identify prognostic factors.

Background: The impact of TR on morbidity and mortality is increasingly recognized. Clinical characteristics and long-term outcomes of patients suffering from TR remain unclear.

Methods: This is a retrospective observational single-center study from a tertiary care hospital including patients with echocardiographic diagnosis of severe TR between January 2017 and December 2018. We used the Kaplan–Meier method to estimate survival for up to 4 years. After excluding patients with tricuspid valve (TV) intervention and surgery during follow-up, a multivariate analysis was performed to assess predictors of 2-year mortality using the Cox regression model.

Results: A total of 278 patients (mean age 74.9 ± 13.7 years, 47.8% female) with severe TR were included in the study. The majority (83.1%; n = 231) had secondary TR. Comorbidities such as atrial fibrillation (AFib) (68.0%; n = 189), severe renal failure (44.2%; n = 123), pulmonary hypertension (PHT) (80.9%; n = 225), and right ventricular (RV) dysfunction (59.7%; n = 166) were highly prevalent. More than half of patients with a cardiac implantable electronic device (CIED) (54.3%; n = 44) showed echocardiographic signs of lead-leaflet interaction causing or contributing to TR. The estimated 2- and 4-year all-cause mortality was 50 and 69%, respectively. Using multivariate analysis, age, severe renal failure, heart failure with reduced ejection fraction (HFrEF), and vena contracta width ≥14 mm were identified as predictors of 2-year mortality. Nine percent (n = 25) of the study cohort underwent transcatheter or surgical treatment for TR during follow-up.

Conclusion: Our study shows the high burden of morbidity and the dismal survival of patients with severe TR. It also highlights the extent of the therapeutic need, since the vast majority of patients were left untreated. Additionally, CIED RV lead-associated TR was prevalent suggesting a need for more attention in clinical routine and research.

KEYWORDS
valvular heart disease, tricuspid regurgitation, lead-induced TR, TTVI, echocardiography


Introduction

Tricuspid regurgitation (TR) is one of the most common valvular heart diseases. TR of any severity affects more than 65% of the general population worldwide and the prevalence of clinically significant (moderate or higher grade) TR is comparable to the one of aortic stenosis in patients >75 years of age (1, 2). However, due to challenges in imaging, lack of minimal-invasive treatment strategies, and misconception of its clinical course, TR has long been considered less clinically relevant than left-sided heart valve disease. Over the last few years, growing evidence on TR long-term negative impact on morbidity and mortality (1, 3, 4), as well as the emergence of new treatment options have resulted in an increasing interest. Nevertheless, the medical literature regarding patients with severe TR outside of interventional studies is scarce and little is known about the clinical characteristics and natural history of this patient population.

This study aimed to characterize patients with severe TR referred to a tertiary care center, assess mid-term clinical outcomes, and identify prognostic factors.



Materials and methods


Study population

This was a retrospective single-center cohort study conducted at a tertiary care hospital. All echocardiographic reports [transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE)] between January 2017 and December 2018 were automatically screened to identify consecutive patients with severe TR. Echocardiographic images were evaluated by experienced echocardiographers and severe TR was independently confirmed by a second physician. Data were then cleaned for duplicates and falsely identified patients. All parameters were collected from hospital electronic files.



Definitions

Severe TR was defined in an integrative way as a vena contracta width ≥7 mm, hepatic systolic backflow, EROA ≥40 mm2, and regurgitant volume ≥45 mL according to the American society of echocardiography (5) and the 2017 ESC/EACTS Guidelines for the management of valvular heart disease (6). Severe TR was further subclassified according to vena contracta width into massive and torrential TR using the previously described five-grade scheme (7). RV dysfunction was defined as TAPSE < 17 mm or S-DT I < 9.5 cm/s and pulmonary hypertension (PHT) as an estimated pulmonary artery systolic pressure (PASP) >40 mmHg based on RV/RA-gradient and central venous pressure. RV-PA coupling ratio was calculated as TAPSE/PASP (8, 9). RV dilatation was defined as RV end-diastolic base diameter >41 mm. MR was graded using a three-scale scheme (mild/moderate/severe) according to the EACVI Guidelines (10–12). Severe renal failure was defined as GFR < 30 mL/min/1.73 m2 on a laboratory value taken on the day of echocardiographic diagnosis of severe TR. Chronic pneumopathy was defined as COPD or interstitial lung disease.



Clinical outcomes

Two- and four-year mortality was assessed using the patient’s medical records, as well as the national registry of deaths. For all patients alive, the date of last contact was considered.



Statistical analysis

Statistical analyses were performed using SPSS version 25.0 for Windows. Results were expressed as absolute number and/or percentage for categorical variables and mean (± SD) or median (interquartile range) for continuous variables. Comparisons were performed using the chi-square test or Fisher’s exact test for categorical variables and Student’s t-test or Kruskal–Wallis test for continuous variables. A multivariate analysis was performed to assess predictors of 2-year mortality using the Cox regression model and the results were expressed as hazard ratio (HR) and 95% confidence interval (CI). Variables with p < 0.05 and variables associated with mortality in the literature were included in the multivariate model after the exclusion of collinearity. Patients with tricuspid valve (TV) intervention or surgery during follow-up were excluded from the multivariate analysis.

We used the Kaplan–Meier method and log-rank test to estimate survival for up to 4 years. Patients were divided into three groups according to their treatment during follow-up: (1) medical treatment only, (2) TV intervention, and (3) TV surgery.



Ethical statement

The local Ethics Committee (Kantonale Ethikkommission Bern) approved this study (TricObs Registry; KEK-Nr. 2019-02147). The study was performed in agreement with the Helsinki declaration and in accordance with the applicable Swiss legislation. Ethics Committee provided a waiver of consent. All patients having refused the use of their medical data were excluded.




Results

Overall, 25,295 echocardiography reports generated between January 2017 and December 2018 were screened for diagnosis of severe TR. After cleaning for duplicates and falsely identified patients, the proportion of moderate or severe TR among patients ≥70 was 4.3%, while 2.5% had severe TR. A total of 278 patients with severe TR were included into the study (Supplementary Figure 1). Figure 1 is the central illustration and summarizes the main findings of the study.
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FIGURE 1
Central illustration.



Clinical characteristics

The baseline clinical characteristics of the cohort are summarized in Table 1. Mean age was 74.9 ± 13.7 years and 47.8% were female. The prevalence of co-morbidities was high: severe renal failure was common (44.2%; n = 123) and 18.7%, (n = 52) had a chronic pneumopathy. Atrial fibrillation (AFib) was found in more than two thirds of the patients (68.0%, n = 189) and coronary artery disease (CAD) in 42.8% (n = 119). One-third (32.7%; n = 91) had undergone open-heart surgery and among them 7.2% (n = 20) had combined procedures (Supplementary Table 1). The two most commonly performed surgical procedures were aortic valve replacement (n = 40) and coronary artery bypass grafting (n = 35). Recurrent severe TR (n = 3) after TV repair was rare and no patient had undergone TV replacement.


TABLE 1    Baseline clinical characteristics.
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Twenty-five patients each had undergone previous transcatheter aortic valve replacement (TAVR) (9.0%) and mitral transcatheter edge-to-edge repair (TEER) (9.0%); 10 patients had a history of previous transcatheter TV intervention (3.6%). Adults with congenital heart disease (ACHD) constituted a small portion of the overall cohort (3.6%; n = 10). In 13 patients (4.7%), TR was attributable to an acute event such as pulmonary embolism, while almost the same proportion of patients (5.0%; n = 14) was either recipient of orthotopic heart transplantation (OHT) or carrier of a ventricular assistance device (VAD). Almost one-third (29.1%; n = 81) of the patients had a cardiac implantable electronic device (CIED) RV lead (Figure 2). The most common were single chamber (RV lead) pacemakers (11.2%; n = 31) and implantable cardioverter defibrillators (ICD) (6.8%; n = 19), followed by dual chamber pacemakers (5.0%; n = 14) and defibrillators with cardiac resynchronization therapy (CRT-D) (4.7%; n = 13). Cardiac resynchronization therapy pacemakers (CRT-P) were uncommon (1.4%; n = 4).
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FIGURE 2
Distribution of cardiac implantable electronic device (CIED) in the cohort.




Echocardiographic characteristics

Baseline echocardiographic data of the cohort are summarized in Table 2. The vast majority had severe TR (92.8%), while massive (5.8%) or torrential TR (1.4%) were less frequent in our cohort. HFrEF (LVEF ≤ 40%) was diagnosed in 27.0% (n = 75) of patients and 59.7% (n = 166) had RV dysfunction. The majority of patients showed signs of PHT (80.9%; n = 225) and the RV was dilated in 78.1% (n = 217). Every third patient (34.2%; n = 95) had moderate MR, while 9.7% (n = 27) had severe MR. TR was of secondary etiology in the majority of the patients (83.1%; n = 231), mixed in 11.5% (n = 32) and primary in 3.6% (n = 10). For a few patients (1.8%; n = 5) no exact mechanism causing TR could be identified on TTE. Among 81 patients (29.1%) with a CIED RV lead, more than half (53.6%) had signs of lead-leaflet interaction that was suspected of causing or contributing to TR.


TABLE 2    Baseline echocardiographic data.
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Mid-term survival

The mean follow-up period was 1.5 ± 1.4 years. Two-year follow-up was available in 231 patients (83.1%), 3-year follow-up in 192 patients (69.1%), and 4-year follow-up in 151 (54.3%). Kaplan–Meier analysis showed cumulative mortality of 50% and almost 70% at 2 and 4 years, respectively, in conservatively treated patients (Figure 3). Mean survival was 2.1 ± 0.1 years.


[image: image]

FIGURE 3
Estimated cumulative survival (Kaplan–Meier curve) up to 4-year follow-up.




Predictors of 2-year mortality

Patients who had undergone TV intervention or surgery during the follow-up period were excluded from this analysis. Compared with survivors, deceased patients at 2 years were older, had a higher incidence of severe renal failure, chronic pneumopathy, HFrEF, and PHT, had a wider vena contracta, had a lower RV-PA coupling ratio (TAPSE/PASP), were more likely to have ACHD and had higher serum creatinine and NT-proBNP levels (Table 3). Using multivariate analysis age (HR 1.05; 95% CI 1.02–1.07), severe renal failure (HR 2.21; CI 1.22–4.03), HFrEF (HR 1.97; CI 1.06–3.66), and TR vena contracta width ≥14 mm (HR 3.47; CI 1.19–10.12) predicted 2-year mortality (Table 4). The corresponding Kaplan–Meier curves are shown in Figures 4A, B. Patients with and without CIED RV lead had similar 2-year survival (50.6 vs. 50.7%) (Supplementary Figure 2).


TABLE 3    Characteristics of surviving and deceased patients at 2 years.
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TABLE 4    Predictors of 2-year mortality: Multivariate analysis.
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FIGURE 4
Panel (A): Estimated cumulative survival (Kaplan–Meier curves) of patients with and without severe renal failure up to 2-year follow-up. Panel (B): Estimated cumulative survival (Kaplan–Meier curves) of patients with and without HFrEF up to 2-year follow-up.




Tricuspid valve intervention or surgery during follow-up

Fourteen (5.0%) and 11 patients (4.0%) underwent either TV surgery or intervention during follow-up, respectively. The type of surgery or intervention performed during the 4-year follow-up period is shown in Supplementary Table 2. Patients who underwent TV surgery during follow-up were younger and more likely to have acute severe TR, while other clinical and echocardiographic characteristics did not significantly differ between groups.

Patients who underwent TV surgery during a 4-year follow-up had lower 4-year mortality compared to the conservatively managed patients (24 vs. 69%) (Supplementary Figure 3). The 3-year mortality of the patients undergoing either surgery or transcatheter treatment was comparable (24 vs. 35%) (Supplementary Figure 3).




Discussion

The salient findings of this study are: (1) the high burden of co-morbidities in this patient population, in particular, the high prevalence of AFib, severe renal failure, PHT, and RV dysfunction; (2) the dismal mid-term prognosis of patients with severe TR (estimated all-cause mortality 50 and 69% at 2 and 4 years, respectively); (3) the low rate of interventions (<10% during the study period) performed in this patient population even when referred to a tertiary care center.

This analysis shows that patients diagnosed with severe TR are elderly with mostly secondary TR etiology, usually related to left-sided heart disease and associated PHT (3, 10, 13), which well aligns with previous studies (4, 14). About one-third of the patients had a CIED RV lead in place without impact on prognosis, while the causal relationship requires further attention.

Most of the patients in our study (68%) had AFib and its prevalence was comparable to the one observed in a cohort of US patients with severe TR (14). AFib can be both the cause or the consequence of TR (15), for which reason subclassification into atrial and ventricular secondary TR has been recently proposed (16). In ventricular secondary TR, the RV is particularly dilated (infra-annular) and the leaflets are strongly retracted, whilst in atrial secondary TR the annulus is dilated and the leaflets are less retracted. Annular dimensions correlate closely with the severity of secondary TR due to the absence of a fibrous skeleton (17). The specific prognosis of these different TR phenotypes requires further investigations.

A close association between TR and renal failure has been previously described (1, 18). Both low cardiac output and congestion due to increased central venous pressure in patients with clinically significant TR may lead to decreased renal perfusion and subsequent dysfunction. This may also be accentuated by RV dysfunction that was prevalent in our study (19). The concept of “renal tamponade” has been recently introduced and may apply to severe TR with or without RV dysfunction (20).

The cumulative mortality of 50 and 69% at 2- and 4-year follow-up, respectively, are similar to previous reports. Our results show similar 2-year mortality for untreated severe TR and untreated symptomatic severe aortic stenosis (21). Despite comparable prevalence and impact on clinical outcome (2), severe TR is less frequently contemplated as a cause of heart failure symptoms and rarely treated. In our cohort, only 9% of the patients underwent an intervention of any kind during follow-up. As possible explanations, late presentation with irreversible RV dysfunction leading to high surgical risk can be assumed along with limited availability and expertise in the domain of transcatheter interventions in the past years. The advancement of transcatheter tricuspid valve repair (TTVr) interventions is expected to address this unmet need. The 2021 ESC/EACTS Guidelines for the management of valvular heart disease first recommend evaluating transcatheter treatment in symptomatic, inoperable patients with secondary TR (IIb, level of evidence C) (22, 23). Dedicated expertise and an interdisciplinary Heart Team are essential to select patients and implement these novel techniques into clinical practice (16).


Predictors of 2-year mortality

Besides age, and reduced LVEF, our analysis identified severe renal failure as a strong predictor of mortality. This finding is consistent with a previous study (24), and may reflect both the burden of co-morbidities leading to renal failure, as well as the end-organ damage that accompanies severe TR due to venous congestion and low cardiac output.

Patients with a large coaptation gap leading to “massive” (vena contracta width ≥14 mm) or “torrential” TR (vena contracta width ≥21 mm) had higher mortality in our cohort. Similarly, two other recent studies identified the same threshold as a predictor of cardiovascular death, admission for heart failure, and poor hemodynamics (25, 26). These findings support the use of the proposed new multi-parametric scheme for TR grading (7, 27) that has been adopted in several interventional studies (28, 29). This underlines the incremental prognostic value of this extended grading scheme in untreated patients.



The role of CIED RV lead

Almost one-third of the patients in our cohort had a CIED lead crossing the TV. When misplaced, CIED RV leads can interact with the leaflets and cause TR (30, 31). About 10–33% of patients develop or worsen TR after implantation of a CIED RV lead (32–34), while leadless pacemaker may also interact with valve function (35), particularly when deployed at the septum close to the TV annulus (36). This has clinical implications since it has been shown that increased TR following RV pacing correlates with the subsequent risk of hospitalization for heart failure (33). However, limited awareness and the lack of prospective evidence still limit precise disease characterization. A recent study showed that TEE-guided pacemaker and ICD implantation was able to prevent TR worsening compared to standard lead implantation guided by fluoroscopy (37). Close echocardiographic follow-up may play a role in the early detection of CIED RV lead-related TR.



Study limitations

This study has inherent limitations due to its retrospective and observational nature. Further, it includes only patients referred to a tertiary care center, so that a selection bias is likely. Although its relevance in TR patients is not well known, information about medical treatment has not been systematically collected in this study. Our work does not allow broad epidemiological conclusions, since only patients referred for echocardiography have been included. The low number of patients treated limited comparisons between groups. Finally, the maximal duration of follow-up was limited to 4 years.




Conclusion

Our study shows the high burden of morbidity and the dismal survival of patients with severe TR. It also highlights the therapeutic need, since the vast majority of patients were left untreated. Additionally, CIED RV lead-associated TR was prevalent suggesting a need for more attention in clinical routine and research.
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Background: Incidence and mortality of cardiogenic shock (CS) in patients with acute myocardial infarction (AMI) remain high despite substantial therapy improvements in acute percutaneous coronary intervention over the last decades. Unloading the left ventricle in patients with Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) can be performed by using an intra-aortic balloon pumps’ (IABP) afterload reduction, which might be especially beneficial in AMI patients with CS.

Objective: The objective of this meta-analysis was to assess the effect of VA-ECMO + IABP vs. VA-ECMO treatment on the mortality of patients with CS due to AMI.

Methods: A systematic literature search was performed using EMBASE, COCHRANE, and MEDLINE databases. Studies comparing the effect of VA-ECMO + IABP vs. VA-ECMO on mortality of patients with AMI were included. Meta-analyses were performed to analyze the effect of the chosen treatment on 30-day/in-hospital mortality.

Results: Twelve studies were identified by the literature search, including a total of 5,063 patients, 81.5% were male and the mean age was 65.9 years. One thousand one hundred and thirty-six patients received treatment with VA-ECMO in combination with IABP and 2,964 patients received VA-ECMO treatment only. The performed meta-analysis showed decreased mortality at 30-days/in-hospital after VA-ECMO + IABP compared to VA-ECMO only for patients with cardiogenic shock after AMI (OR 0.36, 95% CI 0.30–0.44, P≤0.001). Combination of VA-ECMO + IABP was associated with higher rates of weaning success (OR 0.29, 95% CI 0.16–0.53, P < 0.001) without an increase of vascular access complications (OR 0.85, 95% CI 0.35–2.08, P = 0.72).

Conclusion: In this meta-analysis, combination therapy of VA-ECMO + IABP was superior to VA-ECMO only therapy in patients with CS due to AMI. In the absence of randomized data, these results are hypothesis generating only.
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VA-ECMO, IABP, cardiogenic shock, acute coronary syndrome (ACS), meta-analysis


Introduction

Cardiogenic shock (CS) describes a clinical condition of inadequate tissue or end-organ perfusion due to acute heart failure. The predominant cause of CS is acute myocardial infarction (AMI). CS occurs in 5–10% of patients with AMI and is associated with very poor prognosis (30-day mortality of approximately 40%) (1). In the United States, 40,000–50,000 patients are suffering from CS each year and incidence of cardiogenic shock in Europe is rising (2, 3). Despite several improvements in treatment of AMI patients in the last two decades including new stent technologies, reperfusion strategies, or pharmacological options, mortality rates in CS are still unacceptably high (4).

Mechanical circulatory support (MCS) systems, such as veno-arterial extracorporeal membrane oxygenation (VA-ECMO), were implemented in clinical practice at specialized cardiac arrest centers to improve prognosis of CS patients (5). The European Society of Cardiology guidelines give the use of MCS in CS a IIa C recommendation (6). Therefore, VA-ECMO therapy is widely used in patients with CS (2, 7). However, this approach lacks robust clinical evidence based on randomized data and entails disadvantageous hemodynamics in CS. Retrograde flow in the aorta through the aortic cannula increases left ventricular (LV) afterload which leads to increased LV enddiastolic pressure, left atrial pressure, and pulmonary capillary wedge pressure. This results in a worsening of blood oxygen saturation, an increase in myocardial oxygen demand, and a deterioration of coronary circulation which consequently leads to worsening of myocardial infarction (8). Therefore, the AMI population differs substantially from other VA-ECMO treated patients and so called “venting” strategies may play an essential role in treatment of AMI patients with VA-ECMO.

Due to these potentially harmful effects of VA-ECMO therapy especially in patients with CS due to AMI, mainly two “venting” strategies are being used to unload the left ventricle: reducing LV preload with ECMO + a transvalvular microaxial flow pump (Impella, Abiomed, Danvers, MA, USA) and reducing LV afterload with ECMO + an intra-aortic balloon pump (IABP) (9). Combination of VA-ECMO + transvalvular microaxial flow pump is currently investigated in a randomized controlled trial (RCT) in CS patients (10). As there is no RCT investigating VA-ECMO + IABP vs. VA-ECMO only, we conducted this meta-analysis to explore whether combination of VA-ECMO + IABP may benefit patients in CS due to AMI compared to VA-ECMO only therapy.



Materials and methods


Literature search and study selection

The systematic review was performed according to a pre-specified protocol and an explicit, reproducible plan for literature research and synthesis as demanded by the Preferred Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA) guidelines (11). The Medline, Cochrane and Embase databases were searched by two authors (MM and TT) in September 2021. Results were updated again on December 11, 2022. The following mesh terms and medical subheadings were used: st elevation myocardial infarction, acute myocardial infarction, myocardial infarction, myocardial ischemia, myocardial infarction [MeSH Term], STEMI, IABP, intra-aortic balloon pumping, intraaortic balloon pumping, intraaortic balloon pumping, counterpulsation device, extracorporeal life support, extracorporeal membrane oxygenation, extra corporeal membrane oxygenation, ecmo [MeSH Term], ECMO, cardiogenic shock, and cardiogenic shock [MeSH Term].

The study selection was conducted by two reviewers (MM and TT). In case of a disagreement, this was solved by consensus with the senior author (SL). Retrieved records retrieved were screened using the title and abstract by both researchers. Eligibility assessment of the full text was considered if the title or abstract seemed eligible. The applied in- and exclusion criteria are described below. The database search was supplemented by scanning the references of the included studies. Irrespective of the study design all studies were included in the systematic review and meta-analysis, if they met the following inclusion criteria: (1) A full text had to be accessible, (2) the studied participants had to be human patients, (3) studies had to involve patients treated for cardiogenic shock after myocardial infarction, even if it was just a subgroup, and (4) studies had to include patients treated by VA-ECMO and patients treated by VA-ECMO + IABP. We excluded studies which did not report absolute values for in-hospital/30-day mortality for both groups.



Data collection

Eligible data was retrieved by a researcher and verified by a second one for every study (MM and TT). We extracted the following data from each study: first author, country of the institution of the first author, year of publication, study design, size of study population, mean age, percentage of male patients, prevalence of hypertension, diabetes mellitus, peripheral arterial disease, prior stroke, ischemic heart disease, number of implanted stents, location of culprit lesion, reason for IABP usage, number of patients treated with VA-ECMO, and number of patients treated with VA-ECMO + IABP. For both groups we collected the in-hospital/30-day mortality and the incidence of ischemic and bleeding complications. The methodological quality of all included studies was assessed using the checklist recommended by the 9-point Newcastle–Ottawa scale (NOS) (12).



Statistical analysis

Meta-analyses were performed to compare in-hospital/30-day mortality and incidence of ischemic and bleeding complications of patients treated with VA-ECMO and of patients treated with VA-ECMO + IABP. Fixed effects meta-analyses were performed using the Mantel–Haenszel method for dichotomous data to estimate the pooled odds ratio (OR). Statistical heterogeneity was assessed using I2 statistics. An I2 value of more than 75% was considered to indicate a significant heterogeneity. A possible publication bias was assessed and represented by a funnel plot. P-values < 0.05 were considered statistically significant. The meta-analysis was performed using in RevMan (version 7.3).




Results

The search strategy led to 924 results in December 2022 after updating the initial search from September 2021. Removal of duplicates resulted in 555 studies potentially eligible for analysis. Another 535 were removed, because they did not meet the inclusion criteria. Five studies were removed after full text analysis due to lack of explicit mortality data for subgroups or because all patients were treated with VA-ECMO + IABP (13–17). Two more were removed as an ECMO only strategy was compared to ECMO + IABP/Impella or + IABP/pVAD (18, 19). One further registry from Japan was excluded as it included less patients than the Japanese registry study we included (20). Four studies were identified by additional records. Finally, 12 studies were included for qualitative and quantitative analysis (Figure 1; 21–32). None of these were randomized controlled trials but 11 were case series and one was a national register (Table 1). Seven studies were conducted in Asia (21–25, 29, 30), three in Europe (26, 28, 32), and one in the US and Australia (27, 31). In total 5,063 patients with cardiogenic shock after myocardial infarction were included, 1,136 patients were treated with VA-ECMO and 3,927 received VA-ECMO and IABP. The methodological quality of all included studies according to the 9-point Newcastle-Ottawa scale is presented in Table 1. All studies showed an acceptable score.
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FIGURE 1
Search flow chart according to PRISMA guidelines.



TABLE 1    Assessment of the Newcastle Ottawa scale.
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Patient characteristics

The overall mean patient age was 65.9 years and ranged from 53 to 72 years. 81.5% were male, 24.7% of the patients had a history of arterial hypertension and 19.9% had a history of diabetes mellitus type 2. The patient characteristics are summarized in Table 2.


TABLE 2    Patient and study characteristics.
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Reasons for IABP treatment

Five studies reported the indications for additional IABP treatment (21, 22, 28, 30, 33). Two studies reported the decision for additional IABP treatment was made by the physician in charge (28, 33), two studies reported that an IABP was routinely implanted in absence of any contra indication (21, 30) and one study reported that an additional IABP was implanted in case the arterial pulse wave disappeared after using VA-ECMO support (22).



Mortality VA-ECMO + IAPB vs. VA-ECMO at 30-day/in-hospital

Four studies reported the 30-day/in-hospital mortality (23–25, 28) and eight studies the in-hospital mortality (21, 22, 26, 30–33). Overall mortality was 75.1% (n = 3802) and 85.6% (n = 973) in the VA-ECMO and 72% (n = 2829) in the VA-ECMO + IABP group. The in-hospital/30-day mortality was reported in all studies, the conducted meta-analysis showed that patients treated with VA-ECMO + IABP had a significantly lower odds ratio for mortality (OR 0.36, 95% CI 0.30–0.44, P ≤ 0.001; Figure 2A), with low heterogeneity (I2 = 11%). A performed funnel plot showed that the study by Muller et al. might be at risk for reporting bias (Figure 3). A subgroup analysis was conducted in which the Japanese registry by Kuroki et al. was excluded to prohibit including patients multiple times. The overall 30-day/in-hospital mortality within the subgroup analysis including 1,248 patients (ECMO n = 285; ECMO + IABP 963) was 63.6% (n = 794), in the VA-ECMO 69.8% (n = 199) and in the VA-ECMO + IABP group 61.8% (n = 595) (Figure 2B).
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FIGURE 2
Forest plot on 30-day survival ECMO + IABP vs. ECMO. (A) All included studies. (B) Subgroup analysis excluding Nishi et al. from 2022. Individual studies and pooled analysis showing a significant decreased 30-day mortality for patients in cardiogenic shock due to acute myocardial infarction treated with ECMO + IABP compared to patients with ECMO only (p = 0.003). CI, confidence interval; OR, odds ratio.
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FIGURE 3
Funnel plot.




Weaning from VA-ECMO + IAPB vs. VA-ECMO

Three studies reported on their successful VA-ECMO weaning rate, including 104 VA-ECMO and 118 VA-ECMO + IABP patients with a success rate of 30.8 and 55.1% (22, 28, 33). Successful weaning was not specifically defined in any of the studies. The conducted meta-analysis of successful VA-ECMO weaning rate showed that patients treated with IABP had a significantly higher odds ratio for successful weaning (OR 0.29, 95% CI 0.16–0.53, P < 0.001; Figure 4), with low heterogeneity (I2 = 0%).
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FIGURE 4
Forest plot on weaning success of ECMO + IABP vs. ECMO. Individual studies and pooled analysis showing a significant increased successful ECMO weaning for patients in cardiogenic shock due to acute myocardial infarction treated with ECMO + IABP compared to patients with ECMO only (p < 0.001). CI, confidence interval; OR, odds ratio.




Vascular complications VA-ECMO + IAPB vs. VA-ECMO

Two studies reported on their vascular complication rate, including 66 VA-ECMO and 48 VA-ECMO + IABP patients with a vascular complication rate of 22.7 and 25% (32, 33). The conducted meta-analysis of the vascular complication rate showed that ECMO only did not significantly lower the risk for vascular access complications (OR 0.85, 95% CI 0.35–2.08, P = 0.72; Figure 5), with low heterogeneity (I2 = 0%).
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FIGURE 5
Forest plot on vascular complications of ECMO + IABP vs. ECMO. Individual studies and pooled analysis showing no significant differences in the incidence of vascular complications for patients in cardiogenic shock due to acute myocardial infarction treated with ECMO + IABP compared to patients with ECMO only (p < 0.001). CI, confidence interval; OR, odds ratio.





Discussion

In patients with CS due to AMI combination of VA-ECMO + IABP was associated with a lower 30-day/in-hospital mortality rate compared to VA-ECMO alone while access site complications were comparable in both groups.

To date, treatment of patients with CS caused by AMI with VA-ECMO is restricted to specialized cardiac arrest centers, and patient selection or indication is not standardized. However, it is uncertain if patients in CS benefit from VA-ECMO compared to optimal medical treatment. We await randomized data of the ECLS shock trials providing data to answer this question. The recently presented ECMO-CS trial showed no benefit of early VA-ECMO implantation without a venting strategy in 117 randomized patients in CS (34), with a crossover rate of 39%. A meta-analysis of retrospective studies showed that VA-ECMO improved 30-day mortality by 13% for patients in CS (35). The randomized ANCHOR trial enrolled its first patient in October 2021 comparing optimal medical treatment with VA-ECMO + IABP in CS due to AMI patients (36).

In this study we conducted the first meta-analysis in the subgroup of CS AMI patients comparing VA-ECMO + IABP vs. VA-ECMO alone. In 2018, a similar meta-analysis was performed in general CS patients and investigated a subgroup of AMI patients (37) in contrast to our trial, this study included all forms of cardiogenic shock. Vallabhajosyula et al. found no impact on survival of a concomitant use of IABP and VA-ECMO in the total cohort. Only the subgroup of AMI patients, not further defined, displayed lower mortality rates in the VA-ECMO + IABP group compared to VA-ECMO alone (OR 0.56). A similar meta-analysis focusing on left ventricular unloading during extracorporeal membrane oxygenation published by Russo et al. in 2019 also showed lower mortality in patients receiving ECMO + IABP in CS compared to ECMO alone. However, they performed no analysis on patients in CS due to AMI (38). In our meta-analysis, conducted with AMI patients only, we were able to add four more trials with a total of 248 patients. Regarding mortality rates, these results were confirmed by our study as VA-ECMO + IABP was associated with lower 30-day/in-hospital mortality rates and comparable effective size (OR 0.36).

Our meta-analysis also showed that VA-ECMO weaning success was superior in patients receiving an additional IABP. The benefit might be a general effect of improved myocardial recovery; additionally, IABP could facilitate a smoother transition between the lowest ECMO to zero flow. Especially in myocardial infarction it might be relevant to make use of a venting strategy as early as possible to counteract an otherwise increased oxygen expenditure of the failing cardiomyocytes (39).

For both IABP and VA-ECMO, patients’ vascular complications are common and might contribute to the overall prognosis. Nearly a third of VA-ECMO and 15% of IABP patients suffer a vascular complication (40, 41). As vascular complications significantly impact mortality in VA-ECMO patients, any additional complications of arterial canulation for IABP would have to be taken very seriously. In patients receiving an VA-ECMO + transvalvular microaxial flow pump, an increase in severe bleeding complications and access site related ischemia was reported (42). Within our meta-analysis, we found no differences regarding access site complications, but only two studies reported data which could be included. This suggests a form of reporting bias. Thus, it is not possible to definitively answer this question based on the included sample size. However, in the IABP Shock II trial there were no differences between the IABP and the optimal medical treatment groups regarding bleeding complications and peripheral ischemia requiring intervention (43). An advantage of IABP compared to a transvalvular microaxial flow pump as a venting device might thus be a lower vascular complication profile due to its smaller access size.

It remains unclear which “venting” strategy might be the best in this special setting. VA-ECMO + transvalvular microaxial flow pump (so called “ECMELLA”) was investigated in a retrospective multicenter study with 686 CS patients and was associated with a lower mortality rate after 30 days compared to VA-ECMO therapy alone (44). In the vast majority of patients, CS was caused by AMI and only about one third was non-ischemic. However, the favorable effect of VA-ECMO + transvalvular microaxial flow pump was consistent in both groups. One further propensity-matched retrospective cohort study reported reduced in-hospital mortality and increased VA-ECMO weaning success in patients with VA-ECMO + transvalvular microaxial flow pump compared to VA-ECMO alone (45). Even though, we do not have prospective or even randomized data supporting the theories on LV venting effects of an additional IABP or transvalvular microaxial flow pump, hemodynamic and experimental studies have proven the underlying theories of LV afterload reduction and therefore the LV decompression (46, 47). At this point it is hard to tell which venting device may be more beneficial in patients with CS. The effectiveness of a transvalvular microaxial flow pump is independent from heart rhythm, rate, and underlying cardiac index. These attributes might contribute to more efficient and sustainable LV venting. On the other hand, an advantage of IABP compared to a transvalvular microaxial flow pump might be a lower bleeding and vascular complication profile.


Limitations

The most relevant limitation of this study is the lack of any randomized comparison between VA-ECMO and VA-ECMO + IABP. Furthermore, all the included data was collected retrospectively. Most studies do not focus on the comparison between VA-ECMO and VA-ECMO + IABP, therefore the reason why an additional IABP is used is not clear in most studies and selection bias for the use of an IABP might be present in most studies. In addition to the nature of a review, the original studies were thus designed heterogeneously, with potential differences in baseline data and in risk profiles. A further limitation of this study is the small number of patients included in the studies. We also included studies which were published over a considerable period of time, dating back to the last decade. In the meantime, both devices and sheaths used have undergone constant iterative changes, which might have influenced the results.




Conclusion

In this meta-analysis, combination therapy of VA-ECMO + IABP was superior to VA-ECMO only in patients with CS due to AMI. Randomized and structured data is needed to evaluate the value of VA-ECMO + IABP in patients with CS due to AMI.
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Introduction: This study examined the role of echocardiographic and cardiac histomorphology parameters in predicting mortality in patients with cardiac AL amyloidosis.

Methods: Patients with endomyocardial biopsy-proven cardiac AL amyloidosis treated at MD Anderson Cancer Center between 6/2011 and 6/2020 were identified. Stored echocardiographic images and endomyocardial biopsy samples were processed for myocardial strain analysis and a detailed histomorphology characterization.

Results: Of 43 patients; 44% were women and 63% white. Median age was 65 years; 51% underwent stem cell transplantation (SCT). Thirty patients (70%) died during follow up (median follow up: 4.1 years). Lower LA strain (<13.5%) and absence of SCT as a time-varying covariate were significantly associated with increased risk of death in the multivariate cox regression analysis. Higher LV mass and lower RV tricuspid annular plane systolic excursion were associated with increased odds of having ≥5% interstitial amyloid deposition on biopsy in the multivariate logistic regression analysis.

Conclusion: Lower LA strain independently predicted mortality in our cohort, and its performance in the routine assessment of AL amyloidosis may be beneficial. Furthermore, SCT for cardiac AL amyloidosis was associated with improved OS. These findings need to be confirmed by larger studies in the era of contemporary systemic therapies.

KEYWORDS
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Introduction

Immunoglobulin light chain (AL) amyloidosis involves the heart in approximately half of all patients with AL amyloidosis (1). Early diagnosis of cardiac amyloidosis is critical because the median survival after onset of heart failure has been reported as low as 6 months in patients with documented cardiac involvement (2, 3). The diagnosis of cardiac AL amyloidosis is often suggested by echocardiographic or cardiac MRI findings, but endomyocardial biopsy (EMB) is sometimes necessary for the establishment of diagnosis (4). Patients are treated with systemic therapy with or without stem cell transplantation (SCT) to achieve hematologic remission of the underlying plasma cell dyscrasia, halting the progression of end organ damage (4). However, there are currently no pharmacologic agents specific to cardiac AL amyloidosis shown to improve cardiovascular outcomes. When coupled with complete hematologic remission, heart transplantation has demonstrated some success as a treatment option with a small study demonstrating a median survival of 10.8 years after transplantation (5). Of note, complete hematologic remission is not necessary prior to heart transplantation (6).

Appropriate patient risk stratification is essential in guiding treatment of the underlying plasma cell dyscrasias. The Mayo 2004, Mayo 2004 with European modification, Mayo 2012 and Boston University staging systems are recognized as well validated systems to predict survival in general in patients with AL amyloidosis (7–10). These staging systems use troponin levels (T or I), and natriuretic peptide levels with or without free light chain differences to stratify patients for overall survival (8). In some recent reports, the prognostic value of these systems has been augmented with echo-derived strain patterns, such as left ventricular (LV) global longitudinal strain (GLS) and the apical to basal longitudinal strain gradient (11). Furthermore, the capillary density within the myocardium on histopathology has also been shown to improve the prognostic value of the 2012 Mayo staging system (12).

Although EMB carries a sensitivity that approaches 100% for the diagnosis of cardiac AL amyloidosis, the value of a detailed histomorphology analysis in predicting mortality is not well studied (13). Furthermore, the correlation of echocardiographic findings with histomorphology characteristics has not been thoroughly examined. The aim of this study was to assess the correlation of echocardiographic parameters with histomorphology findings, and their association with all-cause mortality.



Materials and methods


Patient selection and data collection

Adult patients (age 18 years or older) diagnosed with cardiac AL amyloidosis by endomyocardial biopsy at the University of Texas MD Anderson Cancer Center between the dates 6/2/2011 to 6/16/2020 were identified. Among those, patients who had adequate endomyocardial biopsy samples stored for detailed histomorphology analysis were selected.

Patient electronic medical records were manually reviewed for demographic characteristics, clinical, laboratory and echocardiographic data. Age, gender, race, cardiovascular comorbidities and therapies targeting the underlying plasma cell dyscrasia were collected. Additionally, laboratory parameters including hemoglobin, platelets, creatinine, serum free light chains and cardiac biomarkers as well as routine 2D and Doppler echocardiographic parameters were abstracted. All echocardiographic images were captured using GE echocardiography machines. Laboratory values and echocardiograms within a 2-month period prior to the date of endomyocardial biopsy were available for >95% of patients. With regards to cardiac biomarkers, most patients had B-type natriuretic peptides (BNP 76% vs NT-proBNP 24%) and traditional troponin I (66% vs high sensitivity troponin T 34%) levels. Stored echocardiographic images were further processed for longitudinal (global, apical, mid, basal), radial and circumferential strain of the LV, right ventricle (RV) free wall strain, left atrium (LA) reservoir strain and right atrium (RA) strain. Strain measurements were performed by a physician board certified in echocardiography and blinded to the clinical outcomes. Semiautomated strain analysis was performed using a vendor independent software (Epsilon EchoInsight Software) (14). Strain analysis of the LA and RA was performed on zoomed LA and RA-focused apical four-chamber views when available or the standard apical four-chamber views when LA and RA-focused views of sufficient quality were not available. For the purposes of this study, LA strain refers to reservoir LA strain, calculated as end-systole LA minus end-diastole LA strain (Figure 1) (15). The subcomponents of LA strain including conduit and active emptying LA strain were not calculated in this study. The terms “LA strain” and “reservoir LA strain” are used interchangeably in this manuscript.
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FIGURE 1
Measurement of reservoir LA strain as [(end systole LA strain) – (end diastole LA strain)] using LA-focused apical four chamber views. Reprinted from Singh et al. (15) with permission from Elsevier.




Histomorphology analysis

Formalin-fixed and paraffin-embedded tissue samples obtained by endomyocardial biopsy were used. Amyloid was detected using H&E and Congo red staining of tissue sections reviewed with light microscopy and Congo red staining, polarized light, showing green-yellow-orange birefringence. Immunohistochemical classification of the extent of amyloid and pattern of deposition was performed using the Larsen BT et al. scoring by two cardiovascular pathologists (13). The extent of interstitial and vascular amyloid deposition was evaluated semi quantitatively by light microscopy. The extent of interstitial deposition of amyloid was graded based on the percentage of myocardial area involved as follows: 0: no interstitial deposits, 1+: interstitial deposits involving 1 to <5% of myocardial area, 2+: interstitial deposits involving 5 to <50% of myocardial area, and 3+: interstitial deposits involving >50% of myocardial area (Figure 2). Four patterns of interstitial deposition were recorded: (i) a diffuse pericellular pattern, characterized by broad zones of uniform lace-like deposition around individual cardiomyocytes; (ii) a discrete pericellular pattern, characterized by micronodular areas of pericellular deposition (generally < 20 myocytes) interspersed with uninvolved myocardium; (iii) a nodular pattern, characterized by solid deposits with interstitial architectural effacement; and a (iv) mixed pattern. Vascular deposition of amyloid was graded as (i) non-obstructive (<75% reduction in the luminal cross-sectional area), or (ii) obstructive (≥75% reduction in the luminal cross-sectional area). Three patterns of vascular deposition were recorded: (i) an arterial pattern; (ii) a venous pattern; and (iii) a mixed pattern. Endocardial involvement, cardiomyocyte degeneration and presence of fibrosis were also assessed and recorded. The cardiovascular pathologists were blinded to the clinical outcomes of the patients.
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FIGURE 2
H&E, trichrome, Congo red and Congo red birefringence appearance of a biopsy sample with <5% (top) compared to a biopsy sample with ≥5% interstitial amyloid deposition (bottom). The H&E and trichrome photomicrographs were captured using the 20× lens on 50 μm scale while the Congo red and Congo red birefringence photomicrographs were captured using the 40× lens on 20 um scale.




Clinical outcomes

The primary clinical outcome of the study was all-cause mortality. The electronic medical records of the patients were reviewed to determine mortality, date of death or date of last follow up. If unavailable in the chart, mortality data was supplemented by search of online obituaries. Associations of echocardiographic parameters with histomorphology characteristics and all-cause mortality were examined. Furthermore, the Mayo 2004, Mayo 2012 and Boston University staging systems were used to stratify the patients in our cohort based on available cardiac enzyme and light chain levels. Based on the Mayo 2004 staging system we used the cutoff values of NT-proBNP >332 ng/L, cardiac troponin T > 0.035 μg/L, and cardiac troponin I > 0.1 μg/L to group the patients of our cohort into stage I (all cardiac enzyme levels below the cutoff level), II (one cardiac enzyme level elevated) or III (both cardiac enzymes elevated) (7). Patients who only had BNP levels available but no NT-proBNP levels were not classified based on the Mayo 2004 staging system. Based on the Mayo 2012 staging system, the patients in our cohort were assigned a score of 1 for each of: (i) free light chain difference (FLC-diff) ≥ 18 mg/dL, cardiac troponin T ≥ 0.025 ng/mL, and NT-ProBNP ≥ 1,800 pg/mL, creating stages I to IV with scores of 0–3 points, respectively (8). Patients who only had BNP and cardiac troponin I levels available but no NT-proBNP or cardiac troponin T levels were not classified based on the Mayo 2012 staging system. Based on the Boston University staging system, the patients in our cohort were grouped into stage I if troponin I was ≤ 0.1 ng/mL and BNP ≤81 pg/mL, stage II if troponin I was >0.1 ng/mL OR BNP > 81 pg/mL, stage III if troponin I was > 0.1 ng/mL AND BNP > 81 pg/mL and stage IV if troponin I was >0.1 ng/mL AND BNP > 700 pg/mL (10). Patients who only had NT-proBNP and cardiac troponin T levels available, but no BNP or cardiac troponin I levels were not classified based on the Boston University staging system. Associations between the different stages of each grading system with mortality were examined.



Statistical analysis

Continuous variables are presented either as mean values ± standard deviation (SD) or median values and interquartile range (IQR), based on normality of distribution. Categorical variables are presented as frequencies and percentages. The association between each covariate on echo findings (presence of interstitial deposit ≥ 5% or not) was assessed by univariate and multivariate logistic regression models (selected by stepwise selection if possible).

Overall survival (OS) is calculated as time interval from endomyocardial biopsy to death. Those who survived were censored at the time of last follow-up. Univariate and multivariate Cox regression models were fitted to evaluate the effect of each covariate on death. A multivariate Cox regression model initially included all covariates with significant p-values based on univariate models and selected by stepwise selection method. We tested the proportionality of hazards with the use of time-varying covariates. SCT was performed before or after biopsy. We considered SCT as a time-varying covariate to take into account the effect of variable timing of SCT after biopsy on mortality. Kaplan-Meier plots were produced for covariates that were significantly associated with OS based on Log-rank testing. Simon-Makuch plots was produced for time-varying covariate. A p-value less than 0.05 was used to assess statistical significance. SAS 9.4 (SAS Institute Inc., Cary, NC, USA) was used for data analysis.



Ethical approval

This study was approved by the institutional review board (2022-0614).




Results


Patient population

A total of 43 patients diagnosed with cardiac AL amyloidosis by endomyocardial biopsy were identified. Median age was 65.4 years (IQR 59.2, 70.5); 44% of the patients were women and 63% were white. Hypertension was present in 70%, dyslipidemia in 40% and diabetes mellitus in 16% of the patients. Five patients (12%) had a prior history of clinical coronary artery disease. Multiple myeloma was diagnosed in 44% of the total cohort while MGUS in 35%. Out of the 19 patients with multiple myeloma, 12 (63%) met CRAB criteria while the remaining 7 patients (37%) had smoldering myeloma with amyloidosis. For the treatment of their underlying plasma cell dyscrasia, 72% of patients received a proteasome inhibitor, 56% an alkylating agent, 30% an immunomodulatory drug and 9% an anti-CD38 monoclonal antibody. A total of 22 patients (51%) underwent autologous SCT. The reason that the rest 21 patients did not undergo SCT, included multiorgan failure upon diagnosis/late diagnosis in 19, financial reasons in 1 and social reasons (lack of caregiver) in 1 patient. The median BNP of the patients in our cohort was 472 pg/mL (IQR 163, 1409) and median troponin I was 0.07 ng/mL (IQR 0.04, 0.24). When using institutional assay limits of normal, a total of 89% (n = 34/38) of patients had elevated natriuretic peptide levels, while 77% (25/31) had elevated troponin levels. Mean ± SD hemoglobin was 11.6 ± 1.9 g/dL, median creatinine 0.95 mg/dL (IQR 0.82, 1.52) and median platelet count 241 K/μL (IQR 165, 306). Additional data on patient demographics and baseline clinical characteristics are presented in Table 1 and Supplementary Table 1.


TABLE 1    Demographic and baseline clinical characteristics of 43 patients with endomyocardial biopsy-proven cardiac AL amyloidosis.
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Echocardiographic characteristics

Mean LV ejection fraction (LVEF) ± SD of the cohort was 52.4 ± 10.3%, while 42% of the patients had an LVEF of <50%. Most patients had impaired LV relaxation with 94% having a lateral e’ velocity of <10 cm/sec and 81% a septal e’ velocity of <7 cm/sec. Left atrial volume index (LAVI) was >34 mL in 49% and E/e’ average was >14 in 48% of patients. Most patients in our cohort also had evidence of RV dysfunction with 76% having a tricuspid annular plane systolic excursion (TAPSE) of <1.6 cm. The mean LV GLS ± SD of the cohort was –11.7 ± 3.0%, while all patients had an abnormal LV GLS [>–18%, range (–17.27, –6.86)]. Mean LV apical longitudinal strain ± SD was –15.6 ± 4.6% while mean mid LV longitudinal strain ± SD was –11.1 ± 3.4 and median basal LV longitudinal strain –7.2 (IQR: –10.3, –4.8). A detailed list of echocardiographic measurements is presented in Table 2.


TABLE 2    Echocardiographic and histomorphology characteristics of 43 patients with endomyocardial biopsy-proven cardiac AL amyloidosis.
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Histomorphology characterization

Out of a total of 43 endomyocardial tissue samples graded (Table 3), 35 (81%) had interstitial deposits (21% 1+, 44% 2+, 16% 3+ deposits) while 19% had no interstitial deposits. Of those with interstitial deposits, the most prevalent pattern of interstitial deposition was a diffuse pericellular pattern, present in 66% of patients, followed by the other 3 patterns equally, discrete pericellular (11%), nodular (11%), and mixed (11%). Vascular deposition of amyloid was present in 12 samples (28%); 75% of which had evidence of obstructive vascular deposition. Of those samples with vascular deposition, arterial pattern was seen in 83%, venous pattern in 8% and a mixed pattern in 8%. Cardiomyocyte degeneration was noted in 28%, fibrosis in 21% and endocardial involvement in 12% of samples (Table 2).


TABLE 3    Immunohistochemical classification of cardiac amyloid extent and pattern.
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Mortality

A total of 30 patients (70%) died during the follow up of the study, and most deaths (n = 16; 53%) occurred within the first year from the date of endomyocardial biopsy. Median time to last follow up or death was 4.1 years (95% CI, 2.9–8.6). Median overall survival (OS) was 18.4 months (95% CI, 8.1–37).

Patients who died were more likely to have a history of dyslipidemia, a baseline neutrophil count <1.7 × 1,000/mm3, a higher troponin I, a lower LVEF, less negative mid-LV GLS, lower RV TAPSE, lower RA strain, lower LA strain, and lower LV radial strain. Further, they were less likely to have undergone SCT (Tables 4, 5, and Supplementary Table 2). In the multivariate cox regression analysis, only lower LA strain (HR 3.8, 95% CI 1.4–10.2 for LA strain ≤13.5 vs > 13.5, p = 0.008) and absence of SCT as a time-varying covariate (HR 0.20, 0.06–0.65 for SCT vs no SCT, p = 0.007) were significant independent predictors of an increased risk of death (Figures 3, 4). Most patients underwent SCT after their endomyocardial biopsy with median time from biopsy of 76 days (17/22 who underwent SCT, 77%). Most patients who did not undergo SCT (90%) had multiorgan failure upon diagnosis. None of the histomorphology parameters was significantly associated with the risk of mortality.


TABLE 4    Clinical and echocardiographic characteristics significantly associated with likelihood of death in the univariate Cox regression analysis.
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TABLE 5    Comparison of demographic, clinical, echocardiographic and histopathology characteristics of patients with cardiac AL amyloidosis who survived vs those who died during follow up.
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FIGURE 3
Kaplan-Meier plot demonstrating that LA strain >13.5 is associated with improved overall survival.
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FIGURE 4
Simon and Makuch plot demonstrating stem cell transplantation (SCT) being significantly associated with decreased risk of death (p-value = 0.0012) based on Cox regression analysis with SCT as a time-varying covariate.




Evaluation of Mayo 2004, Mayo 2012 and Boston University staging systems in predicting mortality

Based on Mayo 2004 staging system (N = 15), 20% of patients were in stage II and 80% in stage III. Based on Mayo 2012 staging system (N = 13), 7.7% of patients were in stage I, 7.7% in stage II, 53.8% in stage III, and 30.8% in stage IV. Based on Boston University staging system (N = 22), 9.1% were in stage I, 31.8% stage II, 27.3% stage IIIA and 31.8% stage IIIB (Table 1). Since some patients could not be staged by all the systems due to lack of complete laboratory data (presence of BNP but not NT-proBNP), we elected to use a composite staging system (N = 34) based on which, 29.4% of patients were in early stages (one of Mayo stages or Boston University stage was determined, but neither was III–IV) and 70.6% in advanced stages (III–IV by Mayo or Boston). When the above staging systems were tested in predicting mortality, no significant differences between early and advanced stages were identified (Table 4).



Correlation of echocardiographic parameters with histomorphology characteristics

Lower RV TAPSE correlated significantly with interstitial amyloid deposition of ≥ 5% of the myocardial area examined on biopsy specimens in both the univariate and multivariate logistic regression analysis (OR 8.1, 95% CI 1.2–54.3 for RV TAPSE < 1.6 vs ≥ 1.6 cm, p = 0.032) (Supplementary Table 3). In the multivariate logistic regression analysis, higher LV mass was also associated with increased odds of having ≥ 5% of interstitial amyloid deposition on biopsy (OR 5.5, 95% CI 1.1–26.8 for > 195.7 vs ≤ 195.7 g, p = 0.036). No significant correlation was identified between echocardiographic measurements and other histomorphology characteristics.




Discussion

Our study examined the role of contemporary echocardiographic and histomorphology characteristics in predicting mortality of patients with cardiac AL amyloidosis who underwent endomyocardial biopsy. Our key findings were: (1) Lower LA strain (≤13.5%) was an independent predictor of mortality in our cohort; (2) SCT for cardiac AL amyloidosis was associated with improved OS; and (3) Although LV mass and RV TAPSE were associated with higher interstitial amyloid deposition, histomorphology parameters were not significantly associated with mortality in this cohort.

Larsen et al. examined autopsy samples of patients with cardiac amyloidosis and compared several histomorphology characteristics of endomyocardial samples of AL versus ATTR amyloidosis (13). Whether this detailed histomorphology characterization has prognostic value in predicting mortality and whether any histomorphology findings correlate with echocardiographic parameters has not been extensively studied. In a retrospective study by Kristen AV et al., including patients with cardiac AL and ATTR amyloidosis (107 with cardiac AL amyloidosis), amyloid load on EMB samples was quantified as the area of immunohistochemically stained versus non-stained pixels using a special scanner (ImageJ version 1.47v). The authors of that study concluded that amyloid load was independently associated with mortality (16). In another study by Kim D. et al., amyloid load was similarly quantified as the ratio of the immunohistochemically stained area to total tissue area using a different software (InForm version 2.4.0, PerkinElmer, Waltham, MA, USA). The investigators of this study also quantified capillary density on the EMB samples as the number of capillaries, which were counted after they were stained with a specific antibody against endothelium (CD31), divided by area (mm2). The authors reported that lower capillary density correlated with amyloid load and predicted mortality among 67 patients with biopsy-proven AL cardiac amyloidosis (12). When added to the 2012 Mayo staging system, capillary density led to better discrimination and reclassification ability compared to the 2012 Mayo staging system alone (12). However, neither of these two studies examined other histologic characteristics such as extent and pattern of vascular deposits, cardiomyocyte degeneration, endomyocardial deposition or fibrosis. In a recent study by Pucci A. et al., it was not just the extent of amyloid deposits but the combination of amyloid deposits and fibrosis that correlated better with myocardial tissue characterization on cardiac magnetic resonance (CMR) imaging and with levels of cardiac biomarkers (17). Our study included a detailed histomorphology characterization including extent and pattern of interstitial amyloid deposits and vascular deposits, cardiomyocyte degeneration, endomyocardial deposition or fibrosis. The extent of interstitial amyloid deposition in our study was evaluated semiquantitative by light microscopy and grouped into 3 categories (<5%, 5–49%, and ≥ 50% of myocardial area). Further, our study did not assess capillary density but assessed extent and pattern of vascular deposits of amyloid. In our study, the echocardiographic assessment of LV mass and RV function (TAPSE) correlated with higher interstitial amyloid deposition; however, none of the histomorphology parameters studied, including the extent and pattern of interstitial deposition and the extent and pattern of vascular deposition, were significantly associated with mortality. Although semiquantitative analysis of amyloid deposition may be less labor intense and does not require advanced equipment compared to the quantitative analysis described in the studies above, it did not predict mortality in our cohort. This might be related to the small sample size of our study and the lower statistical power associated with an ordinary variable (semiquantitative analysis) as opposed to a continuous variable (quantitative analysis). It is also possible that the software used for the quantitative analysis in the studies of Kristen AV et al. and Kim D et al. detected histopathology changes that were missed in our semiquantitative analysis of amyloid extent.

Echocardiographic findings have been shown to predict mortality in patients with cardiac AL amyloidosis. In one of the few prospective studies published, Koyama and Falk examined 119 consecutive patients with biopsy-proven AL amyloidosis and reported that the mean LV basal strain was the only independent predictor of both cardiac and overall deaths in their multivariate analysis (18). In another retrospective study, among 42 patients with cardiac AL amyloidosis, E/e’, LV GLS and global area strain were significantly associated with death in the univariate analysis with LV GLS remaining an independent predictor of mortality in the multivariate analysis (19). In our study, lower LA strain (≤13.5%) was independently and significantly associated with an almost four times higher likelihood of mortality. This finding suggests that the routine performance of contemporary echocardiographic parameters such as LA strain in the assessment of patients with cardiac AL amyloidosis may be beneficial, and this may need to be further assessed in larger studies.

In our cohort, cardiac biomarkers and free light chains, alone or incorporated in the routinely used staging systems of Mayo 2004, Mayo 2012 and Boston University were not independently associated with increased likelihood of mortality. Although this may be due to the small size of our cohort, it highlights the issue of prognostic ability of scores in individual patients, as well as the fact that the scores are developed in all patients with systemic AL amyloidosis, who may or may not have cardiac involvement and not just in patients with cardiac amyloidosis where almost all patients have elevations in the cardiac biomarkers. The addition of contemporary echocardiographic parameters, such as LA strain, to routinely used staging models may increase their ability to predict mortality specifically in patients with cardiac amyloidosis and should be further examined in larger, prospective cohorts.

SCT as a time-varying covariate was associated with a lower likelihood of death in our cohort. However, this finding is likely related to the fact that the patients who underwent SCT were healthier at baseline (most patients who did not undergo SCT had multiorgan failure upon diagnosis). Furthermore, use of contemporary systemic therapies such as anti-CD38 monoclonal antibodies was infrequent in our cohort. Larger prospective studies are needed to further evaluate this observation in the era of contemporary systemic therapies.

None of the pharmacologic therapies used against AL amyloidosis was associated with increased or decreased likelihood of death in our analysis (although there was a trend toward increased likelihood of death in patients treated with rituximab in the univariate analysis, the small number of patients treated with rituximab does not allow for a confident conclusion. It is more likely that patients treated with rituximab were sicker at baseline than rituximab being associated with increased likelihood of death. In the multivariate analysis, rituximab was not associated with increased or decreased likelihood of death). Of note, the use of anti-CD38 monoclonal antibodies (daratumumab) was infrequent (9%) in this cohort of patients who were treated between 2011 and 2020. Therefore, the possibility that daratumumab is associated with improved likelihood of overall survival in patients with cardiac AL amyloidosis cannot be excluded based on the findings of our study.

The strengths of our study include the thorough echocardiographic and histomorphology characterization of patients with cardiac AL amyloidosis and the long follow up period (over 4 years). All patients in our study had endomyocardial biopsy-proven AL amyloidosis. Both echocardiographic and histomorphology characterization were performed blinded to mortality outcomes. Despite its strengths, our study also has limitations. The small sample size and the retrospective nature of the study with its inherent risk for bias are the two main ones. Additionally, there was variability in the timing between EMB and treatment initiation for the patients in this cohort, which may have had an impact on OS. Finally, although most of the routinely performed conventional echocardiographic parameters were included in our analysis, others, such as RV free wall thickness, LA septal thickness or valve thickness, could not be reliably measured and therefore were not included.

In conclusion, contemporary echocardiographic parameters and more specifically LA strain may have the potential to predict the risk of death in patients with cardiac AL amyloidosis, beyond the traditional laboratory and 2D echocardiographic findings. Therefore, its performance in the routine assessment of patients with suspected or confirmed cardiac AL amyloidosis and its possible incorporation into the routinely used staging systems for patients with cardiac amyloidosis may be justified and needs to be further evaluated. Although LV mass and RV TAPSE were associated with higher interstitial amyloid deposition, histomorphology parameters were not significantly associated with mortality in this cohort.
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Background: The purpose of this study was to determine the technical feasibility and safety of 3D rotational venography (3D-RV) in the diagnosis of non-thrombotic iliac vein lesions compared with traditional 2D-digital subtraction angiography (2-DSA).

Methods: The general epidemiological data (including age, gender), clinical manifestations (including major symptom, affected extremity, CEAP classification, comorbidity, stenosis rate), and intra-operative findings (iliac vein indentation position, collateral circulation, procedure time, X-rays dose, contrast agent dosage) of 61 NIVL patients who were assessed by 3D-RV and traditional 2-DSA between October 2018 to October 2022 were obtained and analyzed.

Results: A total of 61 consecutive patients with symptomatic NIVL from our institution were enrolled in this study. With the aggravation of iliac vein stenosis, the proportion of indicators such as contralateral formation and iliac vein compression indentation reflecting the severity of compression under 3D-RV reconstruction increased significantly. Also, significant differences were observed between the 3D-RV and 2-DSA groups concerning procedure time (10.56 ± 0.09 s vs. 12.59 ± 0.37 s; p < 0.01), X-ray dose (41.25 ± 0.21 mGy vs. 81.59 ± 1.69 mGy; p < 0.01) and contrast agent dosage (21.48 ± 0.24 mL vs. 33.69 ± 0.72 mL; p < 0.01). Contralateral iliac vein imaging (p = 0.002), pelvic collateral vein imaging (p = 0.03), and external iliac vein indentation (p = 0.001) were found to influence the severity of iliac vein compression.

Conclusion: 3D-RV can display dynamic stereo image information of NIVL, augmenting the information obtained from traditional 2-DSA. Contralateral iliac vein imaging, pelvic collateral vein imaging, and external iliac vein indentation can be used to evaluate the severity of iliac vein compression to some extent.
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  non-thrombotic iliac vein lesions, 3D rotational venography, 2D-digital subtraction angiography, diagnosis, iliac vein


Introduction

Along with advancements in angiography, clinicians have gradually realized that venous disorder and their recurrence are related to iliac vein compression, resulting in proximal venous outflow obstruction (PVOO) (1). One of the primary mechanisms of PVOO is iliac vein obstruction (IVO), which may be thrombotic or compressive (2). Although there is no criterion standard for identifying patients who require treatment of non-thrombotic iliac vein lesions (NIVL), stenting of the iliac vein has become increasingly recognized as a treatment for PVOO, with reports citing significant improvement in pain, swelling, ulceration, and stasis dermatitis. Intravascular ultrasound (IVUS) is the gold standard method for diagnosing and treating NIVL but is only available at a few medical centers in China (3, 4). Thus, traditional 2D-digital subtraction angiography (2-DSA) is the main imaging method for evaluating iliac vein disease, however two-dimensional images have some limitations, such as underestimating the stenosis lesions and the inability to evaluate the anatomical structure around the iliac vein (5).

Cone beam computed tomography (CBCT) is a well-established imaging modality that has recently been integrated into the C-arm angiography suite (6). CBCT is based on the rotational movement of the C-arm equipped with a flat-panel detector around the patient, and the acquired images are post-processed to form a 3D image for endovascular procedures and image-guided therapy (7, 8). 3D rotational venography (3D-RV) has now become mainstream in the evaluation of cerebrovascular diseases, and it can be performed on flat-panel fluoroscopy equipment using 1 or 2 rotational acquisitions, each lasting 4–5 s (9, 10). This study aimed to evaluate the 3D-RV in diagnosing NIVL compared to traditional 2-DSA.



Methods


Patients

This study was approved by the hospital research ethics committee. The inclusion criteria were: (1) the lower extremity deep vein anterograde angiography by dorsal foot venipuncture demonstrated iliac vein compression, which was preliminarily screened as an iliac vein compression lesion. Combined with lesion and normal vein, the diagnosis of NIVL was more than a 50% area of stenosis of the iliac vein (11). After NIVL diagnosis, intervention was considered if requesting by the patient. (2) the clinical, present, etiology, anatomy, and pathophysiology (CEAP) grade was C3-C6. The exclusion criteria were: (1) a history of serious trauma or major surgery within the last 4 weeks; (2) pregnancy; (3) uncontrollable hypertension (systolic blood pressure >180 mmHg or diastolic blood pressure >110 mmHg); (4) history of a cerebral hemorrhage in the last 3 months; (5) life expectancy < 1 year; (6) contraindications to iodinated contrast media; (7) severe heart, liver, and kidney insufficiency; (8) a history of deep-vein thrombosis. The general epidemiological data (including age, gender), clinical manifestations (including major symptom, affected extremity, CEAP classification, comorbidity, stenosis rate), and intra-operative findings (iliac vein indentation position, collateral circulation, procedure time, X-rays dose, contrast agent dosage) of 61 NIVL patients who were assessed by 3D-RV and traditional 2-DSA between October 2018 to October 2022 were obtained and analyzed.



Image technique capture

The images were captured using a GE IGS530 DSA machine, GE AW4.7 post-processing station, MEDRAD Incorporated Mark 07 Series high-pressure syringes (Medrad, USA), and contrast agent iodixanol injection (320 mg/mL, Hengrui Pharmaceuticals Co., Ltd. Jiangsu, China).

Traditional 2-DSA images were captured with the patient in a supine position. The Seldinger technique was used to access the femoral vein by introducing a 6F sheath (Terumo Corporation, Tokyo, Japan) under local anesthesia. Under X-ray guidance, a 5F pigtail catheter (Terumo Corporation, Tokyo, Japan) was positioned in the external iliac vein. The contrast agent iodixanol (diluted to a concentration of 185 mg/150 mL) was injected with a high-pressure syringe (600 psi, an injection rate of 7 mL/s, and an injection volume of 15 mL). Anteroposterior (AP), oblique and lateral projection venography images were obtained while the patient was holding their breath (Figure 1a).


[image: Figure 1]
FIGURE 1
 Traditional DSA image (a), 3D-RV image (b), the vascular was straightened (c) to measure the normal area of the proximal (d) and distal of the stenosis (f), the cross-sectional area at the narrowest point (e). Stenosis rate = [1 – (2Se/Sd+Sf)] × 100% = [1–2 × 35.2/126 + 143.9] 100% = 73.92%.


3D-RV images were captured by placing a 5F pigtail catheter in the external iliac vein for venography to determine the lesion anatomy. The C-arm fluoroscopy mode was set to 3D-CT, with a contrast agent injection rate of 4 mL/s, a total volume of 8 mL, a pressure of 300 psi, and delayed exposure of 0.5 s. The 3D-RV was performed with an appropriate rotation degree (200°, 40°/s), a ray delay time of 1.5 s, a contrast agent injection rate of 4 mL/s, a total volume of 24 mL, and a pressure of 300 psi. Acquired images were sent to a 3D workstation, and 3D-RV was computationally reconstructed using Innova 3D sub software. The image was post-processed to visualize the critical parameters (Figure 1b).



Observed parameters and calculation methods

The critical parameters included the iliac vein stenosis rate, collateral veins, iliac vein indentation location, radiation dosage, procedure time, and contrast agent dose. On the 2-DSA lateral view, the minimum distance between the anterior and posterior (AP) walls of the most compressed portion of the iliac vein was recorded as distance a, with the AP calibers of the iliac vein proximal and distal to the compressed area recorded as distance b and distance c, respectively. The iliac vein stenosis rate was calculated as [1 – 2a2/ (b2 + c2)] × 100%. In the 3D-RV images, the proximal to the distal end of the stenosis lesion was connected to form a central line, and the “Two Click AVA” shortcut key was used to straighten the vessels and measure the normal and minimum compressed cross-sectional area of the vessels (Figure 1c). The percentage stenosis area of the potential venous compression point was calculated as [1 – (area of compressed cross-section/area of normal cross-section)] × 100% (Figures 1d–f). Based on the iliac vein stenosis rate under 2-DSA, the severity of iliac vein compression was divided into group A (stenosis rate 50–65%), group B (stenosis rate 66–80%), group C (stenosis rate >80%) to further evaluate the effect of 3D-RV on iliac vein compression with different degrees of stenosis. The etiology of the iliac vein stenosis was evaluated by identifying extrinsic and intrinsic details of the iliac vein using multiplanar 3D-RV images. The iliac collateral veins were observed in detail, especially distal to the lesion area, to assist in diagnosis and treatment. The radiation dosage and procedure time of each 2-DSA and 3D-RV procedure were recorded based on the fluoroscopy machine reports. Each contrast dose was recorded in detail by the imaging technician.



Statistical analysis

All statistical analysis was performed using SPSS statistics version 26 (SPSS Inc., Chicago, IL, USA). Continuous variables are presented as median and range values in the case of a non-parametric distribution, and comparisons were made using the Mann-Whitney test. Continuous variables are presented as the mean and standard deviation in the case of a parametric distribution, and comparisons were made using the independent t-test. Categorical variables were compared with the chi-square test and Fisher's exact test, and they are reported as frequencies and percentages. The significance of collateral veins imaging and iliac vein indentation location for the diagnosis of NIVL was assessed by logistic regression analysis. A value of p < 0.05 was considered statistically significant.




Results

A total of 61 NIVL patients with endovascular management were involved in this study, of which 43 (70.49%, 43/61) were women, and their median age was 58 years old (ranging from 35 to 87). The major symptoms associated with symptomatic NIVL included pain (59.02%) and swelling (68.85%). Among the 61 patients, 14 (22.95%) had hypertension, 21 (19.67%) had diabetes mellitus, and 10 (16.39%) had hypercholesterolemia. Moreover, 24.95% (15/61) had a C3 classification lesion, 34.43% (21/61) had a C4 classification lesion, 22.95% (14/61) had a C5 classification lesion, and 18.03% (11/61) had a C6 classification lesion.

3D-RV revealed that the main cause of NIVL was compression of the iliac vein by the right common iliac artery, with the axial view revealing pathological changes in the lumbar spine, such as disc herniation, osteophytes, and spondylolisthesis (Figures 2a, b). Moreover, vascular virtual endoscopic imaging revealed a “ridge” in the lumen (Figures 2c–f). Spinal degeneration was common in patients with senility and occurred in 11 of 61 NIVL patients, including local osteophytes (6.56%; 4/61), simple lumbar disc herniation (4.92%; 3/61), intervertebral disc herniation and local osteophyte formation (4.92%; 3/61), lumbar spondylolisthesis and spondylolisthesis, osteophyte formation (1.64%; 1/61). Lumbar pathological changes could significantly decrease the space between the lumbar spine and the right common iliac artery aggravating the stenosis of the left common iliac vein. The clinical features and imaging findings of the patients are summarized in Table 1.


[image: Figure 2]
FIGURE 2
 3D-RV image depicted compression of the iliac vein by the posterior lumbar spine [(a), red circle]. The coronal view showed an indentation of the left common iliac vein [(b), yellow circle]. Intravascular virtual endoscopic imaging displayed the entrance of the inferior vena cava [(c) blue line, (d) arrows], stenosis [(c) yellow line, (e) arrows] and normal intraluminal morphology [(c) red line, (f) arrows], and the “ridge” morphology at the compression site of the left common iliac vein [(d), arrows].



TABLE 1 Clinical features and imaging findings of non-thrombotic iliac vein lesions.

[image: Table 1]

With the aggravation of iliac vein stenosis, the proportion of indicators such as contralateral formation and iliac vein compression indentation reflecting the severity of compression under 3D-RV reconstruction increased significantly. The imaging effect of 3D-RV on iliac vein compression in each subgroup is illustrated in Table 2. The stenosis rate was observed in 77.83 ± 1.33 vs. 74.5 ± 1.405% (p = 0.67) of patients. Significant differences were observed between the 3D-RV and 2-DSA groups concerning procedure time (10.56 ± 0.09 s vs. 12.59 ± 0.37 s; p < 0.01), X-ray dose (41.25 ± 0.21 mGy vs. 81.59 ± 1.69 mGy; p < 0.01) and contrast agent dosage (21.48 ± 0.24 mL vs. 33.69 ± 0.72 mL; p < 0.01) (Table 3). The degree of iliac vein stenosis was used as the dependent variable (50–65% was defined as mild, 66–80% was defined as moderate, >80%was defined as severe, and assign values 1, 2, and 3, respectively). Collateral veins imaging (pelvic collateral veins, other collateral veins, contralateral iliac veins, with development assigned “1,” without development assigned “0”) and iliac vein indentation location (IVC junction, common iliac vein, external iliac vein, with indentation assigned “1,” without indentation assigned “0”) were used as independent variables for ordered categorical logistic regression analysis. Contralateral iliac vein imaging (p = 0.002), pelvic collateral vein imaging (p = 0.03), and external iliac vein indentation (p = 0.001) were found to influence the severity of iliac vein compression. The imaging features of 3D-RV iliac vein stenosis analyzed by multi-classification logistic regression are displayed in Table 4.


TABLE 2 The imaging effect of 3D-RV on iliac vein compression per subgroup.

[image: Table 2]


TABLE 3 Comparison of key parameters during the procedure.

[image: Table 3]


TABLE 4 Multiclassification logistic regression analysis of 3D-RV iliac vein stenosis imaging findings.
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Discussion

Accurate diagnosis of NIVL is a prerequisite for effective treatment. The etiology of NIVL is mainly related to anatomical factors (12). Long-term compression of the iliac vein leads to blockage of venous return, which increases the occurrence of acute lower limb deep vein thrombosis and even pulmonary embolism (13). 2-DSA is insufficient in NIVL condition assessment, stent placement decision-making, and postoperative effect evaluation (14). Furthermore, iterations of 2D technology not only lack 3D anatomic detail but also expose operators and patients to relatively high radiation doses (15). Compared with 2-DSA, 3D-RV for the diagnosis and treatment of the iliac vein has the following advantages. First, 3D-RV with a curved planar reformat with a vessel cross-section is sufficient for diagnosing NIVL. This method applies the two-dimensional area ratio to assess the iliac vein stenosis rate, and the principle is the same as IVUS. Theoretically, 3D-RV can be localized and qualitatively and quantitatively evaluate the iliac vein compression, fully assess the extent and scope of the iliac vein stenosis, and improve the NIVL detection rate. Second, it can understand the internal and external iliac vein anatomy and fully display the arterial pressure traces, lumbar disc herniation, and endovascular conditions to provide direct evidence for the etiology of NIVL. Third, it can display collateral circulation, evaluate hemodynamic changes, and provide the hydrodynamic basis for NIVL treatment. Four, intraoperative fusion navigation was established by the 3D reality to display iliac vein bifurcation and lesion area, guide accurate stent implantation, and ensure the long-term patency of the stent (16). 3D-RV also can provide an optimal working angle while combining hemodynamics as a reference for subsequent treatment.

Presently, 3D-RV is widely applied in cerebrovascular angiography, and its advantage is that it can dynamically display the visualized vascular structures and walking. In the current study, the application of 3D-RV to the iliac vein compression lesions can better reflect the iliac vein compression and fluid dynamic information. 2-DSA requires multiple imaging to identify iliac vein compression from both AP and lateral projection imaging sites, causing additional exposure risks, whereas 3D-RV can be rotated from multiple angles to visually assess the extent and area of iliac vein lesions in dynamic imaging. With only one injection of contrast, the procedure time, X-ray dose, and contrast agent dosage were less than 2-DSA.

Iliac vein compression causes venous reflux disturbance; therefore, effective collateral circulation must be formed to compensate for the aggravation of stenosis (17). Contralateral iliac vein imaging is the most direct imaging manifestation of effective communication of pelvic collateral circulation, and it is also the main hemodynamic manifestation reflecting the iliac vein compression (18). In the current study, the increased proportion of patients with collateral vein development corresponds to the aggravation of iliac vein stenosis. Meanwhile, iliac vein compression was more severe in patients with pelvic c collateral and contralateral iliac vein imaging. Left common iliac vein indentations are mainly associated with the right iliac artery and posterior vertebral body compression. The left external iliac vein indentation may be that passing between the left internal and external iliac artery. External iliac vein stenosis is due to double artery pump-like compression, and external iliac vein indentations are another imaging indication of the severity of iliac vein compression.

This study has several limitations. Due to the relatively small sample size, there was a risk of type II statistical error. As a control arm, IVUS should be preferred over 2-D venography. However, IVUS-related data was not acquired due to the lack of the device, hence 2-D venography was selected as the control arm in this study. Finally, this study investigated the diagnostic value of three-dimensional rotary venography for non-thrombotic iliac vein lesions; therefore, the scope of follow-up after treatment is limited.



Conclusion

In conclusion, 3D-RV can display dynamic stereo image information of NIVL, augmenting the information obtained from traditional 2-DSA. Contralateral iliac vein imaging, pelvic collateral vein imaging, and external iliac vein indentation can be used to evaluate the severity of iliac vein compression to some extent.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

This study was approved by Binzhou Medical University Hospital. Written informed consent was obtained from all participants for their participation in this study.



Author contributions

YX, WW, and XW: research idea, study design, and writing manuscript. YX, JW, and YC: sample and data acquisition. GC, XH, and YS: sample analysis. YS and WW: statistical analysis. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (grant number 82200981) and Natural Science Foundation of Shandong Province (grant number ZR2022QH358).



Acknowledgments

The authors thank the patients for permitting use of their patient data.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Vasan V, Bai H, Chen J, Storch J, Kim J, Dionne E, et al. Iliac vein stenting outcomes for patients with superficial venous insufficiency concurrent with deep venous disease. J Vasc Surg Venous Lymphat Disord. (2022) 10:1215–20.e1. doi: 10.1016/j.jvsv.2022.06.015

 2. Lurie JM, Chen S, Chait J, Subramaniam S, Chun K, Png CYM, et al. Iliac Vein stenting for chronic proximal venous outflow obstruction in a predominantly Asian–American cohort. Ann Vasc Surg. (2020) 66:356–61. doi: 10.1016/j.avsg.2020.01.018

 3. Secemsky EA, Mosarla RC, Rosenfield K, Kohi M, Lichtenberg M, Meissner M, et al. Appropriate use of intravascular ultrasound during arterial and venous lower extremity interventions. JACC Cardiovasc Interv. (2022) 15:1558–68. doi: 10.1016/j.jcin.2022.04.034

 4. Neglén P, Raju S. Intravascular ultrasound scan evaluation of the obstructed vein. J Vasc Surg. (2002) 35:694–700. doi: 10.1067/mva.2002.121127

 5. Meissner MH, Eklof B, Smith PC, Dalsing MC, DePalma RG, Gloviczki P, et al. Secondary chronic venous disorders. J Vasc Surg. (2007) 46:68S−83S. doi: 10.1016/j.jvs.2007.08.048

 6. Orth RC, Wallace MJ, Kuo MD. Technology Assessment Committee of the Society of Interventional Radiology. C-arm cone-beam CT: general principles and technical considerations for use in interventional radiology. J Vasc Interv Radiol. (2008) 19:814–20. doi: 10.1016/j.jvir.2008.02.002

 7. Wang CM, Zhang WL Li X. C-arm-based flat-panel detector cone-beam computed tomography venography in the diagnosis of iliac vein compression syndrome. Chin Med J. (2020) 134:431–8. doi: 10.1097/CM9.0000000000001046

 8. Orth RC, Wallace MJ, Kuo MD. Technology assessment committee of the society of interventional radiology. C-arm cone-beam CT: general principles and technical considerations for use in interventional radiology. J Vasc Interv Radiol. (2009) 20:S538–S44. doi: 10.1016/j.jvir.2009.04.026

 9. Srinivasan VM, Chintalapani G, Duckworth EAM, Kan P. Advanced cone-beam CT venous angiographic imaging. J Neurosurg. (2018) 129:114–20. doi: 10.3171/2017.2.JNS162997

 10. Muhanna N, Douglas CM, Daly MJ, Chan HHL, Weersink R, Qiu J, et al. The image-guided operating room-Utility and impact on surgeon's performance in the head and neck surgery. Head Neck. (2019) 41:3372–82. doi: 10.1002/hed.25864

 11. Jayaraj A, Powell T, Raju S. Utility of the 50% stenosis criterion for patients undergoing stenting for chronic iliofemoral venous obstruction. J Vasc Surg Venous Lymphat Disord. (2021) 9:1408–15. doi: 10.1016/j.jvsv.2021.05.008

 12. Cockett FB, Thomas ML. The iliac compression syndrome. Br J Surg. (1965) 52:816–21. doi: 10.1002/bjs.1800521028

 13. Kahn SR, Julian JA, Kearon C, Gu CS, Cohen DJ, Magnuson EA, et al. ATTRACT Trial Investigators. Quality of life after pharmacomechanical catheter-directed thrombolysis for proximal deep venous thrombosis. J Vasc Surg Venous Lymphat Disord. (2020) 8:8–23.e18. doi: 10.1016/j.jvsv.2019.03.023

 14. Hsieh MC, Chang PY, Hsu WH, Yang SH. Chan WP. Role of three-dimensional rotational venography in evaluation of the left iliac vein in patients with chronic lower limb edema. Int J Cardiovasc Imaging. (2011) 27:923–9. doi: 10.1007/s10554-010-9745-6

 15. Jones DW, Stangenberg L, Swerdlow NJ, Alef M, Lo R, Shuja F, et al. Image fusion and 3-dimensional roadmapping in endovascular surgery. Ann Vasc Surg. (2018) 52:302–11. doi: 10.1016/j.avsg.2018.03.032

 16. Baccellieri D, Apruzzi L, Ardita V, Bilman V, De Cobelli F, Melissano G, et al. Intraoperative completion cone-beam computed tomography for the assessment of residual lesions after primary treatment of proximal venous outflow obstructions. Phlebology. (2022) 37:55–62. doi: 10.1177/02683555211030716

 17. Kurstjens RL, de Wolf MA, van Laanen JH, de Haan MW, Wittens CH, de Graaf R. Hemodynamic significance of collateral blood flow in chronic venous obstruction. Phlebology. (2015) 30:27–34. doi: 10.1177/0268355515569433

 18. Chen ZH, Huang Y, Wang LP, Peng MY, Li C, Huang W. Preliminary study of hemodynamics of iliac venous compression syndrome using magnetic resonance imaging. J Vasc Surg Venous Lymphat Disord. (2022) 10:131–8.e3. doi: 10.1016/j.jvsv.2021.09.011















	 
	

	TYPE Methods
PUBLISHED 16 February 2023
DOI 10.3389/fcvm.2023.1112980





High-resolution structural-functional substrate-trigger characterization: Future roadmap for catheter ablation of ventricular tachycardia

Job Stoks1,2,3, Ben J. M. Hermans4, Bas J. D. Boukens4,5, Robert J. Holtackers6, Suzanne Gommers6, Yesim S. Kaya1, Kevin Vernooy1, Matthijs J. M. Cluitmans1,7, Paul G. A. Volders1 and Rachel M. A. ter Bekke1*

1Department of Cardiology, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University Medical Center+, Maastricht, Netherlands

2Department of Advanced Computing Sciences, Maastricht University, Maastricht, Netherlands

3Biomedical Research Institute, Hasselt University, Diepenbeek, Belgium

4Department of Physiology, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, Maastricht, Netherlands

5Department of Medical Biology, Amsterdam University Medical Center (UMC), Amsterdam Medical Center (AMC), Amsterdam, Netherlands

6Department of Radiology and Nuclear Medicine, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University Medical Center+, Maastricht, Netherlands

7Philips Research, Eindhoven, Netherlands

[image: image]

OPEN ACCESS

EDITED BY
Bart Mulder, University Medical Center Groningen, Netherlands

REVIEWED BY
Moniek Cox, University Medical Center Groningen, Netherlands
Ann-Kathrin Rahm, Heidelberg University Hospital, Germany
Georgios Kollias, Krankenhaus der Elisabethinen, Austria

*CORRESPONDENCE
Rachel M. A. ter Bekke, [image: image] rachel.ter.bekke@mumc.nl

SPECIALTY SECTION
This article was submitted to Cardiac Rhythmology, a section of the journal Frontiers in Cardiovascular Medicine

RECEIVED 30 November 2022
ACCEPTED 03 February 2023
PUBLISHED 16 February 2023

CITATION
Stoks J, Hermans BJM, Boukens BJD, Holtackers RJ, Gommers S, Kaya YS, Vernooy K, Cluitmans MJM, Volders PGA and ter Bekke RMA (2023) High-resolution structural-functional substrate-trigger characterization: Future roadmap for catheter ablation of ventricular tachycardia.
Front. Cardiovasc. Med. 10:1112980.
doi: 10.3389/fcvm.2023.1112980

COPYRIGHT
© 2023 Stoks, Hermans, Boukens, Holtackers, Gommers, Kaya, Vernooy, Cluitmans, Volders and ter Bekke. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Introduction: Patients with ventricular tachyarrhythmias (VT) are at high risk of sudden cardiac death. When appropriate, catheter ablation is modestly effective, with relatively high VT recurrence and complication rates. Personalized models that incorporate imaging and computational approaches have advanced VT management. However, 3D patient-specific functional electrical information is typically not considered. We hypothesize that incorporating non-invasive 3D electrical and structural characterization in a patient-specific model improves VT-substrate recognition and ablation targeting.

Materials and methods: In a 53-year-old male with ischemic cardiomyopathy and recurrent monomorphic VT, we built a structural-functional model based on high-resolution 3D late-gadolinium enhancement (LGE) cardiac magnetic resonance imaging (3D-LGE CMR), multi-detector computed tomography (CT), and electrocardiographic imaging (ECGI). Invasive data from high-density contact and pace mapping obtained during endocardial VT-substrate modification were also incorporated. The integrated 3D electro-anatomic model was analyzed off-line.

Results: Merging the invasive voltage maps and 3D-LGE CMR endocardial geometry led to a mean Euclidean node-to-node distance of 5 ± 2 mm. Inferolateral and apical areas of low bipolar voltage (<1.5 mV) were associated with high 3D-LGE CMR signal intensity (>0.4) and with higher transmurality of fibrosis. Areas of functional conduction delay or block (evoked delayed potentials, EDPs) were in close proximity to 3D-LGE CMR-derived heterogeneous tissue corridors. ECGI pinpointed the epicardial VT exit at ∼10 mm from the endocardial site of origin, both juxtaposed to the distal ends of two heterogeneous tissue corridors in the inferobasal left ventricle. Radiofrequency ablation at the entrances of these corridors, eliminating all EDPs, and at the VT site of origin rendered the patient non-inducible and arrhythmia-free until the present day (20 months follow-up). Off-line analysis in our model uncovered dynamic electrical instability of the LV inferolateral heterogeneous scar region which set the stage for an evolving VT circuit.

Discussion and conclusion: We developed a personalized 3D model that integrates high-resolution structural and electrical information and allows the investigation of their dynamic interaction during arrhythmia formation. This model enhances our mechanistic understanding of scar-related VT and provides an advanced, non-invasive roadmap for catheter ablation.
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1. Introduction

Catheter ablation of arrhythmogenic substrate and triggers of ventricular tachycardia (VT) reduces arrhythmia burden and implantable cardioverter-defibrillator (ICD) shocks (1, 2) but recurrences [30–40% within 1–2 years (3, 4)], costs and complication rates remain high (5, 6). This limited procedural efficacy is attributed to the difficulty of identifying heterogeneous scar corridors related to the critical VT isthmus based on electrogram characteristics and pace mapping, especially during substrate-based ablation.

Recent advances in the field of catheter ablation for scar-related VT have primarily focused on defining target locations for ablation through pre-procedural characterization of the ventricular scar architecture by combining imaging techniques [such as computed tomography (CT) or cardiac magnetic resonance imaging (CMR)] with electrocardiogram (ECG)-VT algorithms. Image-guided or -aided substrate ablation may increase long-term success, decrease recurrence rates and reduce procedural duration (7, 8). Imaging-based approaches mostly focus on structural myocardial targets, ignoring 3D functional information such as activation/propagation maps, repolarization maps, wavefront direction or arrhythmia triggers. Electrocardiographic imaging (ECGI) combines body-surface potential mapping and anatomical imaging to provide a non-invasive reconstruction of electrical activity. It enables a beat-to-beat non-invasive 3D assessment of epicardial activation, repolarization and propagation, besides the pinpointing of the VT exit site with relatively high spatial and temporal resolution (9, 10).

In this study, we combined ECGI with high-resolution 3D dark-blood late gadolinium enhancement (3D-LGE) CMR and cardiac CT in a case with ischemic cardiomyopathy and recurrent monomorphic VT, providing a patient-specific structural-functional model to improve mechanistic understanding and to provide a road map for future personalized catheter ablation for VT. Additionally, we examined the accuracy of non-invasively determined parameters compared to standard invasive VT-substrate characteristics.



2. Materials and methods

We constructed a personalized 3D cardiac model that integrates the individualized structural-functional characteristics of this case to identify mechanisms of arrhythmia formation and to develop an individualized framework for future VT ablation guidance.

The model incorporates (1) 3D dark-blood LGE CMR and cardiac CT delineating the myocardial anatomy and scar (structural aspects); and (2) functional-electrical aspects by non-invasive ECGI. Model outcomes were compared to data from invasive electro-anatomical mapping (EAM), and arrhythmia mechanisms were investigated.


2.1. Patient characteristics

A 53-year-old male was admitted to our hospital for electrical storm due to recurrent hemodynamically tolerated, sustained monomorphic VTs with an inferobasal to mid, septal left-ventricular (LV) origin (Figure 1A) (11). He was previously known with anterior and inferolateral myocardial infarctions (LV ejection fraction 31%), also evident from the 12-lead electrocardiogram (Figure 1B), and coronary artery bypass grafting. The VT was managed with intravenous infusion of amiodarone. A 3D-LGE CMR and cardiac CT scan were performed to aid catheter ablation for VT. Additional electrical information was obtained by body-surface potential mapping before and during the VT ablation procedure.
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FIGURE 1
Ensure that all the figure captions are correct, and that all figures are of the highest quality/resolution. If necessary, you may upload improved figures to the Production Forum. Please note that figures must be cited sequentially, per the author guidelines. The patient’s electrocardiogram during ventricular tachycardia (VT) (A) and sinus rhythm (B). (A) Monomorphic VT demonstrating a wide QRS complex of 151 bpm with a right bundle branch block pattern (transition in V3) and a superior axis. The positive polarities in leads I and aVL suggest an inferomedial to inferobasal, septal origin (47). (B) Sinus rhythm, 72 bpm, left axis deviation, a QRS width of 112 ms, pathological Q waves in inferior leads and V3–V6 and negative T waves in inferior leads and in V4–V6. Q waves are indicative of previous inferior/apical infarctions.




2.2. A 3D dark-blood late gadolinium-enhancement CMR

The patient underwent a free-breathing 3D-LGE CMR with high isotropic resolution (acquired resolution 1.6 mm × 1.6 mm × 1.6 mm, reconstructed 0.8 mm × 0.8 mm × 0.8 mm) and dark-blood nulling (12) on a 1.5 T MR system (Ingenia, Philips Healthcare, Best, Netherlands). This allowed for more accurate scar demarcation and image quality with respect to conventional bright-blood nulled LGE CMR (13). Details of the dark-blood LGE mechanism without using additional magnetization preparation has were described earlier (14).

Cardiac magnetic resonance-image processing was performed using a research software tool (ADAS3D Medical SL, Barcelona, Spain) (15). Pixel-signal intensity (PSI) maps were created from the 3D delayed enhancement acquisitions, and normalized for maximal PSI. A normalized PSI-based cut-off above 0.6 was defined as dense scar; border zone tissues were allocated in case of values between 0.4 and 0.6% (16). The LV myocardium was divided in nine three-dimensional transmural layers color-coded for scar architecture. Heterogeneous tissue corridors, defined as continuous corridors of border zone tissue connecting two regions of healthy tissue, bordered by dense scar and/or an anatomical barrier, were automatically calculated and visualized on the shells by the research tool (15). Subsequently, 3D-LGE CMR scar transmurality was defined as the percentage of transmural layers having either dense scar (weight 1) or border zone (weight 0.5). Scar transmurality was projected onto the endocardial shell.



2.3. Computed tomography and electrocardiographic imaging

Prior to the VT ablation procedure, an ECG-gated helical dual-source CT scan (Somatom Force, Siemens Healthineers, Forchheim, Germany) using intravenous iodine contrast medium was performed during breath-hold, to visualize cardiac geometry. Additionally, the patient underwent a low-dose thoracic CT scan to locate the body-surface electrodes, required for ECGI.

The ECGI was performed as previously described and validated (17, 18). Briefly, 224 Ag-AgCl electrodes (BioSemi, Amsterdam, The Netherlands) were attached to the patient’s torso to record body-surface potentials at a 2048 Hz sampling rate starting 20 min prior to, and during, the electrophysiological study. From the thoracic CT scan, a 224-electrode torso was manually digitized. A ∼2000-node diastolic cardiac geometry was semi-automatically segmented (19). Body-surface potential measurements were performed during sinus rhythm, atrial pacing, during programed ventricular stimulation for VT induction and for evoked delayed potential (EDP) identification (20), and during VT.

Epicardial ventricular unipolar electrograms (UEGs) were reconstructed for selected beats through previously detailed methods (17). For each UEG, activation times (ATs) were determined from the steepest downslope (of the UEG QRS complex); this was done with a spatiotemporal approach that considers the spatial flow of current (21). ATs of each beat were calculated with respect to the average of the first 25 epicardial activations according to ECGI. UEGs were disregarded at the valvular base of the ventricles. VT dynamics were assessed by calculating the absolute activation time differences between consecutive VT beats.



2.4. Catheter ablation procedure for VT

The patient underwent continued body-surface potential mapping during the VT ablation procedure (Supplementary Figure 1). The procedure was performed under general anesthesia without preemptive hemodynamic support. The CARTO navigation system (Biosense Webster Inc., Diamond Bar, CA, USA) was used for guidance of the procedure. Both retrograde and anterograde access were obtained. The ADAS3D-derived anatomy and scar architecture were merged with the aortic root, main stem and pulmonary veins. After positioning of a quadripolar diagnostic catheter (6 F, CRD-2™, Abbott, Chicago, IL, USA) in the right-ventricular (RV) apex, programed RV stimulation was performed at three driving cycle lengths (600, 500, and 400 ms) with up to three ventricular extrastimuli (≥200 ms) to induce sustained VT (>30 s or necessitating termination because of hemodynamic instability) and to determine the RV effective refractory period (ERP). During right-atrial (RA) pacing, a detailed electroanatomical voltage map was obtained using a high-density mapping (PentaRay, Biosense Webster Inc., Diamond Bar, CA, USA) and an irrigated contact-force sensing 3.5 mm-tip catheter (SmartTouch, Biosense Webster Inc., Diamond Bar, CA, USA). Near-field peak-to-peak bipolar voltage amplitude below 1.5 mV indicated scar, with dense scar <0.5 mV and border zone 0.5–1.5 mV. EDPs, characterized by low-amplitude near-field potentials with 10-ms delay or block after RV extrastimulus (S2 50 ms above the ERP), were tagged in the 3D system, as previously described (22). The VT site-of-origin was identified using pace mapping aimed at a mean correlation coefficient between the VT-QRS morphology and the paced-QRS of >90% (23). Substrate modification was performed aiming at complete EDP elimination and targeting the VT site-of-origin using radiofrequency energy delivery (power 50 W, temperature limit 43°C, flow rate 20–30 mL/min). After the last lesion set, the substrate was reassessed for the abolition of EDPs, and programed ventricular stimulation was repeated to test for VT inducibility.



2.5. Postprocedural image integration and analysis

The geometries from 3D-LGE CMR, CT, ECGI and invasive EAM were manually aligned and registered digitally in 3D Slicer (24). The most important anatomic landmarks used for integration were: the LV and RV epicardium, LV apex and aorta from CT; LV apex, epicardium, endocardium and aorta from 3D-LGE CMR; and LV endocardium, apex and aorta from EAM. The accuracy of the image integration was based on Euclidean node-to-node distance calculation and visual evaluation. The EAM geometry was converted isotropic (i.e., equal node-to-node distances throughout the geometry) to ensure that all regions of the heart had equal weight in downstream analyses. Further analyses were performed in MATLAB R2020b (MathWorks, Natick, MA, USA).

Information from 3D-LGE CMR and ECGI was combined to examine triggers, substrate, and their interactions. 3D-LGE CMR scar delineation was compared to areas of low invasive bipolar voltage, by finding the corresponding nearest neighbors of the CMR anatomy and the invasive electroanatomic anatomy. Any neighbors with a corresponding distance of >10 mm from each other were disregarded. The colocalization of endocardial EDPs with MRI-derived heterogeneous tissue corridors was also evaluated, disregarding EDPs that were tagged >10 mm from the endocardial 3D-LGE CMR shell.




3. Results


3.1. Ablation procedure and outcome

A sustained monomorphic VT arising from the inferobasal LV, closely resembling the documented arrhythmia, was repeatedly induced by programed electrical stimulation (by minimally two ventricular premature beats) and led to hemodynamic compromise. The high-density LV-endocardial bipolar voltage map (5,375 points) revealed two remote areas of scar in the lateral and apical regions of the LV, colocalizing with areas of increased endocardial PSI based on 3D-LGE CMR. 21 EDPs were tagged. Pace mapping at the inferobasal LV resulted in a 92% match with the induced VT. Radiofrequency delivery targeted at the inferolateral EDPs and the site of VT origin, eliminated the EDPs and rendered the patient non-inducible at the end of the procedure. Total procedural time was 330 min; fluoroscopy time 10 min. The procedure was without any complications. A single-chamber ICD was implanted afterward. No VT had recurred at 20 months follow-up.



3.2. Contrast-enhanced CT and 3D dark-blood late gadolinium-enhancement CMR

Contrast-enhanced multidetector CT showed wall thinning in the inferolateral LV and apex (Figure 2A and Supplementary Figure 2). The CMR revealed a partly transmural infarcted area in the inferolateral and apical segments with aneurysm formation (Figure 2B and Supplementary Videos 1, 2). Dense scar and border zone, as detected through CMR, consisted of non-uniform transmural patterns (Figure 2C). Heterogeneous tissue corridors, identified from CMR (Figure 2D) were localized in the basal to mid (infero) lateral, and apical aspects of the LV.
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FIGURE 2
Cardiac imaging of the patient prior to the ablation procedure. (A) Contrast-enhanced dual-source computed tomography (CT), performed for anatomical reference showing wall thinning in the apical aneurysm and laterobasal aspect of the left ventricle (LV). (B) 3D dark-blood late gadolinium enhancement cardiac magnetic resonance imaging (LGE CMR) LGE CMR showing areas with hyperenhancement in the laterobasal and apical aspects of the LV. (C) Two cross-sectional views of LV scar, detected by 3D dark-blood LGE CMR. (D) CMR-derived healthy and scar tissue, including corridors and their centerlines, depicted in nine transmural layers (interlayer distance approximately 0.8 mm) of the ventricular myocardium. Colors correspond to colors in panel (C).


Manual image integration of invasive EAM and 3D-LGE CMR endocardial geometry led to a mean Euclidean node-to-node distance 5 ± 2 mm. Increased PSI (>0.4) of the innermost endocardial layer of 3D dark-blood LGE CMR closely resembled reduced endocardial bipolar voltage (<1.5 mV) using previously defined cutoffs (15), while areas of non-agreement were near the scar-to-healthy border (Figure 3A). Both modalities agreed (both “scar” or both “healthy”) for 68% of tissue, and disagreed for the remaining 32%, mostly concerning the border zone. According to both modalities, the majority of scar consisted of border zone (76% according to EAM, 85% according to 3D-LGE CMR). Predicting bipolar scar through the CMR endocardial signal intensity rendered a receiver operating characteristic (ROC) area under the curve of 0.72. Further comparison of 3D-LGE CMR scar transmurality to EAM bipolar voltage showed that low voltages were associated with higher scar transmurality, and vice versa (Figure 3B).


[image: image]

FIGURE 3
Comparison of 3D-late gadolinium enhancement cardiac magnetic resonance imaging (LGE CMR) to electroanatomical mapping (EAM). (A) Invasive EAM bipolar voltage map (left) and 3D dark-blood LGE CMR endocardial signal intensity (middle), and the comparison of both (right). Areas of agreement regarding healthy tissue are shown in green, agreement regarding scar tissue are shown in red, and differences between both maps are shown in gray. (B) CMR scar transmurality compared to EAM bipolar voltage. Higher transmurality of scar (detected by 3D-LGE CMR) was associated with lower bipolar voltage in EAM.


A total of 17/21 EDPs were within 10 mm of the endocardial CMR-wall. 15/17 (88%) of these EDPs were located in an area of endocardial scar detected by 3D dark-blood LGE CMR (Figures 4A, B). EDPs were often identified within or close to (transmural) CMR-derived corridors. When projecting all EDPs and corridors onto the endocardial CMR layer, the average Euclidean distance from EDP to the nearest corridor was 3 (0–6) mm [median (first and third quartiles)].
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FIGURE 4
A 3D-late gadolinium enhancement cardiac magnetic resonance imaging (LGE CMR) heterogeneous tissue corridors and evoked delayed potentials (EDPs). (A) Annotation of EDPs during the electroanatomical mapping (EAM) procedure, compared to a superimposed anatomical view of transmural heterogeneous tissue corridors detected through 3D LGE CMR. All EDPs except one coincided with ventricular scar or border zone. EDPs qualitatively coincided well with corridors close to the endocardium. (B) EDPs on locations 1–4 in panel A. (C) Investigating of ventricular tachycardia (VT) working mechanisms through structural-functional image overlay. Transmural layers of scar and border zone with centerlines of slow-conducting heterogeneous tissue corridors are superimposed and colored. VT exits were determined by pace mapping during the procedure. Invasively determined endocardial (brown) and non-invasively determined epicardial (white) exits coincide at the end of epicardial and endocardial corridors. Corridors of interest leading to the VT exit have an increased width. Ablation of the substrate (purple), including the identified corridors, rendered the patient arrhythmia-free.




3.3. Structural-functional substrate characterization

Structural-functional overlay of the 3D-LGE CMR and ECGI data (body-surface potential mapping during the ablation procedure) allowed the investigation of the VT trajectory and mechanism. In Figure 4C, the endocardial (invasive EAM) and epicardial (ECGI) locations of the VT exit according to pace mapping are shown, together with transmural fibrosis and PSI-derived heterogeneous tissue corridors. ECGI pinpointed the VT exit in close proximity (spatial accuracy 10/14/13 mm) to the invasive endocardial site with the highest pace-mapping agreement (0.90/0.92/0.92, respectively). When projecting the ECGI-exit onto the endocardial geometry, i.e., omitting the endocardial-to-epicardial distance, the distance between invasive and non-invasive VT exit decreased to 5/12/12 mm, respectively. Both epicardial and endocardial heterogeneous tissue corridors were adjacent to the VT exit, possibly serving as slow-conducting channels (isthmuses) for the VT. Radiofrequency ablation to, amongst other sites, the entrance of these corridors, rendered the patient arrhythmia-free (20 months follow-up).

Although the monomorphic VT (with exception of its first beat) appeared stable on the ECG (Figure 5A), ECGI revealed significant beat-to-beat differences in activation patterns during the onset of VT (Figure 5B). The VT stabilized over time, causing beat-to-beat differences in its activation pattern to decline. The anterolateral area of early activation migrated inferolaterally as the VT evolved. This area of shifting early activation correlated with CMR-detected corridors leading to the VT exit (Figure 4B). Beat-to-beat-differences in activation pattern were present during all inductions (episodes) of VT, higher than during sinus rhythm and ventricular pacing (Figure 5C).
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FIGURE 5
Dynamics of epicardial activation patterns through electrocardiographic imaging (ECGI). (A) ventricular tachycardia (VT) during procedure in which beats 1 through 7 are depicted. (B) Activation patterns of VT beats 1 through 7, with absolute difference in activation time (AT) of consecutive beats shown below. The pentagram in VT-1 illustrates the origin of the premature ventricular complex (PVC) (Supplementary Figure 3). For reference, dynamics of activation patterns in sinus rhythm (SR) and pacing are also shown. (C) Average absolute difference in activation times of consecutive beats, over the entire epicardium. Dynamics in activation patterns decrease over time for several episodes (inductions) of VT, while SR and ventricular pacing show stable activation patterns.


Prior to the electrophysiological study, a premature ventricular complex (PVC) was recorded with ECGI (Supplementary Figure 3A). The PVC origin matched significantly, although not completely, with the VT exit. ECGI pinpointed the PVC to the lateral LV wall (Supplementary Figure 3B). The crowded activation isochrones superior to the first-activated area suggest a conduction block in the basolateral LV (blue arrow). CMR-detected heterogeneous tissue corridors (numbers 1–3, Supplementary Figure 3C) connected the PVC and VT origins and coincided with the area of shifting early activation during VT (Supplementary Figure 3C). Hence, we hypothesize the PVC could be involved in VT initiation.




4. Discussion

In this proof-of-concept study, we developed a 3D structural-functional model for scar-related VT by combining 3D dark-blood LGE CMR and ECGI (of PVC and VT) with high spatial and temporal resolution. This model was developed in an exemplary case with recurrent monomorphic VT in the setting of ischemic cardiomyopathy. Patient-specific VT substrates, triggers, and their interactions were detailed, in a non-invasive manner, serving as a roadmap for future individualized ablation strategies. Integrating high-density invasive EAM advanced the understanding of possible VT mechanisms.

In our integrated model, the (invasive and non-invasive) VT exit colocalized at the end of CMR-detected heterogeneous tissue corridors. Furthermore, the patient’s spontaneous PVC originated in close proximity to the VT exit and CMR-detected corridors. This suggests that the PVC may be involved in patient’s VT formation. Moreover, EDPs were found close to heterogeneous tissue corridors, suggesting a strong link between functional endocardial conduction slowing/block and structural border zone channels.


4.1. 3D dark-blood LGE CMR

Acquiring 3D-LGE CMR with high isotropic resolution visualizes myocardial fibrosis from every desired direction compared to a fixed viewing angle when using (non-isotropic) 3D or standard 2D imaging (25). Subtle scar architectures, such as submillimeter tissue corridors, may be missed using these latter acquisition techniques. Additionally, the dark-blood nulling CMR, recently validated against histopathology in an experimental large-animal model (13), allows for improved detection and quantification of (sub) endocardial fibrosis, often encountered in ischemic etiologies, compared to conventional bright-blood LGE (14). We have shown that 3D dark-blood LGE CMR has a reasonable correlation, at least qualitatively, with the endocardial bipolar voltage. We found a 68% agreement between reduced (<1.5 mV) endocardial bipolar voltage and increased (>0.4) 3D-LGE CMR-signal intensity when applying a point-by-point comparison between both modalities. Areas of non-agreement were predominantly found at the healthy-to-scar-border zone. The ROC area under the curve to define areas of low voltage through 3D-LGE CMR was 0.72, which compared with the low range of values found in a recent study, although different methods of analysis may have affected the results (26). The observed electrostructural mismatch stems from the fundamentally different assessment of scar characteristics, with varying spatial resolution and dissimilar gating for cardiac phases and respiratory motion, besides the variable impact of modulators (e.g., contact force, fiber orientation, wavefront direction, and sympathetic hyperinnervation). The scar border zone may be especially susceptible to these factors.

Additionally, we have shown a good correlation between the 3D dark-blood LGE CMR-derived myocardial heterogeneous tissue corridors and the invasively measured areas of functional electrical conduction slowing or block (15). These corridors may comprise slow-conducting pathways, or protected isthmuses, that may facilitate reentrant excitation (15) upon unidirectional conduction delay or block (22).



4.2. ECGI

ECGI has been validated in multiple studies. For a recent overview we refer to Stoks and Cluitmans (27). Its strength lies in the reconstruction of (paced) rhythm of single origin (28). In a structurally normal heart, ECGI was more accurate than the 12-lead ECG to pinpoint the origin of VT or PVC (29). The 12-lead ECG was even less precise in the presence of myocardial scarring (30). We have shown that ECGI-based reconstructions localized the site of ventricular activation (adjacent to scar border zone) by pace mapping at ∼10 mm from the endocardial location (if endocardial-to-epicardial distance was omitted). This was more accurate than in a recent study using a commercial system (30) but comparable to other reports (27).

Moreover, ECGI can generate a complete 3D-epicardial activation map in a single beat, while several VT cycle lengths are needed during invasive contact mapping EAM to construct an activation or propagation map (which is often not possible since VT is often polymorphic or hemodynamically not tolerated). This may be relevant for investigating the dynamic behavior of VT, especially in polymorphic VT but also during the onset of monomorphic VTs. In our case, ECGI uncovered marked initial activation dynamicity, only stabilizing after several beats. An area of electrical instability (shifting early activation) during VT was present close to the VT exit and structural-functional corridors (Figures 4C, 5B).



4.2. Structural-functional VT substrate characterization

Non-invasive modalities identifying critical components of the VT circuit to guide catheter ablation have evolved considerably over the last decades. Historical milestones in the human heart are shown in Figure 6.
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FIGURE 6
Timeline of invasive and non-invasive techniques to identify critical components of the ventricular tachycardia (VT) circuit and guide catheter ablation (7, 15, 31–33, 35–38, 43, 44). Note that the time axis is not linear, which is reflected by the color gradients. ECG, electrocardiogram; PVC, premature ventricular complex; EAM, electroanatomical mapping; ECGI, electrocardiographic imaging; CMR, cardiac magnetic resonance imaging; CT, computed tomography.


In 1972, Wellens et al. found that, in (mostly) post-infarction patients, VTs were based on reentrant excitation, that could be terminated through electrical stimulation (31). In 1981, Josephson et al. compared 12-lead ECG QRS morphologies of VTs to endocardial VT exit sites in 34 patients (32), demonstrating that the presence of myocardial scar diminishes the ECG accuracy to pinpoint the endocardial VT exit.

In 1999, Wittkampf et al. first validated an impedance-based 3D catheter navigation system in humans for EAM (33). In 2000, De Groot et al. introduced a 3D-catheter localization system using ultrasound transducers to guide VT ablation (34), that allowed real-time display of the catheter tip and repositioning to previously marked sites. In the same year, Marchlinski et al. introduced the magnetic mapping-based CARTO system to perform linear substrate ablation which proved effective to significantly reduce VT recurrence (35). These 3D-navigation systems could be considered the foundation of the modern-day EAM.

In 2005, pioneering work on image integration was done by Dickfeld et al. who coregistered MRI acquisitions with the electromagnetic catheter positioning system to guide catheter navigation in the human right atrium and ventricle (36). In the same year, Ghanem et al. showed that near-simultaneous ECGI-derived (non-invasive) electrograms had a moderate correlation with invasive potentials recorded in sinus rhythm and during endocardial and epicardial pacing in patients (37). Five years later, Tian et al. (38) coregistered contrast-enhanced CT relying on distinct anatomic, dynamic and perfusion characteristics indicative of myocardial scar and border zone with electrogram voltage obtained during endocardial point-by-point mapping. A high segmental accuracy was reported. Though contrast-enhanced CMR still has superior contrast resolution compared to CT, the latter is more easily applicable for scar demarcation in patients with an ICD and allows for increased temporal and spatial resolution (38). Furthermore, wall thickness analysis with CT accurately predicted isthmuses in postinfarction VT (39).

In 2008, Codreanu et al. performed image integration of EAM and LGE CMR to conclude that transmural scar (by CMR) could be detected by spiky electrograms, reduced voltage amplitudes or prolonged bipolar electrogram durations (40). A year later, Desjardins et al. investigated the relationship between reduced bipolar voltage in EAM and automatically segmented scar in LGE CMR, to find that sites critical to VT in humans are located within areas of delayed enhancement in CMR. In 2011, Wijnmaalen et al. performed a head-to-head comparison of LGE CMR with electroanatomical voltage mapping through image integration. They found that increased scar transmurality led to decreased endocardial bipolar voltage and that non-transmural and border zone scar was undetected by EAM (41). The combination of LGE CMR with multidetector CT is superior for structure-function relationship determination in scar-related VT (42). With the availability of 3D-LGE CMR acquisitions with high isotropic resolution, Andreu et al. (15) identified heterogeneous tissue corridors that colocalize in 79% with invasively recorded conduction channels (2015). VT ablation procedures guided by CMR led to increased procedure success, and decreased VT recurrence, inducibility and procedure time (7). In recent years, promising computational approaches have arisen. For example, Prakosa et al. performed CMR-based computational electrophysiological modeling, which allowed for prospective ablation guidance in a small cohort (43). Moreover, Lozova et al. used machine-learning algorithms to pinpoint ablation targets (44).

The aforementioned advances in the field of catheter-based ablation of scar-related VT have primarily focused on defining target locations for ablation through analysis of structural imaging modalities, typically CMR (43, 44) and/or CT (42). Though such structural detailing holds promise and allows to non-invasively investigate the substrate and perform virtual stress tests, these strategies usually do not consider patient-specific 3D functional electrical parameters. Our current proof-of-concept patient-tailored model encompasses 3D-functional and structural information and their interactions. As an example, we have shown that invasively- and non-invasively determined VT exits align colocalize with endings of heterogeneous tissue corridors, and are connected with the PVC site of origin. Moreover, we have demonstrated dynamic electrical instability of the heterogeneous scar region where the scar heterogeneity set the stage for an evolving VT circuit.

Combined, we argue that the integration (during spontaneous or induced PVCs and VT, including their spatiotemporal dynamics) of ECGI with high resolution 3D-LGE dark-blood CMR may be synergistic for the development of (non-invasive) individualized VT models to improve our understanding of VT mechanisms and treatment.



4.3. Future perspectives

Prospective studies are needed to investigate the procedural efficacy and cost-effectiveness of such personalized structural-functional models. This would require optimization of the modeling pipeline, including automated segmentation and merging of different modalities and automation of analyses, which is currently being developed.

Ideally, in future cases, ECGI recordings should be performed pre-procedurally during spontaneous VT or non-invasive programed stimulation (in the absence of deep sedation or general anesthesia) to allow preprocedural structural-functional analysis of the VT trajectory and its mechanism. This would guide targeted RF delivery to critical components of the VT circuit without the need for extensive intraprocedural voltage and pace mapping. For instance, CMR-derived heterogeneous tissue corridors (aligning to EDPs) connecting to ECGI-derived VT exit sites could be ablated. ECGI activation maps should be compared to invasively acquired (endo- and epicardial) VT activation/propagation maps to investigate excitation accuracy, VT dynamicity and trajectories.

In absence of an ICD, CMR may replace CT for localization of ECGI electrodes and the heart geometry, thereby omitting radiation. Beyond ischemic cardiomyopathies, this model could be extended other cardiac diseases with increased susceptibility for VT/VF, including non-ischemic and idiopathic etiologies. In the latter, ECGI uncovered previously undetected functional repolarization abnormalities, crucial for arrhythmia formation (18). Next, the model could be improved by the incorporation of static and dynamic ventricular repolarization. Furthermore, integration of our model with existing computational frameworks (digital twinning) may aid in identifying ablation targets and predict VT recurrences (risk stratification). Finally, structural-functional image modeling may be of value in novel emerging non-invasive ablation strategies, such as stereotactic cardiac radioablation (45, 46).



4.4. Study limitations

This was a proof-of-concept study based on one exemplary case. We aimed to first develop the model before recruiting more patients, which is currently ongoing. Firstly, although the ECGI VT activation map and exit site were acquired during the procedure, the study data were merged and analyzed retrospectively. The VT ablation procedure was not guided by our model. Secondly, anatomies were merged based on visual inspection. Advanced merging methods may further improve results of invasive EAM vs. ECGI/3D-LGE CMR comparisons (26). Thirdly, we used an epicardial-only formulation of ECGI (17) which does not actively consider transmural fibrosis, although this method is most widely applied and the most extensively validated (27). Lastly, we used bright-blood validated LGE CMR thresholds for scar delineation in the ADAS3D program. However, upon further analysis, in this patient, altering this threshold affected EAM vs. CMR scar comparisons by <1%.




5. Conclusion

In this proof-of-concept study, we combined 3D-LGE CMR, CT and ECGI imaging modalities to develop a patient-tailored high-resolution non-invasive structural-functional model to investigate VT substrate and trigger in a case of recurrent VT in the setting of ischemic cardiomyopathy. The model accurately pinpointed the VT exit site, collocated areas of structural and functional corridors and provided insight into scar transmurality and endocardial voltage characteristics. Beyond existing methods, our model encompasses beat-by-beat functional electrical information, such as dynamic 3D activation patterns of spontaneous ventricular ectopics and the VT circuit.
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Introduction: The primary factor for cardiovascular disease and upcoming cardiovascular events is atherosclerosis. Recently, carotid plaque texture, as observed on ultrasonography, is varied and difficult to classify with the human eye due to substantial inter-observer variability. High-resolution magnetic resonance (MR) plaque imaging offers naturally superior soft tissue contrasts to computed tomography (CT) and ultrasonography, and combining different contrast weightings may provide more useful information. Radiation freeness and operator independence are two additional benefits of M RI. However, other than preliminary research on MR texture analysis of basilar artery plaque, there is currently no information addressing MR radiomics on the carotid plaque.

Methods: For the automatic segmentation of MRI scans to detect carotid plaque for stroke risk assessment, there is a need for a computer-aided autonomous framework to classify MRI scans automatically. We used to detect carotid plaque from MRI scans for stroke risk assessment pre-trained models, fine-tuned them, and adjusted hyperparameters according to our problem.

Results: Our trained YOLO V3 model achieved 94.81% accuracy, RCNN achieved 92.53% accuracy, and MobileNet achieved 90.23% in identifying carotid plaque from MRI scans for stroke risk assessment. Our approach will prevent incorrect diagnoses brought on by poor image quality and personal experience.

Conclusion: The evaluations in this work have demonstrated that this methodology produces acceptable results for classifying magnetic resonance imaging (MRI) data.

KEYWORDS
 stroke risk, MRI carotid plaque, deep learning, transfer learning, YOLO V3


1. Introduction

Global mortality and morbidity are primarily caused by cardiovascular disease (CVD), and 17.9 million fatalities each year globally are attributable to CVD, or 31% of all deaths (1). The primary factor for CVD and upcoming cardiovascular events is atherosclerosis. Atherosclerosis development and plaque formation in the vasculature, including the coronary and carotid arteries, are the primary causes of CVD (2). Plaque rupture or ulceration frequently leads to the development of a thrombus, which may embolize or occlude the lumen, blocking blood flow and resulting in myocardial infarction or stroke (3). The plaque is seen and screened using a variety of medical imaging techniques, the most popular of which are magnetic resonance imaging (MRI), computed tomography (CT), and ultrasound (US).

Recently, because of significant inter-observer variability, the texture of carotid plaques, as seen on ultrasonography, is variable and challenging to classify with the human eye. In order to determine the mechanical qualities caused by the influence of the lipid core and calcification within a plaque, numerical simulation is also employed to define the distribution and components of the plaque structure (4). Compared to CT and ultrasonography, high-resolution MR plaque imaging provides naturally superior soft tissue contrasts, and a combination of various contrast weightings may yield more insightful data. Two further advantages of MRI include operator independence and the absence of radiation. However, other than preliminary research on MR texture analysis of basilar artery plaque, there is currently no information addressing MR radiomics on carotid plaque (5).

Since medical images contain a plethora of information, many automatic segmentation and registration approaches have been investigated and proposed for use in clinical settings. Deep learning technology has lately been used in various industries to evaluate medical images, and it is particularly good at tasks like segmentation and registration. Several CNN architectures have been suggested that feed whole images with increased image resolution (6). Fully CNN (fCNN) was developed for segmenting images and was first introduced by Long et al. (7). However, fCNNs produce segmentations with lower resolution than the input images. That was brought about by the later deployment of convolutional and pooling layers, both of which reduce the dimensionality. For multiple sclerosis lesion segmentation, Brosch et al. (8) suggested using a 3-layer convolutional encoder network to anticipate segmentation of the same resolution as the input pictures. Kamnitsas et al. (9) used a deep learning technique to categorize ischemic strokes. Roy and Bandyopadhyay (10) examined Adaptive Network-based Fuzzy Inference System (ANFIS), a suggested method for categorizing cancers into five groups. The Gray-Level Co-Occurrence Matrix (GLCM) was used to obtain characteristics that were used to categorize and segment tumors using pre-trained AlexNet (11). In this research, we used various pre-trained deep learning models to the automatic segmentation of MRI carotid plaque for Stroke risk assessment. Deep learning networks have recently been repeatedly suggested for enhancing segmentation performance in medical imaging. Segmentation performance can be improved by combining segmentation and classification, regression, or registration tasks (12).



2. Proposed methodology

For automatic segmentation of MRI scans to detect carotid plaque for stroke risk assessment, there is a need for a computer-aided autonomous framework to classify MRI scans automatically. Deep learning technology has recently permeated several areas of medical study and has taken center stage in modern science and technology (13). Deep learning technology can fully utilize vast amounts of data, automatically learn the features in the data, accurately and rapidly support clinicians in diagnosis, and increase medical efficiency (14). In this research, we proposed a deep learning framework based on transfer learning to detect carotid plaque from MRI scans for stroke risk assessment. We used YOLO V3, Mobile Net, and RCNN pre-trained models, fine-tuned them and adjusted hyperparameters according to our dataset. All experiments in this paper are conducted on Intel(R) Celeron(R) CPU N3150 @ 1.60 GHz. The operating system is Windows 64-bit, Python 3.6.6, TensorFlow deep Learning framework 1.8.0, and CUDA 10.1. The proposed framework to address the mentioned research problem is shown in Figure 1.

[image: Figure 1]

FIGURE 1
 Proposed framework.



2.1. Data collection and statistics

The data of 265 patients were collected from the Second Affiliated Hospital of Fujian Medical University, in which 116 patients have a high risk of plaques, and the remaining 149 patients have a stable condition and have a low chance of plaques. The detailed process and parameters for the data collection are described in the following subsections.


2.1.1. Inclusion criteria

Carotid artery stenosis detected by ultrasound, CTA, MRA, and other numerical simulations (15) methods needs to be identified; ultrasound and CTA indicate plaque formation on the wall, regardless of whether the patient has clinical symptoms; carotid artery is not found by other imaging examinations Significant stenosis, but clinical symptoms: TIA and cerebral infarction of unknown cause. Magnetic resonance carotid artery scans were performed.



2.1.2. Scanning parameters

Philips 3.0 T MRI with 8-channel phased array surface coil dedicated for carotid artery assessment. Instruct the patient to lie down, keep calm during the scanning process, avoid swallowing, and place the jaw and neck in the center of the 8-channel phased array surface coil. First, the bilateral carotid arteries were scanned by coronal thin slice T2WI scanning, and the images were reconstructed to obtain the shape and stenosis position of the carotid arteries. The sequence and imaging parameters are as follows:

• Rapid gradient echo (3D MERGE): 3D motion sensitized driven equilibrium prepared; fast gradient echo (turbo field echo); duration of repetition (TR)/time of echo (TE) 9/4.2 ms; field of view (FOV) 25,164 cm3; spatial resolution (SR) 0.80.80.8 mm3; flip angle 6°; imaging time 4 min.

• 3D simultaneous noncontract angiography and intraplaque hemorrhage (3D SNAP): TFE TR/TE 10/4.8 ms, FOV 25 × 16 × 4 cm3, spatial resolution 0.8 × 0.8× 0.8 mm3, flip angle 11°/5°, imaging time 5 min.

• 3D time of flight (TOF): fast field echo (FFE) TR/TE 20/4.9 ms, FOV 16 × 16 × 4 cm3, spatial resolution 0.6 × 0.6 × 2 mm3, flip angle 20°, imaging time 6 min. Axial 3DTOF, fast spin echo (FSE)-based T1WI and T2WI scans were performed in the longitudinal range of 20–24 mm (10–12 layers) with the stenosis as the center, supplemented by fat suppression (FS). The positions of the patients’ T1WI, T2WI, and 3DTOF sequences were kept consistent, and the images of patients with carotid plaques were selected for further study. The images were post-processed by the MRI-VPD system, and Plaque View software was used to analyze the properties and components of carotid plaques. All analysis and measurement steps were performed independently by three senior radiologists. The above examinations were obtained with the consent of the patients and their families and signed informed consent.

The sample dataset is shown in Figure 2. Furthermore, we also show the dataset statistics in the table for better understanding as shown in Table 1.
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FIGURE 2
 Sample Dataset, whereby (A,B) represents the original and marked image for carotid plaque, respectively.




TABLE 1 Detailed statistics of the dataset.
[image: Table1]




2.2. Yolo V3

A deep learning network called YOLO identifies and categorizes objects in the input photos. The object detection task entails locating each object on the input image and classifying it according to the bounding box that surrounds it (16). A single Convolutional Neural Networks (CNNs) architectural model is used in the YOLO deep learning network to concurrently localize the bounding boxes of objects and classify their class labels from all images. The YOLO loss for each box prediction comprises coordinate loss due to the box prediction not covering an object as described in Eq. 1. Where oi is the output value, and ti is the target value.

[image: image]

The primary addition here is that YOLO V3 is able to extract more valuable semantic data from the up-sampled features during training. Table 2 displays the whole model architecture and hyper parameter details.



TABLE 2 YOLO V3 hyper parameters.
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2.3. MobileNet

The MobileNet model is the first mobile computer vision model for TensorFlow and is designed for mobile applications, as its name suggests. MobileNet uses depth-wise separable convolutions and features filters/kernels that are [image: image]. It significantly lowers the number of parameters when compared to a network with conventional convolutions of the same depth in the nets, and the convolution operation is represented in Eq. 2

[image: image]

The result of this is lightweight deep neural networks. The new architecture requires fewer operations and parameters to accomplish the same filtering and combination procedure as a typical convolution. The entire model architecture and hyperparameter details are displayed in Table 3, where each line represents a sequence of one or more identical layers (modulo stride) repeated n times and an expansion factor of t. Both layers share the output channel number c for the identical sequence. Every sequence starts with a stride, and all subsequent layers also employ a stride. All spatial convolutions employ 3×3 kernels.



TABLE 3 Mobile net model hyper parameters.
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2.4. R-CNN

The sliding-window paradigm is the foundation of the previous localization strategy for CNN, however, it struggles to achieve acceptable localization precision when working with more convolutional layers. The, the authors suggested using the region paradigm to address the CNN localization issue (17). Three modules make up the R-CNN design principle (1). The first module aims to produce a set of category-independent region recommendations using selective search (18), a search method that combines the best aspects of exhaustive search and segmentation intuitions.

One of the best techniques for reducing overfit is increasing the training dataset’s size. The training images were automatically resized using an augmented image dataset. Our pre-trained deep learning model avoids over-fitting by using the dropout layer.




3. Results and discussion

Global mortality and morbidity are primarily caused by cardiovascular disease (CVD), and 17.9 million fatalities each year globally are attributable to CVD, or 31% of all deaths. Atherosclerosis is the primary factor for CVD and upcoming cardiovascular events (19). The main causes of CVD are atherosclerosis development and plaque production in the vasculature, including the coronary and carotid arteries. Since medical images contain a plethora of information, many automatic segmentation and registration approaches have been investigated and proposed for use in clinical settings. Recently, deep learning technology has been used in various industries to analyze medical images. In this research, we proposed a deep learning framework based on transfer learning to detect MRI scans into a carotid plaque for stroke risk assessment. We used YOLO, Mobile Net, and RCNN pre-trained models, fine-tuned them and adjusted hyperparameters according to our problem. The data of 265 patients were collected from the Second Affiliated Hospital of Fujian Medical University, in which 116 patients have a high risk of plaques, and the remaining 149 patients have a stable condition and have a low risk of plaques. Then, using a random selection approach, we divide the data in the ratio of 70% for training and 30% for the testing set.

Our trained YOLO model achieved 94.81% accuracy, RCNN achieved 92.53% accuracy, and Mobile Net achieved 90.23% in identifying carotid plaque from MRI scans for stroke risk assessment. We used accuracy and loss graphs to evaluate the performance of our model. According to our dataset, Figures 3, 4A,B respectively, show the training and validation accuracy and training and validation loss for the YOLO V3 Mobile Net models. Similar to Figure 5, which uses the RCNN model to identify carotid plaque from MRI scans for stroke risk assessment, Figure 5A shows the training loss and training accuracy, and Figure 5B shows the validation loss and validation accuracy.

[image: Figure 3]

FIGURE 3
 Accuracy and Loss graph using the YOLO V3. (A) Representing the training and Validation accuracy while (B) representing the training and validation loss of YOLO V3 model according to our dataset.


[image: Figure 4]

FIGURE 4
 Accuracy and Loss graph using the RCNN. (A) representing the training and validation accuracy while (B) representing the training and validation loss of RCNN model according to our dataset.


[image: Figure 5]

FIGURE 5
 Accuracy and Loss graph using the Mobile Net. (A) Representing the training loss and training accuracy while (B) representing the validation loss and validation accuracy of the Mobile Net model according to our dataset.


Table 4 lists the classification accuracies in terms of sensitivity and specificity for each pixel in the testing set. Both blinded manual and automated segmentation yield similar results, showing high specificities for all tissue categories and great sensitivity for fibrous tissue. In contrast to the loose matrix, which has very poor sensitivity, necrotic core and calcifications sensitivity is good. This metric is pessimistic for small locations, like the majority of calcifications and confusion matrix, which can mainly cause a slightly lower sensitivity. The segmentation result in Figure 6 serves as an illustration of this observation.



TABLE 4 Pixel-wise segmentation accuracy.
[image: Table4]

[image: Figure 6]

FIGURE 6
 The following segmentation results are displayed on a T2-weighted image. (A) Automatic labeling result by Gaussian classifier. (B) Probability map and region contours based only on intensity, with a necrotic core in green, calcification in a red, loose matrix in blue, and fibrous tissue in gray. (C) Corresponding results with morphologic information. (D) Manual segmentation result. (E) Corresponding histology specimen used to direct contour placement in (D) dark areas.


The relationship or trade-off between clinical sensitivity and specificity for each potential cut-off for a test or set of tests is usually depicted graphically using ROC curves. The performance of two or more diagnostic tests is compared using the ROC curve (20), which is used to evaluate a test’s overall diagnostic performance. It is also used to choose the best cut-off value for assessing whether a disease is present. Figure 7 represents the performance of three models by using the ROC curve. Here (a) illustrates the performance of the YOLO V3 model to detect carotid plaque from MRI scans for stroke risk assessment. Similarly, (b) represents the performance of Mobile Net in terms of the confusion matrix, and (c) illustrates the performance of the RCNN model to detect carotid plaque from MRI scans for stroke risk assessment.

[image: Figure 7]

FIGURE 7
 ROC curves for three models. Whereby (A–C) represents the performance of the YOLO V3, MobileNet, and RCNN, respectively, to detect carotid plaque from MRI scans for stroke risk assessment.


In this research, we proposed a deep learning framework based on transfer learning to detect carotid plaque from MRI scans for stroke risk assessment. We used to detect carotid plaque from MRI scans for stroke risk assessment pre-trained models, fine-tuned them, and adjusted hyperparameters according to our problem. The proposed framework assists the radiologist in early and accurate carotid plaque detection from MRI scans for stroke risk assessment. Our proposed framework also improves the diagnosis and addresses other challenges in MRI diagnosis due to various issues. Furthermore, we have compared our proposed framework performance with the previously proposed approach shown in Table 5 (23–26).



TABLE 5 Comparative accuracy of the proposed approach with previous proposed studies.
[image: Table5]



4. Conclusion

In this study, we concluded that deep learning-based methods for stroke risk assessment are the most promising and successful. Our trained YOLO model achieved 94.81% accuracy, RCNN achieved 92.53% accuracy, and Mobile Net achieved 90.23% in identifying carotid plaque from MRI scans for stroke risk assessment. Using accuracy, loss graphs, and ROC curves, we evaluated the performance of our model and found that the suggested framework performed better. Our approach will prevent incorrect diagnoses brought on by poor image quality and personal experience. The evaluations in this work have demonstrated that this methodology produces acceptable results for classifying MRI data. Future applications may employ extreme learning as a more sophisticated classifier for plaque categorization issues.



5. Limitations and future work

Deep learning requires a large amount of data to improve performance and avoid over-fitting. It is difficult to acquire medical imaging data of low-incidence serious diseases in general practice. Due to differences in patients and the appearance of the prostate, future work will focus on testing the model with a more extensive data set. The, even though the results of studies have the potential for deep learning associated with different kinds of images, additional studies may need to be carried out clearly and transparently, with database accessibility and reproducibility, in order to develop valuable tools that aid health professionals.
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Atrial fibrillation (AF) is the most common complication of cardiac surgery, occurring in up to half of patients. Post-operative AF (POAF) refers to new-onset AF in a patient without a history of AF that occurs within the first 4 weeks after cardiac surgery. POAF is associated with short-term mortality and morbidity, but its long-term significance is unclear. This article reviews existing evidence and research challenges for the management of POAF in patients who have had cardiac surgery. Specific challenges are discussed in four phases of care. Pre-operatively, clinicians need to be able to identify high-risk patients, and initiate prophylaxis to prevent POAF. In hospital, when POAF is detected, clinicians need to manage symptoms, stabilize hemodynamics and prevent increases in length of stay. In the month after discharge, the focus is on minimizing symptoms and preventing readmission. Some patients require short term oral anticoagulation for stroke prevention. Over the long term (2–3  months after surgery and beyond), clinicians need to identify which patients with POAF have paroxysmal or persistent AF and can benefit from evidence-based therapies for AF, including long-term oral anticoagulation.
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Introduction

Each year, more than a million adults undergo cardiac surgery in North America and Europe; this number is expected to increase along with an aging population and a growing burden of co-morbidities (1–3). Postoperative atrial fibrillation (AF) is the most common complication after cardiac surgery, occurring in up to 50% of patients (4). POAF is associated with adverse outcomes and poses significant management challenges to clinicians.

Patients who develop POAF have strokes at roughly four times the rate as those who do not and twice as likely to die (4–6). Patients with POAF spend longer in hospital, including up to 2 days more in the intensive care unit and an additional 3 days the hospital overall (5–8). Moreover, they are 30% more likely to be readmitted to hospital in the month after surgery (5–8). In the early years following surgery, patients who had POAF experience a 2-to-4 fold increase in their risk of stroke and a 25% increase in the risk of death (5, 9).

Despite the prevalence and impact of POAF, there is marked uncertainty and practice variability with respect to its prevention and treatment. This article defines POAF and reviews the main clinical challenges and research questions for patients with POAF across the peri-operative patient journey (Figure 1).

[image: Figure 1]

FIGURE 1
 Management challenges for patients with POAF after cardiac surgery.



What is post-operative atrial fibrillation?

POAF refers to new-onset AF (i.e., in a patient without a prior history of the arrythmia) occurring early enough after surgery that there is uncertainty as to whether it is a ‘reversible’ entity that was “caused” by surgery or paroxysmal/persistent AF that was first detected around the time of surgery (10).

POAF after cardiac surgery is understood to have a complex pathophysiology. Acute factors (e.g., inflammation, adrenergy, vasoactive medications, ischemia, metabolic disturbances, volume overload, operative manipulation of the heart) and fixed substrate (e.g., valvular disease, atrial myopathy, hypertension) are thought to interact to trigger arrhythmia (11, 12). Studies using continuous ECG monitoring have described episodic increases in AF in the post-operative period, beyond background rates. These studies have shown that the incidence and prevalence of POAF peak around the second to third post-operative day and then decrease, leveling off in the third and fourth weeks after surgery (13–15). In a study by Bidar et al., the prevalence of AF reached 5% on the first post-operative day and stayed at this level until the 16th post-operative day, whereafter it remained around 2% for the 14 remaining days of follow-up (14). In the SEARCH-AF trial, the overall incidence of AF did not increase beyond the fourth week of continuous ECG monitoring (15). Based on these patterns, AF that occurs within 28 days post-operatively should be classified as post-operative AF, and of uncertain long-term significance. In contrast, AF occurring after 28 days post-operatively should considered to be paroxysmal or persistent AF, rather than a potentially “reversible” form of AF. For patients with POAF, clinicians have many challenges. They are tasked with preventing the arrhythmia in at-risk patients, mitigating its negative effects in the months after surgery, and identifying patients who have AF recurrence beyond 28 days post-operatively to match them with evidence-based therapies for the general AF population.



Prevention and prediction of POAF

Researchers have devoted significant resources to developing models to predict POAF and to identifying safe and effective therapies to prevent it. Accurate prediction is desirable to identify the highest risk patients for both intensive monitoring and targeted prophylaxis.

Dozens of papers have been published assessing different risk scores for predicting POAF. Most of these papers use scores that were developed for other purposes [e.g., the EuroScore for predicting mortality after cardiac surgery, (16) or the CHADS-VASc score for predicting stroke risk in AF patients (17)] and perform only modestly. A dedicated POAF score (incorporating age, chronic obstructive pulmonary disease, emergency operation, preoperative intra-aortic balloon pump, left ventricular ejection fraction <30%, estimated glomerular filtration rate < 15 mL/min/m2 or dialysis and valve surgery) was published in 2014 but has not been widely implemented in clinical practice nor in subsequent research (18). There is a clear need for improved performance and implementation of risk scores. Scores that leverage a wide variety of clinical and surgical characteristics and modern tools such bio-informatics (including polygenic risk scores, proteomics, biomarkers) and artificial intelligence may offer the best prediction and discrimination.

A number of therapies have been tested for the prophylaxis of POAF. Among these, beta-blockers have some of the most robust evidence. A 2019 Cochrane systematic review including 63 randomized trials concluded that beta-blockers reduced the risk of POAF (relative risk (RR) 0.50, 95% CI, 0.42–0.59; I2 = 59%) (19). However, the evidence was rated as low certainty due to several studies being at high risk of bias and a moderate level of statistical heterogeneity that was not explained through subgroup analysis. Moreover, there was uncertainty about safety with wide confidence intervals around effect estimates for hypotension and stroke, and concerns that the evidence was rated as moderate due to several studies being at high risk of bias. Clinical practice guidelines from the Canadian Cardiovascular Society (CCS), European Society of Cardiology (ESC), and European Association for Cardiothoracic Surgery (EACTS) all recommended perioperative beta-blocker therapy to prevent POAF after cardiac surgery (12, 20, 21). Despite these data and guideline recommendations, beta-blockers are not always used for prophylaxis. A survey conducted by the Society of Cardiovascular Anesthesiologists (SCA) and the European Association of Cardiothoracic Anesthetists (EACA) found divergent practices with respect to the perioperative use of beta-blockers (22). The proportion of providers who said that they nearly always followed the guideline recommendations for beta-blocker prophylaxis was 43%, whereas 36% reported that they followed the guideline sometimes, and 21% reported that they rarely follow the guidelines. This survey found that the perception that the risks of hypotension outweighed the benefits was the most common reason for non-use of beta-blockers. Landiolol is an ultra-short acting beta-1 selective beta blocker that is used in Japan and in some European countries and is currently under investigation elsewhere (23, 24). Landiolol may offer effective prophylaxis against POAF without adverse hemodynamic effects.

Amiodarone has been proven in trials to be effective for the prevention of POAF (25, 26). However, the SCA/EACA survey also established that it is not widely used, due to risk of side effects and need for loading doses beginning days in advance of surgery (22). A comprehensive 2013 Cochrane Review of interventions for POAF prophylaxis identified 118 studies with 138 treatment groups and 17,364 participants (26). In addition to efficacy for beta-blockers and amiodarone, the review found a reduction in POAF associated with each of the other studied interventions, including: sotalol, magnesium, atrial pacing and posterior pericardiotomy. Interventions were associated with shorter lengths of stay and reduced cost. Several other approaches are under investigation, including botulinum toxin and neuro-modulation (27, 28). Successful strategies will require demonstration of safety and efficacy in addition to ease of administration and knowledge translation.



In-hospital treatment of POAF

The 25–50% of cardiac surgery patients who develop POAF are in need of therapy to prevent short term-consequences. During this phase of care, the main goals are minimizing symptoms, stabilizing hemodynamics and preventing increases in hospital length of stay. For these patients, clinicians have a choice of two broad strategies: rhythm control and rate control. Rhythm control focuses on restoring and maintaining sinus rhythm with anti-arrhythmic drugs or electrical cardioversion. In contrast, rate control uses one or more negative chronotropic drugs to control the ventricular rate. We conducted a systematic review, finding 8 randomized trials that included 990 patients and concluded that evidence suggests no clear advantage to either rhythm or rate control for length of stay, AF recurrence or mortality (29). We judged the quality of evidence to be low due to risk of bias and imprecision. In these studies, AF recurrence was ascertained using single resting 12-lead ECGs. The dominant trial in this review was published 2016 by Gillinov et al. (30). That study enrolled 2,109 patients pre-operatively, and from the 695 (33.0%) who developed POAF, they randomized 523 patients to an initial rate or rhythm control strategy. The recommended dose of amiodarone was the equivalent of 3 g of oral amiodarone before hospital discharge, with a maintenance dose of 200 mg per day for 60 days. The authors found no difference in the primary outcome of number of hospital days at 60 days follow-up (median, 5.1 days and 5.0 days p = 0.76) nor in the rates of overall serious adverse events (24.8 per 100 patient-months in the rate-control group and 26.4 per 100 patient-months in the rhythm-control group, p = 0.61). The authors did demonstrate that continued freedom from AF, as ascertained using 12-lead ECGs at days 0, 30 and 60, was more common in the rhythm control group, as compared to the rate control group (97.9% vs. 93.8%. p = 0.02). This trial has important limitations, which may have led to it showing no difference in length of stay. Because this trial enrolled patients before the development of AF, the population included a mix of high and low risk (e.g., those with very short durations of AF) patients; this may have obscured clinical benefit. Additionally, the rate of cross-over between arms was extreme, reaching 25% in both groups. Cross-overs were driven by lack of efficacy in the rate control arm and side effects in the rhythm control arm. Overall, this trial showed a high use of rhythm control among patients with POAF and that amiodarone therapy reduces AF. However, questions regarding the efficacy of a rhythm control to reduce clinical outcomes remain because of limitations of the study. Among major international guidelines published after this trial, only the 2017 EACTS Guidelines and the 2020 CCS Guidelines mention this trial directly (12, 20, 21, 31, 32). The 2020 CCS Guidelines simply recommend that “AF after cardiac surgery may be appropriately treated with a rate control strategy or a rhythm control strategy” (Strong Recommendation; Moderate-Quality Evidence) (12). In contrast, the 2017 EACTS Guidelines appraised the trial, noting the above limitations, and recommended “rhythm control in patients with hemodynamically stable POAF” (Class I, Level B) and stated that “rate control can be considered in hemodynamically stable, asymptomatic patients” (Class IIa, Level B) (20). The current guidelines leave considerable flexibility for clinicians to tailor therapy to patient needs. A larger randomized trial that focuses on higher risk patients and minimizes cross-overs will help clarify for what group of patients with POAF, if any, rhythm control is effective.



Short-term (first 1–3 months) therapy post discharge

Patients with POAF after cardiac surgery are 30% more likely to be readmitted to hospital in the month after surgery (5–8). Despite the uncertainty in efficacy as outlined in the previous section, rhythm control remains the most-used strategy during this phase of care. A report of 166,747 patients who developed POAF after CABG (incidence 24%) in the Society of Thoracic Surgeons Adult Cardiac Surgery Database from 2011 to 2018 showed that more than three-quarters were discharged on amiodarone (33). Despite the frequency of its use, there is little guidance on how to provide rhythm control of AF after cardiac surgery. Clinical practice guidelines recommend amiodarone for at least 4 weeks when rhythm control is chosen. However, these documents do not cite any primary evidence to support these recommendations. The CCS Guidelines suggest 6–12 weeks of therapy with amiodarone (12, 34, 35). The ESC/EACTS guidelines suggest 4 weeks of therapy with amiodarone (20, 21, 36). The American Association of Thoracic Surgeons (AATS) guidelines suggest 4–6 weeks of therapy with amiodarone (37). Among these, only the AATS guideline provides dosing recommendations: 150 mg IV over 10 min; then 1 mg/min infusion for 6 h; then 0.5 mg/min IV continuous infusion for 18 h or change to oral administration at 100–400 mg daily. Amiodarone has unique pharmacokinetics. Due to its cationic and amphiphilic profile, it is trapped in body tissues and then released slowly into the plasma. Thus, therapeutic plasma concentrations of amiodarone can persist for weeks after dosing has stopped (38). Therefore, a shorter course of amiodarone may be sufficient to provide plasma concentrations to counteract the front-loaded pro-arrhythmic process that occur following surgery. A shorter amiodarone regimen has three potential advantages. First, patients and physicians are often hesitant to use ongoing amiodarone because of its potential side effects (39). Patients who receive amiodarone frequently stop their medication prematurely (25). In the Gillinov trial of rate versus rhythm control, 15–20% of amiodarone users abandoned therapy early due to side effects (30). Although amiodarone toxicity from short-term use is uncommon, short courses can disturb thyroid function and rarely result in acute respiratory distress syndrome (40–43). A shorter course of amiodarone may enable compliance while minimizing side effects. Second, amiodarone interacts with many drugs that are commonly used after cardiac surgery, including warfarin, statins and calcium channel blockers. Observational data suggest higher rates of bleeding in patients receiving amiodarone and oral anticoagulation (OAC) compared to OAC alone (33). Finally, for some patients, POAF is the first manifestation of paroxysmal AF, while in others the arrhythmia can be considered a reversible complication of surgery. The simplest way to make this distinction is for the patient to undergo continuous ambulatory ECG monitoring after they have recovered from surgery. Amiodarone confounds this assessment. With a shorter course of amiodarone, this assessment can be done earlier, which could limit unnecessary exposure to OAC and allows patients to be selected for therapies to prevent symptoms and progression of AF. Given the predominance of rhythm control with amiodarone and the limited data that inform how it should be provided, generating evidence on optimal use of rhythm control is a priority.

The role of short-term oral anticoagulation for stroke prevention in patients with POAF is unclear. The risk of bleeding is higher close to surgery and much of the AF is thought to be transient (6). The open-label, randomized Anticoagulation for New-Onset Post-Operative Atrial Fibrillation After CABG (PACES) trial (NCT04045665) is assessing the safety and efficacy of OAC in this population.



Long-term therapy (2–3 months and beyond) post discharge

POAF is thought to be a reversible entity in a large proportion of patients (4, 20, 21). However, an important subset of patients with POAF have paroxysmal or persistent AF and can benefit from long-term OAC for stroke prevention. Proven strategies are needed to help identify this group of patients. In POAF patients, AF frequently disappears as patients recover from surgery. What is not known is to what degree patients who manifest POAF have a propensity for future development of AF. This uncertainty affects the view of whether or not a patient with POAF can be considered to have true, “clinical” AF and therefore the accompanying risks of stroke, mortality and heart failure and likewise the propensity to respond to established treatments for AF. Perception of the risk of AF recurrence after an episode of POAF affects how patients are managed in terms of rhythm monitoring and prescriptions, including thromboprophylaxis. In the early years following surgery, patients who had POAF carry a 2-to-4-fold increase in their risk of stroke and a 25% increase in the risk of death (5, 9). This population’s absolute event rates are higher than in controls without AF, but lower than in patients with the common form of AF. The subset of patients with POAF who are at long-term risk for adverse events are expected to have recurrent AF episodes. The 2020 ESC AF Guidelines stated: “Long-term OAC therapy to prevent thromboembolic events may be considered in patients at risk for stroke with postoperative AF after cardiac surgery, considering the anticipated net clinical benefit of OAC therapy and informed patient preferences.” (21). However, this is only a Class IIb recommendation, with level B evidence. The 2020 CCS guidelines recommend that “patients who have experienced AF after cardiac surgery be followed indefinitely for the possible emergence of recurrent clinical AF.” However, they do not give any recommendations on how to do this. The 2014 American College of Cardiology/American Heart Association/Heart Rhythm Society guidelines acknowledged that we are lacking in data to direct the long-term management of patients with POAF (44).

Some data exist on the recurrence of AF following POAF, but studies are either limited by retrospective designs relying on opportunistic diagnosis of AF or use of implantable lop recorders (ILRs), a tool that is impractical for routine clinical practice. A prospective study of 80 patients who were enrolled in a randomized trial of left atrial appendage occlusion found that over a mean follow-up of 3.7 ± 1.6 years, AF recurrence, as documented in electronic hospital medical records, occurred in 43.8% of patients (45). Patients with POAF had 12.24 times higher hazard ratio for AF during follow-up (95% CI 4.76–31.45, p < 0.001) as compared to the group without POAF. In a 73,543-person retrospective cohort study of cardiac surgical patients using administrative data, recurrence of AF after discharge, as ascertained through health care claims codes was 22.2% at one-year (9). This was significantly higher than the rate of AF in patients without POAF (4.7%). At least three small studies have used ILRs to monitor for AF recurrence beyond 1 month in patients with POAF following cardiac surgery (13, 46, 47). The number of patients with POAF ranges from 23 to 42 and AF recurrence rates range from 33 to 76%. Together, these data establish that AF recurrence after POAF could be common. There is however, very little evidence using ECG monitors that can be widely implemented in clinical care; ILRs are invasive and cost several thousand dollars per patient and are thus impractical for use in routine clinical care. Another important limitation is that the ILR studies of POAF patients did not include a comparator group. In the ASSERT-II study, 256 non-surgical patients without a history of AF received an ILR and were followed for 16.3 ± 3.8 months, AF ≥5 min was detected in 34.4% of participants (95%CI, 27.7–42.3) (48). This is comparable to the rates of AF that were seen in the small ILR studies of POAF patients. Thus, a comparator group is needed to show that the finding of increased AF is unique to the POAF population. Prospective studies are needed to better define the recurrence rate of AF after POAF. These studies should use systematic follow-up with contemporary continuous ECG technology and a control population that is free of POAF. These studies should also be large enough to explore predictors of AF recurrence, including left atrial size, which has been identified as a strong predictor of AF in other populations (48, 49).



Summary

Atrial fibrillation (AF) is the most common complication of cardiac surgery, occurring in up to half of patients. Post-operative AF (POAF) refers to AF in a patient without a history of AF that occurs within the first 4 weeks days after cardiac surgery. POAF occurs after 25–50% of cardiac surgeries, and associated with short-term mortality and morbidity, but its long-term significance is unclear. POAF brings unique challenges at different points in the patient journey.

Pre-operatively, clinicians need to be able to identify high-risk patients, and initiate prophylaxis to prevent POAF. In hospital, when POAF is detected, clinicians need to manage symptoms, stabilize hemodynamics and prevent increases in length of stay. In the month after discharge, the focus is on minimizing symptoms and preventing readmission. Some patients require short term oral anticoagulation for stroke prevention. Over the long term (2–3 months after surgery and beyond), clinicians need to identify which patients with POAF have paroxysmal or persistent AF and require long-term oral anticoagulation and/or rate and rhythm control. Each phase of care is in need of further research to guide clinical care (Box 1).


Box 1. Key Clinical Problems and Knowledge Needed to Improve the Care of Patients with Post-operative AF After Cardiac Surgery
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Severe aortic stenosis (AS) is the most common valvular heart disease with a prevalence rate of more than 4% in 75-year-old people or older. Similarly, cardiac amyloidosis (CA), especially “wild-type transthyretin” (wTTR), has shown a prevalence rate ranging from 22% to 25% in people older than 80 years. The detection of the concomitant presence of CA and AS is challenging primarily because of the similar type of changes in the left ventricle caused by AS and CA, which share some morphological characteristics. The aim of this review is to identify the imaging triggers in order to recognize occult wtATTR-CA in patients with AS, clarifying the crucial step of the diagnostic process. Multimodality imaging methods such as echocardiography, cardiac magnetic resonance, cardiac computed tomography, and DPD scintigraphy will be analyzed as part of the available diagnostic workup to identify wtATTR-CA early in patients with AS.


KEYWORDS
cardiovascular imaging, aortic stenosis, cardiac amyloid, echocardiography, magnetic resonance imaging, scintigraphy





Introduction

Severe aortic stenosis (AS) is the most common valvular heart disease with a prevalence rate of more than 4% in 75-year-old people or older (1). In postmortem studies (2, 3), cardiac amyloidosis (CA), especially “wild-type transthyretin” (ATTRwt), has shown a prevalence rate ranging from 22% to 25% in people older than 80 years, with a predominance for male patients. The detection of the concomitant presence of CA and AS is seeing an increase because of new available diagnostic tools. However, the diagnostic process is challenging primarily because of the similar type of changes in the left ventricle (LV) structure and function caused by AS and CA, which share some morphological characteristics (4). Diagnostic management of these conditions appears critical, as it has been shown that the association of AS and CA increases the risk of mortality, especially because both pathologies are associated with heart failure (HF) development (5–8).

In a case series, ATTRwt-CA has been found in 6% of patients with AS aged >65 years undergoing surgical aortic valve replacement. Moreover, it has been associated with a mortality rate of 50% (9). The prevalence of occult ATTRwt-CA is even higher among patients undergoing trans-catheter aortic valve replacement (TAVR), settling at 16% and reaching 22% in males (10), probably because of the older age of the population. Similarly, in diagnosed ATTRwt-CA patients, the prevalence of moderate to severe AS was high, with a rate of 27% (11). On the other hand, the prevalence rate of moderate to severe AS is only 9% in people diagnosed with light chain (AL)-CA (12). In fact, the coexistence of ATTRwt-CA and AS is more common than that of AL-CA and AS because of the different ages of presentation and the natural history of the disease (9, 13). Indeed, AL-CA usually affects people in the sixth or seventh decade and has a poor prognosis, because it is the consequence of a hematological disorder (i.e., multiple myeloma) (12). Some clinical characteristics are suggestive of the presence of CA: bilateral carpal tunnel syndrome, disproportionate HF symptoms, and intolerance to antihypertensive drugs. Patients with CA usually show higher levels of cardiac biomarkers, such as N-terminal brain natriuretic peptide (NT-proBNP) and cardiac troponin (cTn), and specific alterations of the electrocardiogram (ECG) (Figure 1), including atrial fibrillation (AF) (14, 15).


[image: Figure 1]
FIGURE 1
An imaging algorithm proposed to evaluate the presence of ATTRwt-CA in severe AS.


The diagnosis of CA in AS is challenging, particularly when echocardiographic phenotypical abnormalities (such as LV size, function, mass, and stroke volume) are attributed to AS (16). Transthoracic echocardiography (TTE) remains the first diagnostic approach to detect those features, which helps raise clinical suspicion. Subsequently, second-level diagnostic examinations must be performed. Scintigraphy with bone tracers has become essential for definitive diagnosis. The aim of this review is to identify the imaging triggers in order to recognize occult ATTRwt-CA in patients with severe AS, clarifying the crucial step of the diagnostic process.



Echocardiography

Echocardiographic evaluation is the gold standard for AS diagnosis (17) and TTE is the first imaging approach when concomitant ATTRwt-CA and AS are suspected. Nowadays, several specific parameters have been reported to be useful in the diagnosis of ATTRwt-CA patients. The most frequent TTE parameters are based on LV and right ventricular (RV) wall thickening, elevated left-sided filling pressures (measured by E/e′ ratio), restrictive filling pattern, reduced peak systolic tissue velocity, thickening of atrioventricular valves and atrial septum, biatrial dilation, and mild pericardial effusion (12). The typical finding of granular sparkling of myocardium is detected in the advanced stages of ATTRwt-CA (12–19). In contrast, the indices of diastolic dysfunction and increased wall thickness are encountered at the early stages. Most of these parameters are common findings in patients with AS, making the differential diagnosis challenging. However, patients with ATTRwt-CA and severe AS appear to have a higher LV wall thickness, LV mass, and grade of diastolic dysfunction compared with patients with only severe AS (5, 10) (Figure 1). Moreover, a lower stroke volume index (SVi) and reduced lateral and septal mitral annular tissue Doppler systolic velocities (S′) have been described in patients with AS and concomitant ATTRwt-CA (5, 10).

Although two-dimensional TTE with Doppler and Tissue Doppler imaging are the first steps to identify the presence of AS with concomitant ATTRwt-CA, it is often difficult to differentiate the impact of both conditions on myocardial function, making it necessary to integrate the diagnostic assessment with other methods. Speckle tracking echocardiography (STE) is crucial in the assessment of CA patients because of two typical features: reduced global longitudinal strain (GLS) and the apical sparing pattern (20, 21). In ATTRwt-CA, GLS, as a myocardial deformation index, is reduced in the early phases. In one study, reduced GLS values correlated to AS severity, amyloid myocardium infiltration, and fibrosis proliferation (22). GLS impairment in ATTRwt-CA has a characteristic pattern called “apical sparing,” which refers to the relative reduction of the myocardial deformation of the basal segments compared with the apex (23). The coexistence of severe AS and ATTRwt-CA is associated with an early decrease of GLS: a value of −14% is sensitive but not specific for identifying ATTRwt-CA in patients with AS [area under the curve (AUC) 0.75] (24). Moreover, the apical sparing pattern is both sensitive and specific for the diagnosis of ATTRwt-CA in patients with increased left ventricular wall thickness (25). Significantly, reduced LV longitudinal deformation is common in patients with concomitant ATTRwt-CA and AS, when compared with patients with only AS (4, 9). The pattern apical sparing in patients with both AS and ATTRwt-CA has good accuracy (sensitivity 88%, specificity 68%, AUC 0.73) to diagnose ATTRwt-CA in patients with severe AS. Since the presence of apical sparing is common in AS even in the absence of ATTRwt-CA, it should be considered in combination with other echocardiographic parameters to raise the suspicion of ATTRwt-CA disease (24). On the other hand, AS is responsible for elevated wall stress and increased afterload that may mask the presence of apical sparing (10, 26). Thus, the discriminatory capacity of STE in patients with both severe AS and ATTRwt-CA needs further investigation.

An identification of the echocardiographic predictors of ATTRwt-CA in patients with AS seems essential for achieving a better selection of patients for providing specific treatments. The best independent echocardiographic predictor of ATTRwt-CA in AS is mitral annular tissue Doppler (S′) velocity <6 cm/s, with 100% sensitivity and 57% specificity (AUC 0.95) (10). Other echocardiographic parameters are a higher left ventricular mass (5, 6, 9), higher left ventricular SVi and left atrial volume index (LAVi) (5), shorter deceleration time (<200 ms), higher E/A ratio, higher E/e′ ratio, and lower myocardial contraction fraction (MCF) (10, 27) (Table 1). MCF, obtained by the ratio of left ventricular stroke volume (SV) to myocardial volume (MV), has also been shown to be superior to EF for predicting mortality in patients with ATTRwt-CA (AUC of 0.83), because it is a volumetric measure of myocardial shortening strictly correlated with GLS (patients with AL CA have lower ECV values than those with ATTRwt-CA) (28). In fact, an MCF below 25% was independently associated with a significantly greater risk of death (29). In addition, only the SVi and LAVi are significantly associated with mortality in patients with both pathologies (Table 2).


TABLE 1 Imaging RED FLAGS for suspicion of ATTRwt-CA in severe AS patients.
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TABLE 2 Echocardiographic predictors of all-cause mortality in patients with aortic stenosis and ATTRwt-CA.
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Furthermore, the coexistence of both AS and ATTRwt-CA frequently results in a low-flow low gradient or a paradoxically low-flow AS (10–16). In patients with low-flow low-gradient AS and one or more TTE red flags, in addition to the TTE evaluation of AS values, the concomitant presence of amyloidosis must be suspected, especially in male patients over 65 years old (10, 17, 21, 29) (Table 3).


TABLE 3 Evaluation of the echocardiographic parameters of lone aortic stenosis vs. aortic stenosis associated with cardiac amyloidosis.
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Since echocardiographic parameters are crucial to predict the presence of cardiac amyloidosis, several risk scores have been developed, including the AL score and the IWT score by Boldrini et al. (20) and the AMYLY score by Aimo et al. (30). In addition, Vergaro et al. (31) showed that cardiac biomarkers (NT-proBNP <180 ng/L or hs-TnT <14 ng/L,) can refine the echocardiographic scores in patients with suspected CA and hematologic disease or an increased wall thickness.

Although available echocardiographic parameters may be useful in the clinical identification of CA (20), further investigations are needed to detect patients with concomitant conditions early by using standard and advanced echocardiography in clinical practice.



Cardiac magnetic resonance

Cardiac magnetic resonance (CMR) has a sensitivity of 93% for diagnosing ATTRwt-CA (32–34). Moreover, late gadolinium enhancement (LGE) and extracellular volume (ECV) play an important role in evaluating ATTRwt-CA interstitial deposition. The most frequent LGE patterns in CA are subendocardial and global transmural. However, there are a number of patients with heterogeneous patterns for which it is not possible to correctly distinguish the etiology based only on LGE distribution. Indeed, CMR can increase the suspicion of disease if typical findings of CA are present, but it cannot achieve a definite diagnosis nor can differentiate the amyloid type (i.e., AL vs. ATTR) (35–37).

In ATTRwt-CA, transmural LGE involvement of the RV (increased wall thickness) is found in 37%–97% of patients, while increased thickness of the left atrial wall is seen in 70%–90% (34, 38, 39). In the setting of AS, focal myocardial fibrosis is a frequent finding with a characteristic mid-wall scar pattern, which is an independent predictor of death and is associated with increased myocardial injury and diastolic and systolic dysfunction (40, 41). Moreover, CMR planimetry of the aortic valve area (AVA) may be used when there are some limitations for routine TTE, especially in those with low-flow low-gradient AS.

However, AS-ATTRwt-CA patients may present different combinations of the CMR-LGE pattern (e.g., nonischemic or mid-wall LGE), with a sensitivity of 25%, especially in the early stages, causing difficulties in ATTRwt-CA diagnosis (32–34, 42–45). In contrast, elevated native myocardial T1 mapping and ECV in ATTRwt-CA and severe AS are more sensitive than LGE imaging, also showing good diagnostic accuracy in the early stages (34, 45, 46).

Cavalcante et al. (5) assessed native T1 mapping and ECV values in patients with dual pathology (AS-ATTRwt-CA) and showed a higher native T1 and ECV values in patients with AS-ATTRwt-CA rather than in lone AS ones (mean ECV 41.2% ± 16.7 vs. 27.9% ± 4.1, p < .001; mean native T1 1,125 ms ± 49 vs. 1,035 ms ± 60, p .002). Subsequently, Nitsche et al. (32) confirmed the low sensitivity of distinctive LGE patterns in patients with combined clinical entities and showed that ECV increased the CMR power of discrimination (0.756 AUC) to differentiate AS from AS-ATTRwt-CA (Table 4).


TABLE 4 CMR predictor parameters of concomitant aortic stenosis–cardiac amyloidosis.
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Given the high cost, the availability of CMR seems to impact its ability to act as a suitable screening tool in patients referred for severe AS, although it has proved to be an emerging tool for the diagnosis and prognosis of AS-ATTRwt-CA patients. However, contrast-enhanced CMR with T1 mapping and ECV should be recommended as the second step (after echocardiography with deformation analysis) to screen patients with severe AS when there is a suspicion of concomitant ATTRwt-CA (Figure 1).



Cardiac computed tomography

There is limited evidence on the role of cardiac computed tomography (CT) in the diagnosis of ATTRwt-CA. Several studies have demonstrated a relationship between myocardial attenuation and iodine administration in patients with ATTRwt-CA, namely myocardial iodine concentration, providing a quantitative measure of total myocardial involvement (47). Moreover, myocardial iodine concentration accurately distinguishes ATTRwt-CA from other cardiomyopathies with a sensitivity of 100% and specificity of 92% (48). In fact, it has been shown that myocardial ECV assessed by means of CT well correlates with ATTRwt-CA because it reflects the myocardial interstitium (49–54). ECV assessment during CT evaluation in patients with AS undergoing TAVR has been recently demonstrated to reliably detect AS-CA with an AUC of 0.87. In addition, the measured ECV was able to track the degree of infiltration (54). From the practical point of view, additional acquisitions should be made for the calculation of the ECV, whereas a standard CT protocol for AS evaluation in patients undergoing TAVR does not provide such information. In fact, the formula for ECV quantification is complex and CT imaging requires a specific protocol with a dedicated software (51, 54).

Although preprocedural CT is routinely used for the treatment workup in patients undergoing TAVR, its diagnostic value to identify patients with concomitant AS-ATTRwt-CA has been poorly explored, warranting further studies. Myocardial ECV during routine CT pre-TAVR has been proposed as a possible tool to identify AS-ATTRwt-CA since it seems strictly related to the degree of infiltration (54) (Figure 1).



Bone scintigraphy

The first diagnostic algorithm for ATTR-CA was proposed and validated in 2016 (55). Then, the 2019 expert consensus stated that endomyocardial or extracardiac biopsy may be avoided if bone scintigraphy is available, after excluding the presence of monoclonal protein (56). Three technetium-labeled radiotracers have been evaluated for ATTR-CA identification: Tc-99m-pyrophosphate (PYP), Tc-99m-3,3-diphosphono-1,2-propanodicarboxylic acid (DPD), and Tc-99m_hydroxymethylene diphosphonate (HMDP) (57). Moreover, molecular imaging with targeted amyloid-binding positron emission tomography radiotracers [11C-Pittsburgh compound B (11C-PIB), 18F-florbetapir, and 18F-florbetaben] is an emerging diagnostic approach that may distinguish cardiac amyloidosis from other forms of heart disease (58–60). A grade 2 or 3 uptake on 99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy (Grade 0 = no uptake, Grade 3 cardiac uptake above rib level), using the Perugini score (61) with the concomitant absence of a monoclonal protein, has specificity and a positive predictive value of 100% for ATTR-CA (56). Cardiac uptake on bone scintigraphy, in fact, reflects the extent of ATTR-CA infiltration and correlates with echocardiography and laboratory alterations (61–64). Therefore, this imaging method is safer than cardiac biopsy for exclusion of ATTR-CA with a greater sensitivity in diagnosing occult ATTR-CA than CMR (9). Several studies (57, 64, 65) have demonstrated a strong correlation between cardiac uptake, cTn, and LV mass index despite LV mean wall thickness. However, genotyping is required to distinguish ATTRwt-CA from hereditary ATTR-CA (4).

Treibel et al. (9) showed that postoperative bone scintigraphy was diagnostic for ATTRwt-CA (Grade 2 cardiac uptake) in patients with severe AS undergoing aortic valve replacement, in agreement with the positivity of intraoperative biopsies. This allowed to identify a 6% prevalence of ATTRwt-CA in patients with severe AS. Instead, a prevalence of 16% of ATTRwt-CA in patients with severe AS (especially with the phenotype low-flow low gradient with a mildly reduced ejection fraction) undergoing TAVR was highlighted by Castaño et al. (10). In addition, Longhi et al. (16) detected the presence of ATTRwt-CA through bone scintigraphy on five of 43 patients with severe AS, which was also confirmed by endomyocardial biopsy.

Therefore, when echocardiography reveals a severe AS and one or more red flags for ATTRwt-CA (19, 20), or a low-flow low-gradient AS in elderly patients, DPD scintigraphy should be performed to rule out the suspicion of concomitant ATTR-CA (Figure 1). Bone scintigraphy provides additional information on elderly patients with severe AS and gives us the discretion of choosing the appropriate treatment to increase survival rates. Moreover, targeting patients with severe AS, especially those with low-flow low-gradient AS with preserved EF, allows an early diagnosis of ATTR-CA and timely treatment, so as to significantly reduce mortality and to guide treatment decision-making of AS (11).



Conclusion

The rate of the concomitant presence of ATTRwt-CA and severe AS is increasing, especially in the elderly population, in terms of the age-dependent penetrance of both conditions. When clinical characteristics and noninvasive imaging (i.e., TTE) suggest ATTRwt-CA in severe AS, it is important to perform an investigation using newer and combined imaging methods. The best diagnostic workup in severe AS with ATTRwt-CA remains a matter of debate. Indeed, several authors did not exclusively include ATTRwt-CA, but frequently AL and ATTR-CA, potentially biasing the interpretation of the results. This should be at least acknowledged as a limitation of this review.

However, to obtain maximal benefit from new and emerging therapies for ATTRwt-CA, an identification of concomitant conditions in the early stage of the disease should be the first goal. The issue whether ATTRwt-CA treatment should be initiated before or after approaching the valvular pathology needs further examination. Currently, available cardiovascular imaging tools should be routinely used to raise the suspicion of concomitant ATTRwt-CA-AS for an appropriate and precise diagnostic management of this condition.

The coexistence of ATTRwt-CA and severe AS in a patient has important implications for diagnosis, management, and prognosis. Screening for ATTRwt-CA in these patients is mandatory for tracking the growing prevalence of ATTRwt-CA [the median prevalence of AS and cardiac amyloidosis of 8% (CI, 5%–13%)] (66). For these purposes, a target therapy for ATTRwt-CA needs to be formulated before treatment is initiated for severe AS. Moreover, the treatment of AS improves survival rates even in ATTRwt-CA patients. Transcatheter aortic valve replacement may be preferred to surgery, given the high surgical risk and the fragility of the amyloid infiltrated tissue (4).

In clinical practice, when we approach an elderly patient with AS, especially if is a low-flow low-gradient one, we have to raise a suspicion for ATTRwt-CA after performing a careful clinical evaluation (bilateral carpal tunnel syndrome, hypotension or normotensive if previous hypertensive ECG pseudoinfarct pattern or low/decreased QRS voltage to the degree of LV thickness or AV conduction disease, disproportionally elevated NT-proBNP to the degree of HF, persisting elevated troponin levels) (67). However, the role of imaging is crucial for the screening, diagnosis, and staging of amyloidosis.

TTE is undoubtedly the first imaging method that raises the suspicion of amyloidosis in patients with AS. Through TTE, we evaluate the presence of AS and one or more of the following characteristics: granular sparkling of the myocardium, increased right ventricular wall and valve thickness, pericardial effusion, RV hypertrophy, elevated filling pressures and/or restrictive filling pattern, reduction of peak systolic tissue velocity, thickening of the atrioventricular valves and atrial septum, biatrial dilation, reduction of GLS, and apical sparing pattern. If one or more of the aforementioned echocardiographic features is present concomitant with AS (14), the second step is bone scintigraphy. However, there is no evidence on the use of bone tracers to stage cardiac amyloidosis, and the Perugini grade has not been shown to correlate with survival. Yet, bone scintigraphy (accompanied by hematologic tests) has been shown to play an increasingly high diagnostic role.

Subsequently, if echocardiographic parameters are undetermined, a second-level imaging evaluation can be performed, which is the CMR. An increased myocardial mass, ECV, native T1 mapping, and diffuse LGE allow to identify the amyloid disease. CMR may be used to identify typical features of cardiac amyloidosis, supporting efforts aimed at performing endomyocardial biopsy in the presence of a monoclonal protein and no abnormal cardiac uptake of bone tracers, especially when a histological analysis of extracardiac tissues fails to detect amyloid deposits.

CT is used routinely as a preprocedure in all patients undergoing TAVR; although some features may suggest the presence of concomitant cardiac amyloidosis (the presence of increased ECV and increased myocardial iodine concentration), its role in diagnosing it has not been validated. Therefore, although CT is a secondary imaging method, it must always be accompanied by CMR or bone scintigraphy for diagnosing amyloidosis.

It is important to take into consideration the fact that even if the ultimate goal of screening is to detect ATTRwt-CA, hematologic testing to rule out AL-CA and genetic testing to rule out ATTRv-CA are mandatory.

In conclusion, in patients with the concomitant presence of ATTRwt-CA and severe AS, a multidisciplinary assessment to evaluate the best suitable treatment approach is necessary. Accordingly, a multimodality imaging screening for amyloidosis should be performed in all elderly patients with AS in order to choose the best treatment strategy and to significantly reduce mortality.
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Heart failure results from various physiological and pathological stimuli that lead to cardiac hypertrophy. This pathological process is common in several cardiovascular diseases and ultimately leads to heart failure. The development of cardiac hypertrophy and heart failure involves reprogramming of gene expression, a process that is highly dependent on epigenetic regulation. Histone acetylation is dynamically regulated by cardiac stress. Histone acetyltransferases play an important role in epigenetic remodeling in cardiac hypertrophy and heart failure. The regulation of histone acetyltransferases serves as a bridge between signal transduction and downstream gene reprogramming. Investigating the changes in histone acetyltransferases and histone modification sites in cardiac hypertrophy and heart failure will provide new therapeutic strategies to treat these diseases. This review summarizes the association of histone acetylation sites and histone acetylases with cardiac hypertrophy and heart failure, with emphasis on histone acetylation sites.
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Introduction

Heart failure (HF), which occurs in the late stage of most cardiovascular diseases (CVDs), has a high mortality rate and worsens the patient life expectancy. The proportion of the population affected by HF is estimated to increase annually, placing a significant burden on public health in an aging society (1). Various CVDs can lead to HF via pathological cardiac hypertrophy. Cardiac hypertrophy is an important process of cardiac remodeling that is often caused by preload, such as hypertension, or afterload, such as myocardial infarction (2, 3). Cardiac hypertrophy is a compensatory mechanism that reduces oxygen consumption, normalizes the ventricular systolic pressure, and improves the ejection function. However, long-term stress, such as hypertension, eventually leads to HF and irreversible pathological cardiac remodeling. Cardiac hypertrophy also causes fibrosis and dysfunction, leading to HF (4, 5). Various biological regulatory processes are involved in cardiac hypertrophy and remodeling. Particularly, acetylation and deacetylation of histones via epigenetic modifications have attracted researchers' attention (6, 7). Histone acetylation and deacetylation are believed to play important roles in the regulation of gene expression, leading to cardiac hypertrophy and HF under stress. Histone acetylation is important for cardiac physiology and pathophysiology (8). However, the different sites of histone acetylation are not clearly understood. This review summarizes the potential mechanisms by which the differences in histone acetylation sites in the regulation of gene expression may be involved in the etiology of cardiac hypertrophy and HF. This review provides a better understanding of the regulatory mechanisms of histone acetylation in the pathogenesis of HF and suggests new therapeutic strategies for HF.



Histone acetylation in epigenetics

Epigenetics is currently one of the fastest-growing areas in biological research. Epigenetics plays an important role in many cellular processes, including regulation of gene expression and transcription, cell growth and differentiation, and chromosome remodeling and inactivation (8, 9). Epigenetics refers to the regulation of gene expression via reversible chemical modifications of the DNA, histones, and even chromatin structures, without changing the DNA sequence. Epigenetic processes primarily include DNA methylation, non-coding RNAs, and histone modifications (10). The nucleosome is composed of 147 bp of DNA wrapped around an octamer containing four histone proteins: H2A, H2B, H3, and H4 (11). The linker histone protein H1 mediates interactions between adjacent nucleosomes, resulting in chromatin formation (12). Histones are characterized by their direct binding to DNA, and post-translational modifications (PTMs) of histones alter the chromatin structure and dynamically regulate the transcriptional state of genes (13). Chromatin is of two types: heterochromatin, which is closed and compressed, and euchromatin, which is relaxed and more suitable for transcription. In general, histone PTMs are controlled by “writers” that add modifier groups, “erasers” that remove modifier groups, and “readers” that specifically recognize the modification sites for downstream transcriptional activation or repression. All these PTMs are regulated by enzymes, and their enzymatic activity may be controlled by reactive cofactors, such as substrates and metabolic intermediates (14). Histone modifications include acetylation, methylation, butyrylation, propionylation, formylation, succinylation, malonylation, 2-hydroxyisobutyrylation, β-hydroxybutyrylation, glutarylation, benzoylation, and crotonylation (13, 15, 16). Among all histone modifications, acetylation and methylation are mostly shown to be involved in the regulation of CVDs, and other modifications, such as succinylation, have also been extensively studied in various diseases (15, 16). Histone acetylation is associated with the upregulation of gene transcription via various mechanisms, some of which are described below. First, PTMs of histone lysine residues alter the positive charge of the ε-amino group, which reduces nucleosome folding and affects DNA–histone or histone–histone interactions, thereby reducing the euchromatin–nucleosome interactions. However, interactions between enhancers and their corresponding promoters are strengthened (14, 17–19). Thus, PTMs of histones directly affect the structures of chromatin and nucleosomes. Second, PTMs of lysine residues on histones can serve as epigenetic landmarks directly or indirectly by the presence of transcription factors, and RNA polymerase II, which directly or indirectly mobilizes the acetylation of histone lysine residues, serves as an epigenetic landmark that is specifically recognized by transcription factors and chromatin remodeling factors. The acetylation level of lysine residues depends on the dynamic regulation of histone acetyltransferases (HATs) and histone deacetylases (HDACs) (14, 20). Acetylation sites of histones have mainly been studied for H3 and H4. Acetylation sites on histones H3 and H4 include H3K4, H3K9, H3K14, H3K18, H3K23, H3K27, H3K36, H3K56, H4K5, H4K8, H4K12, H4K16, and H4K20 (13, 21). In this review, we mainly focused on the acetylation of histones H3 and H4 and their involvement in cardiac hypertrophy and HF.



Histone acetylation in cardiac hypertrophy and heart failure

The influence of epigenetics on disease incidence has drastically increased in the field of cancer, and in recent years, it has gradually expanded to almost all diseases, including HF (22, 23). Histone acetylation plays an important role in histone modification and affects heart diseases (22). Many histone acetylation sites have been suggested to be associated with heart diseases. Here, we discuss the relationship between histone acetylation sites and cardiac hypertrophy and HF.

Acetylation of H3K4 by p300 has been suggested to be important for the expression of the transcription factor, GATA-binding protein 4 (GATA4), in heart formation (24). Acetylation of H3K9 and H3K27 has also been suggested to be involved in the expression of GATA4, as GATA4 is involved in the development of HF and the fetal gene is reactivated during HF, suggesting that the acetylation of H3K4 may be involved in cardiac hypertrophy and HF (25, 26). Many reports have suggested that the acetylation of H3K9 by p300 causes cardiomyocyte hypertrophy (3, 4, 27–30). Furthermore, H3K9 acetylation is increased during cardiac hypertrophy and HF in TAC and Dahl rats (4, 26, 31). Acetylation of H3K9 is reduced by inhibition of the HAT activity of p300 (31, 32). Although some studies have suggested an association between H3K14 acetylation and microRNA (miR)-134–5p expression in cardiac fibroblasts, the specific role of H3K14 remains unknown due to the lack of comparisons with the normal state (33). Acetylation of H3K14 at the miR-30a-5p promoter in H9c2 cells is associated with c-Myc expression (34). However, whether H3K14 acetylation is directly involved in cardiac hypertrophy and HF remains unclear. Acetylation of H3K27 has been reported to be associated with cardiac disease, although not to the same extent as the acetylation of H3K9. Acetylation of H3K27 leads to cardiac hypertrophy and fibrosis of the heart together with bromodomain-containing 4 (35). In addition, H3K27 acetylation is associated with enhancers that are specifically activated in cardiac hypertrophy, and specific epigenetic signatures have been shown to regulate gene expression in hypertrophy by controlling promoter activity (36). Brd4 is a reader protein for H3K27 acetylation in CVDs (37, 38). Acetylation of H3K27 and H3K9 has also been shown to be a therapeutic target for CVDs (39). These acetylation sites are located in the tail domain of histones and implicated in cardiac hypertrophy and HF. Moreover, H3K122, a globular domain in the body of histones around which the DNA wraps, has also been reported to be involved in HF. In the Dahl rat model of hypertension-induced HF, acetylation of H3K9 increases during cardiac hypertrophy when the heart function is preserved, and acetylation of H3K122 in the globular domain increases during HF when the heart function is reduced. These histone acetylations are altered in the hypertrophic response gene promoter region and the recruitment of p300 remains unchanged during cardiac hypertrophy and HF. However, the binding of p300 to BRG1, a chromatin remodeling factor, increases during HF, and the recruitment of BRG1 to the promoter increases during cardiac hypertrophy. The mRNA levels of hypertrophic response genes are greatly increased in HF than in cardiac hypertrophy. This suggests that the acetylation of H3K122 in the histone body is involved in the pathogenesis of HF. Moreover, complex formation between p300 and BRG1 may be important for this acetylation of H3K122 (40).

There are no reports of any direct relationships of H3K18, H3K23, H3K36, H3K56, H4K5, H4K8, H4K12, H4K16, and H4K20 with cardiac hypertrophy and HF. However, acetylation of H3K9 and H3K27 has been reported in cardiac hypertrophy and HF. Other acetylation sites need to be investigated further based on the affected gene region and stage of the disease. Furthermore, the detailed role of these histone acetylation sites in the promoter and enhancer regions in cardiac hypertrophy and heart failure during transcription remains to be elucidated. Therefore, the relationship between histone acetylation and the expression of genes involved in cardiac hypertrophy and heart failure needs to be studied in detail.



Histone acetyltransferase in heart disease

Selected lysines are acetylated by specific biological processes, and the overall histone acetylation level is dynamically regulated by two enzyme families, HATs and HDACs (41, 42). In histone acetylation, HATs require acetyl-CoA as cofactors to catalyze the transfer of the acetyl group to the ε-amino group of the lysine side chain (43). HATs can be divided into five families: p300/CBP, Basal TF, GNAT, MYST, and NCoA (44). Importantly, changes in the formation of complexes involving HATs can alter the sites of acetylated histones. For example, complex formation between p300 and BRG1 increases during cardiac hypertrophy and HF, and the level of H3K122 acetylation in the globular domain increases (40). Furthermore, yeast Gcn5 alone acetylates free histones in vitro, but it must be combined with the Ada2 and Ada3 subunits within ADA and SAGA complexes to preferentially acetylate H2B in the nucleosome (45). This increase in histone acetylation levels and changes in histone acetylation sites are involved in the formation of HAT complexes and activation of HATs. Therefore, understanding the transcriptional regulatory mechanisms related to HATs is important for the treatment of HF. Acetylation of histones by p300 is involved in cardiac hypertrophy and heart failure (46, 47). Hypertrophic stress increases HAT activity and histone acetylation, as p300 is regulated by several proteins, including ERK1/2, Akt, and Cdk9 (3). However, for HATs such as GCN5, CBP, and PCAF, the relationship with histone acetylation is unclear, although an association between cardiac hypertrophy and heart failure has been reported (48–50).Curcumin, a natural product, inhibits histone acetylation by blocking the HAT activity of p300, thereby improving cardiomyocyte hypertrophy and HF (32). Curcumin has also been reported to inhibit heart failure with preserved ejection fraction in Dahl rats (47). Recently, curcumin-based derivatives and analogs have been shown to have beneficial effects in HF (3, 4). Anacardic and eicosapentaenoic acids improve HF by inhibiting the HAT activity of p300. Similar to curcumin, anacardic acid also inhibits the HAT activity of p300 and improves the progression of cardiac hypertrophy and HF by inhibiting the acetylation of H3K9 (31, 51). In addition, direct inhibition of p300 HAT by eicosatetraenoic acid suppresses myocardial infarction-induced HF (28). Metformin can inhibit phenylephrine-induced cardiomyocyte hypertrophy by inhibiting p300 in cultured cardiomyocytes; therefore, it can potentially be used for the treatment of patients with diabetes and HF (52). In contrast, L003 and C646, specific HAT inhibitors of p300, inhibit angiotensin-induced cardiac hypertrophy and cardiac fibrosis (53). Compounds, such as resveratrol, also improve cardiac hypertrophy and HF by activating HDACs, such as sirtuin (54). In summary, preventing histone acetylation by inhibiting the HAT activity of p300 or activating HDACs can aid in the treatment of cardiac hypertrophy and HF. Moreover, drugs targeting various epigenetic processes can inhibit the HAT activity of p300 or activate HDACs for the treatment of HF.



Histone deacetylase in heart disease

HDACs reverse histone acetylation by HATs and restore the original unacetylated state of histone lysine. There are four classes of HDACs, all of which are complexed with proteins that exhibit low substrate specificity (55). HDACs are classified into four major classes: HDAC class I (HDAC 1, 2, 3, and 8), HDAC class IIa (HDAC 4, 5, 7, and 9), HDAC class IIb (HDAC 6 and 10), HDAC class III (SIRT1-7), and HDAC class IV (HDAC11) (6, 56). HDACs cause chromatin enrichment by deacetylating histones, blocking access to DNA, and inhibiting transcription (57). The relationship between non-histone proteins and HDACs has been studied in cardiovascular disease. HDAC class I promotes cardiac hypertrophy and heart failure in many cases, whereas HDAC1 and HDAC2 inhibit cardioprotective and anti-hypertrophic genes (58, 59). Increased expression of HDAC8 in the heart increases p38 phosphorylation and expression, inducing cardiac hypertrophy and fibrosis (60). Trichostatin A and valproic acid have been shown to inhibit cardiac hypertrophy by inhibiting HDAC class I, making HDAC inhibition an attractive therapeutic target for heart failure (61). While HDAC class II plays a role in suppressing cardiac hypertrophy and heart failure, HDAC class IIa (HDAC 4, 5, and 9) suppresses cardiac hypertrophy by forming a complex with the transcription factor Mef2 (6). Phosphorylation of HDAC class IIa by phosphatases such as calcium/calmodulin-dependent protein kinase 2 prevents its binding to Mef2 and activates gene transcription (62). In addition, HDAC6 is involved in tubulin acetylation, myofibril stiffness and skeletal muscle wasting in cardiac disease (63–65). However, few reports on cardiac hypertrophy and heart failure associated with HDAC class IIb and IV are available, and he role of these HDACs in the heart needs to be clarified in the future. HDAC class III, also known as the SIRT protein family, plays a role in cardiac homeostasis; SIRT1 and SIRT3 promote the deacetylation of PGC-1α and reduce cardiac hypertrophy by reducing oxidative stress (66–68). SIRT2 exerts cardioprotective effect by promoting AMPK activation through deacetylation of LKB1 (69). SIRT6 inhibits cardiac hypertrophy by suppressing NFATc4 expression and activation (70). In contrast, a direct association between histone acetylation and HDACs in the heart has been reported. SIRT3 is involved in H3K27 deacetylation and regulates inflammation and fibrosis in the heart via modulation of the FOS/AP-1 pathway (71). SIRT6 binds to and represses the promoters of IGF signaling-related genes by deacetylating H3K9 through interaction with c-Jun. SIRT6 expression is downregulated in human heart failure, indicating that SIRT6 is involved in the pathogenesis of cardiac hypertrophy and heart failure (72). As mentioned above, few studies have demonstrated a direct relationship between HDACs and histone deacetylation in cardiac hypertrophy and heart failure. Therefore, the relationship between histone acetylation sites and HDACs should be studied in detail. It is also necessary to determine whether HDACs are negative or positive regulators of cardiac hypertrophy and heart failure.



Conclusions and perspectives

Histone acetylation and HAT are therapeutic targets, and their proper regulation is a promising therapeutic strategy for HF; however, some problems should be mentioned. Currently, only a limited number of histone acetylation sites have been implicated in HF (Figure 1). Therefore, future studies should investigate other histone acetylation sites throughout the genome. As the sites of histone acetylation are not similar in all gene regions, the overall map of histone acetylation sites in HF and the related HAT-centered transcriptional regulatory mechanisms need to be clarified. Since histone acetylation is regulated by the balance between HATs and HDACs, it is necessary to develop therapeutic agents targeting HDACs (9, 73). Although histone acetylation has been associated with gene expression during heart failure, there are also genes whose expression is altered independently of histone acetylation (9, 36, 40). Histone acetylation is associated with other epigenetic mechanisms such as histone methylation and DNA methylation (35). Therefore, the relationship between histone acetylation and other epigenetic mechanisms in cardiac hypertrophy and heart failure should be further investigated. In addition, post-translational modifications of histones, such as acetylation, in patients with heart failure have rarely been examined. Increased HAT activation of p300 has been reported in patients with heart failure (74); however, the association between histone acetylation and the development of heart failure in humans needs to be clarified.
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FIGURE 1
Roles of histone acetylation sites in cardiac hypertrophy and heart failure. Ac, acetylation; HATs, histone acetyltransferases; P, phosphorylation.


In summary, epigenetic regulation by histone modifiers is critical in the pathogenesis of cardiac hypertrophy. Identifying the molecular mechanisms underlying the roles of histone modifiers in normal and disease states is essential for the development of novel “epigenetic” drugs to treat cardiac hypertrophy. Furthermore, as different histone acetylation sites have different effects on transcription, identifying time-specific acetylation sites in disease states is also important for the development of novel therapeutic agents for HF.
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Background: Kidney transplantation (KTX) markedly improves prognosis in pediatric patients with end-stage kidney failure. Still, these patients have an increased risk of developing cardiovascular disease due to multiple risk factors. Three-dimensional (3D) echocardiography allows detailed assessment of the heart and may unveil distinct functional and morphological changes in this patient population that would be undetectable by conventional methods. Accordingly, our aim was to examine left- (LV) and right ventricular (RV) morphology and mechanics in pediatric KTX patients using 3D echocardiography.



Materials and methods: Pediatric KTX recipients (n = 74) with median age 20 (14–26) years at study enrollment (43% female), were compared to 74 age and gender-matched controls. Detailed patient history was obtained. After conventional echocardiographic protocol, 3D loops were acquired and measured using commercially available software and the ReVISION Method. We measured LV and RV end-diastolic volumes indexed to body surface area (EDVi), ejection fraction (EF), and 3D LV and RV global longitudinal (GLS) and circumferential strains (GCS).



Results: Both LVEDVi (67 ± 17 vs. 61 ± 9 ml/m2; p < 0.01) and RVEDVi (68 ± 18 vs. 61 ± 11 ml/m2; p < 0.01) were significantly higher in KTX patients. LVEF was comparable between the two groups (60 ± 6 vs. 61 ± 4%; p = NS), however, LVGLS was significantly lower (−20.5 ± 3.0 vs. −22.0 ± 1.7%; p < 0.001), while LVGCS did not differ (−29.7 ± 4.3 vs. −28.6 ± 10.0%; p = NS). RVEF (59 ± 6 vs. 61 ± 4%; p < 0.05) and RVGLS (−22.8 ± 3.7 vs. −24.1 ± 3.3%; p < 0.05) were significantly lower, however, RVGCS was comparable between the two groups (−23.7 ± 4.5 vs. −24.8 ± 4.4%; p = NS). In patients requiring dialysis prior to KTX (n = 64, 86%) RVGCS showed correlation with the length of dialysis (r = 0.32, p < 0.05).



Conclusion: Pediatric KTX patients demonstrate changes in both LV and RV morphology and mechanics. Moreover, the length of dialysis correlated with the contraction pattern of the right ventricle.
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1. Introduction

For children with end-stage kidney disease (ESKD), kidney transplantation (KTX) is the best treatment option in terms of long-term outcomes and the quality of life. Survival statistics among pediatric transplant recipients have had a significant improvement in recent decades due to the advancements in surgical care, the progress in post-KTX immunosuppressive management and infection control, and the improvement in cardiovascular care (1, 2).

Following infections as the most frequent etiology, cardiovascular disease (CVD) is the second most common cause of death for pediatric ESKD patients (3). Albeit KTX is effective in reducing the morbidity of CVD, transplant recipients are still at a significantly higher risk of dying from CVD compared to the age-matched controls (4, 5). Beyond pre-transplant ESKD-related injury of the cardiovascular system, these individuals are also exposed to various KTX-related factors, such as the cardiovascular effects of immunosuppressive agents and progressively deteriorating graft function, along with “classical” risk factors such as hypertension and increased arterial stiffness (6–9).

Hence, to prevent later cardiovascular events, the early detection of cardiovascular dysfunction is essential (7). Often minor, but detectable changes in the cardiac structure and function already manifest in children with chronic kidney disease (CKD) who still only have mild or no symptoms (10).

Novel imaging techniques, such as left ventricular (LV) speckle-tracking echocardiography-derived global longitudinal (GLS) and circumferential strain (GCS) have the ability to detect subclinical functional deterioration, even when conventional functional parameters, such as ejection fraction (EF), are still preserved (11, 12). Speckle-tracking deformation imaging also provides incremental information regarding right ventricular (RV) function in a wide variety of patients, including patients with kidney disease (13). Consequently, speckle-tracking echocardiography is highly recommended by current guidelines and strain measurements are increasingly implemented in the everyday clinical routine.

Three-dimensional (3D) echocardiography allows an even more detailed assessment of the heart and may unveil even subtle functional and morphological changes of the chambers. This technique provides a more precise quantification of ventricular volumes and EF while being highly reproducible and shows good agreement with the gold-standard cardiac magnetic resonance imaging-derived values (14). Moreover, it also offers accurate strain measurement methods to describe the contractile function of the heart, more recently not just in the left ventricle (15, 16), but also in its right counterpart (17, 18).

Accordingly, our aim was to examine LV- and RV morphology and mechanics in childhood kidney transplantation patients using 3D echocardiography.



2. Materials and methods


2.1. Study population

Initially, 86 KTX patients transplanted in childhood were enrolled between December 2016 and October 2018 in this cross-sectional study. The post-transplant care of the patients is performed by the 1st Department of Pediatrics of Semmelweis University, prospectively referring them to the Heart and Vascular Center of Semmelweis University for an echocardiographic examination. During this visit blood samples were also taken and detailed medical history and demographic data were obtained. We reviewed the etiology of the KTX patients’ primary kidney disease, their history of dialysis, graft source and medication from electronic medical records. Glomerular filtration rate (eGFR) was calculated according to the Schwartz formula or the CKiD U25 formula when analysing patients up to 25 years of age.

Inclusion criteria consisted of having a functioning allograft (no need for dialysis), and no history of cardiac disease. Exclusion criteria were poor echocardiography image quality (n = 9) and an established diagnosis of significant cardiac disease (hypertrophic cardiomyopathy; n = 1, hemodynamically significant aortic regurgitation; n = 2). The final study population consisted of 74 KTX patients [age: 20 (14–26) years, under 18 years: n = 40 patients] transplanted in childhood (age at KTX: 10 ± 4 years). An age- and gender-matched healthy population served as controls (CTR) [n =74, age 20 (13–23) years].



2.2. Two-dimensional echocardiography

Conventional echocardiographic exams were performed using a GE Vivid E95 (equipped with a 4V-D matrix-array transducer; GE Healthcare, Horten, Norway) or a Phillips Epiq 7G (equipped with an X5-1 matrix-array transducer; Phillips Medical Systems, Best, Netherlands) ultrasound system. A standard acquisition protocol consisting of loops from parasternal, apical, and subxiphoid views was used according to current guidelines (19). LV wall thicknesses and diameters were evaluated in parasternal long-axis view. Relative wall thickness (RWT) was calculated as end-diastolic posterior wall thickness multiplied by 2 and divided by LV end-diastolic internal diameter. Pulsed wave Doppler interrogation at the level of the mitral valve coaptation was obtained to determine early (E) and late diastolic (A) peak LV inflow velocities and their ratio (E/A) and deceleration time (DT). Systolic (s’), early (e′), and late diastolic (a′) velocities at the mitral lateral and medial annuli and the tricuspid free wall annulus were measured using pulsed-wave tissue Doppler imaging. LV filling pressure was estimated by dividing the transmitral E wave with the tissue Doppler imaging-derived averaged lateral and medial annular e’. RV basal diameter was measured as the maximal transverse dimension in the basal third of the RV inflow from the RV-focused apical four-chamber view in the end-diastolic frame. M-mode-derived tricuspid annular plane systolic excursion (TAPSE) was calculated as the maximum longitudinal displacement of the tricuspid annulus. Atrial volumes were estimated using the Simpson method. The left atrial volume index (LAVi) and right atrial volume index (RAVi) were normalized to the body surface area (BSA). Peak pulmonary artery systolic pressure (PASP) was calculated from the tricuspid regurgitant jet signal velocity and right atrial pressure, which was estimated using inferior vena cava diameter and collapsibility (REF).



2.3. Three-dimensional echocardiography

Beyond the routine echocardiographic protocol, ECG-gated full-volume 3D data sets reconstructed from four or six cardiac cycles optimized for the right or left ventricle were obtained for offline analysis. Image quality was verified at the bedside to avoid “stitching” and “dropout” artefacts of the 3D data. Further measurements were performed on a separate workstation using dedicated software (4D RV-Function 2 and 4D LV-Analysis 3; TomTec Imaging, Unterschleissheim, Germany). The software detects the endocardial surface of the left- and right ventricles, and following manual correction, it traces its motion throughout the cardiac cycle. We determined the end-diastolic volume index (EDVi), end-systolic volume index (ESVi), and stroke volume index (SVi) normalized to BSA, and to characterize global LV and RV functions, EFs were also assessed. By tracing the end-diastolic epicardial contour we measured LV mass index (LVMi) normalized to BSA. The dedicated 3D LV analysis software also enables 3D speckle-tracking analysis, therefore, LVGLS and LVGCS were also calculated. The software automatically measures LV twist and torsion using basal and apical short axis deformation, and systolic dyssynchrony index (SDI) as the standard deviation of the time takes to reach minimum systolic volume for each LV segment.



2.4. The ReVISION method

Our custom 3D RV deformation analysis was previously described in detail (17, 18). All analyses were performed on a standard computer. The input to our software (ReVISION method; Argus Cognitive, Lebanon, New Hampshire) is a series of 3D meshes exported from TomTec 4D RV-Function 2, taken at even time instants during the cardiac cycle.

The analysis begins with the reorientation of the 3D RV mesh. A local coordinate system is defined for each mesh series, where the basis vectors correspond to the longitudinal, radial and anteroposterior directions.

Second, the wall motions of the 3D RV model are decomposed in a vertex-based manner (e.g., for quantifying the magnitude of longitudinal motion, only the movement of the vertices along the vertical axis is taken into account). This decomposition step transforms the original mesh series into several series of meshes, each corresponding to a decomposition type (i.e., which movement directions are enabled and which ones are not).

In the final step, by the decomposition of the model's motion along the three anatomically relevant axes, we can measure the volume change of the right ventricle attributable to the specific direction separately. To assess GCS, we create 15 equidistant circumferential contours on the first mesh of each series and calculate their positions at later time instants. For GLS, 45 longitudes are generated by connecting the apex, the predefined vertices of the base, and vertices in equidistant latitude to the latter. The pulmonary and tricuspid annular planes are excluded from this part of the analysis. Our software calculates 3D RV GCS and GLS by averaging the length changes of each circumferential contour or longitude referenced to their end-diastolic length. Global area strain (GAS) is also calculated by the relative change of the endocardial surface between end-diastole and end-systole. The software also allows the measurement of segmental strain values, therefore, longitudinal, circumferential and area strains of the septum and the free wall were also calculated.



2.5. Statistical analysis

We performed statistical analysis using STATISTICA version 13.4 (TIBCO Software Inc, Palo Alto, CA, United States). The normal distribution of our variables was verified using the Shapiro–Wilk test. Data are presented as mean ± standard deviation (SD), median (interquartile ranges), or percentage, as appropriate. Groups were compared with the unpaired Student's t-test or Mann–Whitney U test for continuous variables and the chi-square or Fisher's exact test for categorical variables according to normality. Correlations between variables were evaluated by Pearson's rank correlation test or non-parametric Spearman correlation. p-values < 0.05 were considered to be statistically significant.

Intra- and interobserver variability of the most relevant parameters were also assessed. The operator of the first measurements (BL) and a second expert reader (ZL), both blinded to the study groups, repeated the measurements in a randomly chosen subset of 5–5 subjects from each group. We calculated Lin's concordance correlation coefficient and coefficient of variation.




3. Results


3.1. Patient characteristics

The baseline statistics of the KTX and CTR groups are presented in Table 1.


TABLE 1 Baseline characteristics of the kidney transplant and the control groups.
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There was no significant difference regarding the age, gender, weight, BSA and heart rate of the two groups. However, the controls were significantly taller than the transplant patients. Furthermore, the KTX group presented with significantly higher systolic blood pressure, while the diastolic blood pressure did not differ.

In the KTX group, 86% (n = 64) received dialysis prior to transplant, 41% of whom (n = 26) was treated with hemodialysis. Preemptive transplant occurred in 14% (n = 10) of the patients. Their mean age at KTX was 10 ± 4 years, and 112 ± 82 months passed since the transplantation.

The underlying primary kidney disease were as follows: kidney agenesis or dysplasia (n = 14), polycystic kidney disease (n = 9), obstructive uropathy (n = 4), focal segmental glomerulosclerosis (n = 14), nephronophthisis (n = 8), chronic glomerulonephritis (n = 7), pyelo- or interstitial nephritis (n = 5), congenital disorders (n = 6), miscellaneous (n = 5) and unknown etiology (n = 2).

The additional clinical characteristics of the transplant patients are shown in Supplementary Table S1.



3.2. 2D conventional echocardiography and tissue Doppler imaging

The conventional 2D echocardiographic parameters of the patients are summarized in Table 2.


TABLE 2 Conventional echocardiographic left- and right heart parameters in the kidney transplant and the control groups.
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LV end-diastolic diameter (LVIDd) did not differ between the transplant and control groups, while LV end-systolic diameter (LVIDs) was significantly lower in the transplant patients. However, both the interventricular septal thickness (IVSd) and the posterior wall thickness (PWd) were shown to be higher in the KTX group and the RWT was also higher in them.

Both the transmitral E wave and A waves were significantly increased in the KTX patients, while the E/A ratio did not differ, and neither did the DT. The mitral lateral s’ and e’ were significantly lower in the transplanted group, on the other hand, the mitral lateral a’ did not show any difference. Accordingly, E/e’ was significantly higher in the KTX group.

Neither the RV basal diameter, the TAPSE nor the PASP showed any difference between the transplanted and the control patients.

Regarding atrial dimensions, LAVi and RAVi did not differ between the two groups.



3.3. 3D volumetric measures and LV speckle-tracking echocardiography

The 3D and LV speckle tracking data are shown in Table 3.


TABLE 3 Comparison of 3D and speckle-tracking echocardiographic data in the kidney transplant and the control groups.
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Both the LVEDVi and LVESVi were significantly increased in the transplant group (Figure 1). However, neither the LVSVi, nor the LVEF showed any statistically significant difference. Nevertheless, the LVMi was significantly increased in the KTX patients.


[image: Figure 1]
FIGURE 1
3D ventricular morphological measures of the two study groups. LVEDVi, LVESVi, RVEDVi and RVESVi were all significantly increased in the transplant group. LVEDVi, left ventricular end-diastolic volume index; LVESVi, left ventricular end-systolic volume index; RVEDVi, right ventricular end-diastolic volume index; RVESVi, right ventricular end-systolic volume index; CTR, control group; KTX, kidney transplant group; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.


LVGLS was decreased in the transplant patients, while the LVGCS did not differ (Figures 2, 3). SDI was significantly higher in the KTX patients, and so was the LV twist, however, the LV torsion did not show any difference.


[image: Figure 2]
FIGURE 2
3D ventricular functional parameters of the two study groups. LVGLS was impaired in the transplant recipients, while LVEF and LVGCS did not differ. RVEF and RVGLS were significantly reduced in the transplant patients, while the RVGCS was comparable between the groups. LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; LVGCS, left ventricular global circumferential strain; RVEF, right ventricular ejection fraction; RVGLS, right ventricular global longitudinal strain; RVGCS, right ventricular global circumferential strain; CTR, control group; KTX, kidney transplant group; * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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FIGURE 3
Graphical representation of a healthy control and a kidney transplant recipient in terms of three-dimensional left and right ventricular volumes and mechanics. The transplant patient shows larger left and right ventricular end-diastolic and end-systolic volumes compared with the healthy control (light turquoise mesh—left ventricular end-diastolic volume; dark turquoise surface—left ventricular end-systolic volume; green mesh—right ventricular end-diastolic volume; blue surface—right ventricular end-systolic volume). Concerning systolic function, both left and right ventricular global longitudinal strain values showed visible decrease in the transplant patient, whereas left and right ventricular global circumferential strain values were found to be comparable between the two subjects. GLS, global longitudinal strain; GCS, global circumferential strain.


RVEDVi and the RVESVi were both increased in the transplant group (Figure 1), although the RVSVi did not differ, whereas the RVEF was significantly decreased in the KTX group.



3.4. 3D RV deformation values

The data of the global and segmental 3D RV deformation measures are presented in Table 4.


TABLE 4 Comparison of 3D right ventricular data measured by our custom ReVISION method in the kidney transplant and the control groups.
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3D RVGLS was significantly reduced in the KTX patients, while the RVGCS did not differ between the groups (Figures 2, 3). The RVGAS was lower in the transplanted patients.

The septal longitudinal strain (SLS) did not show any difference, however, the septal circumferential (SCS) and area (SAS) strains were significantly reduced in the KTX group. The free wall circumferential (FWCS), longitudinal (FWLS) and area strains (FWAS) did not differ between the groups.



3.5. The relationship between echocardiographic parameters and clinical data in the transplant patients

As shown in Table 5, the length of dialysis did not correlate with either 3D LVEF, 3D LVGLS, 3D LVGCS, 3D RVEF, or 3D RVGLS. However, it showed significant, albeit weak to moderate correlations with 3D RVGCS and various segmental 3D RV deformation measures, including SCS, SLS, SAS, FWCS, FWLS and FWAS.


TABLE 5 Correlations between 3D echocardiographic parameters and the length of dialysis.
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A handful of meaningful laboratory parameters also showed correlation with the 3D echocardiographic parameters. These findings are presented in Supplementary Table S2. The serum calcium levels showed significant relationship with 3D LV twist and torsion, while the serum phosphorus levels correlated significantly with 3D LVEDVi, LVESVi, LVSVi, LVMi and 3D RVSVi, also, the CaxP product correlated well with 3D LVEDVi and LVSVi. Furthermore, the serum magnesium levels showed direct relationship with 3D LVEDVi, LVESVi, LVSVi and LVMi, while also correlating with 3D RVEDVi and RVSVi. The creatinine levels showed significant, albeit weak, correlation with 3D LVESVi, LVMi and LVEF. On the other hand, GFR did not show any relationship with the 3D LV or RV morphological or functional parameters. The urinary protein to creatinine ratio correlated weakly, but statistically significantly with 3D LVESVi, LVMi, LVEF, LVGCS, RVGLS and RVGCS. We found no significant difference in terms of LV or RV morphological and functional measures between the hypertensive and non-hypertensive patients, as presented in Supplementary Table S3. Nevertheless, we are likely not powered to detect a difference by dividing the KTX group to subgroups. When comparing patients who receive steroids as part of the immunosuppressive regime, and patients who do not, our results showed that people on steroids had significantly larger 3D LVEDVi, LVESVi, LVMi, RVEDVi and RVESVi, however, there was no difference in the functional parameters, as shown in Supplementary Table S4.



3.6. Intra- and interobserver variability

The intra- and interreader variability analysis of our key 3D parameters demonstrated good agreement in the assessment of these measures (Supplementary Table S5).




4. Discussion

KTX is the treatment of choice in pediatric patients with ESKD, since it carries the best long-term prognosis in this population (2). Nevertheless, these patients have an increased risk of developing CVD due to multiple KTX-related risk factors, i.e., the cardiovascular effects of the immunosuppressive agents, progressively deteriorating graft function, hypertension and various acquired metabolic disorders, such as diabetes, hyperuricaemia and hyperlipidaemia (6–12, 20–22). Echocardiography is the mainstay modality to identify the possible cardiac involvement in this population, and state-of-the-art measurement methods, such as 3D echocardiography, may demonstrate a real additive value in this patient group as well (10–12, 16, 19, 23). According to our results, 3D assessment of the biventricular morphology and function can unveil subtle alterations of the pediatric KTX patients, even when the most commonly used conventional measures fail to demonstrate any difference. Moreover, these parameters also show a handful of correlations with clinical and laboratory characteristics of the population.

Our findings that the transplanted children grew up to be shorter compared to their age- and gender-matched peers, are in unison with evidence that CKD in childhood impairs growth (24, 25), and even after a successful KTX most recipients do not reach their calculated target height (26). The impairment in the physiological development during childhood may be an important factor in the alterations of cardiac morphology and function by itself (27).

In accordance with previous studies, a large proportion of our KTX patients had treated, albeit existing hypertension (28). Its clinical relevance lies in its association with decreased patient and graft survival after transplantation (29, 30). Interestingly however, we found that within the KTX group those who received antihypertensive therapy and those who did not, had comparable ventricular size and function. Adequate control of elevated blood pressure in this population is a major challenge (31), nevertheless, our findings support its importance due to the preserved LV and RV measures in our population.

In CKD and after KTX, LV hypertrophy is a common finding with conventional echocardiographic measures as well, and shows association with poor cardiovascular outcomes (23). Accordingly, we found increased IVSd and PWd in the transplant patients. RWT was also higher in the recipients, and so was 3D LVMi, which supports the presence of a concentric type of LV hypertrophy. While hypertensive KTX subjects had comparable LVMi to non-hypertensives, other factors also have to be taken into consideration: such as the hypertrophy-promoting effect of immunosuppressive agents, including calcineurin inhibitors and steroids (32, 33). Our findings supported this, as the steroid-receiving subgroup had significantly higher ventricular volumes and LVMi than those, who did not receive steroids. A major influence of hypertrophic remodeling may be the FGF-23 (fibroblast growth factor-23), a protein significantly involved in the cardio-renal axis in CKD (34). Previous studies showed that high serum levels of FGF-23 were associated with more advanced LV remodeling in ESKD patients (35).

LV hypertrophy is also commonly associated with diastolic dysfunction, which is also demonstrated in the KTX group by altered transmitral velocities and Tissue Doppler values (36–39).

While conventional, linear measures of LV and RV dimensions were comparable between the two study groups, 3D LV and RV volumes were significantly higher in the KTX group, suggesting dilation of the ventricles. The steroid-receiving KTX subgroup also presented with increased LV and RV dimensions, suggesting the contribution of immunosuppressive therapy to the observed findings (33). In the KTX patients LV structural abnormalities were not accompanied by changes in 3D LVEF. On the other hand, 3D speckle-tracking-derived LVGLS was significantly reduced, suggesting subclinical systolic dysfunction. Impaired LVGLS is associated with an increased risk of CV mortality both in CKD and KTX patients (40, 41). In parallel with our findings, in a study enrolling adult KTX patients, deterioration of LV systolic function persists even after successful KTX (42). Several factors may contribute to this: hypertension, impaired graft function and CKD-associated volume overload are all established factors of LVGLS impairment (43–45). Importantly, in adult patients reduced LVGLS is associated with cardiovascular events and mortality after KTX while LVEF is not, which underpins the necessity of LV deformation measurements in this population (40).

Regarding RV function, TAPSE did not differ between KTX and controls, however, 3D RVEF, RVGLS and RVGAS were impaired along with comparable 3D RVGCS. Previous 2D speckle-tracking echocardiography studies enrolling adult patients demonstrated improvement of RV longitudinal deformation following KTX (46). According to our results, 3D RVGLS remains impaired compared to a healthy cohort of subjects. As RVGCS and RVGAS can only be assessed by novel, custom 3D echocardiographic methods, data are scarce regarding these parameters. In a previous study by Kitano et al. (47), RVGCS and RVGAS were independent determinants of major cardiac adverse events. Nevertheless, the findings of an adult heart disease population can barely be extrapolated to our cohort.

Assessment of regional RV function may unveil further aspects of ventricular mechanics: in our study, transplant recipients had impaired 3D RV SCS and SAS, suggesting a more pronounced deterioration of septal movement components. Along with the impaired GLS in both ventricles, the septal predominance of this functional impairment indicate an origin of direct myocyte damage, rather than the effect of altered hemodynamic measures affecting the myocardium with the highest working load, i.e., the subendocardium and the interventricular septum. Interestingly, LV measures did not correlate with the length of pre-transplant dialysis, while RVGCS and regional strain measures showed a direct relationship with it—longer dialysis needs correlated with more impaired deformation. In a previous study enrolling adult ESKD patients, RVEF showed a relatively strong correlation with the duration of dialysis (48). Based on our findings, only RV deformation measures showed relationship with the length of pre-transplant dialysis, suggesting that KTX may be also beneficial in terms of preserving global RV function. Nevertheless, the different dialysis duration between the pediatric and adult populations may also explain why only subclinical changes of RV mechanics showed relationship with dialysis length in our cohort.

ESKD is complicated by mineral bone disease that is characterized by abnormalities in calcium and phosphorus metabolism, as well as dysregulation of the FGF-23 and PTH hormonal axis (49, 50). As previously mentioned, beyond pathological calcium and phosphorus homeostasis, FGF-23 also strongly contributes to adverse LV remodeling, which may explain the correlations between the calcium, phosphorus levels and the CaxP product, and the various 3D morphological and functional cardiac measures (34, 35).

We found that magnesium levels are also directly correlated with a number of 3D biventricular parameters. Magnesium plays a key role in modulating neuronal excitation, intracardiac conduction, and myocardial contraction by various ion transporters, including potassium and calcium channels. It also participates in regulating vascular tone, atherogenesis and thrombosis, vascular calcification, and proliferation and migration of endothelial and vascular smooth muscle cells. Accordingly, magnesium has a considerable influence on the pathogenesis of CVD. As the kidney is the major regulator of magnesium homeostasis, kidney disorders can potentially lead to both magnesium depletion and overload, thus increasing the risk of CVD (51). The serum creatinine levels and urinary protein to creatinine ratio showed weak correlation with various 3D LV and RV measures. These laboratory measures are established prognostic markers of the risk for cardiovascular disease and mortality (52–54) and naturally, are also robust markers of renal function of the KTX patients.


4.1. Limitations

Our study has a number of limitations that should be acknowledged for adequate interpretation. Firstly, this is a single-centre, retrospective study with a limited number of cases—further multicentre expansion of the population would strengthen our findings. Secondly, the cross-sectional study design did not allow the assessment of the prognostic power of the 3D parameters. The ReVISION Method is currently not a commercially available software, however, it was previously validated against gold-standard cardiac magnetic resonance imaging. Despite discussing the possible role of FGF-23 in the ventricular remodeling, we did not measure its serum levels in our population. Lastly, cystatin C was not measured in our cohort, therefore, we calculated GFR using the form of CKiD U25 formula which does not implement this laboratory measure.



4.2. Conclusion

Using three-dimensional speckle tracking echocardiography, we found distinct morphological and functional changes in both ventricles in pediatric kidney transplant patients. With the ReVISION Method we also measured the changes of right ventricular motion components, which were previously undescribed in this population. However, the pathophysiological background and clinical relevance of our RV strain findings are still unclear and require further research. Nevertheless, our data support the use of a comprehensive echocardiographic protocol applying advanced techniques in the care of kidney transplant patients.
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Objectives: Epidural and paravertebral block reduce the extubation time in patients undergoing surgery under general anesthesia but are relatively contraindicated in heparinized patients due to the potential risk of hematoma. The Pecto-intercostal fascial block (PIFB) is an alternative in such patients.



Methods: This is a single-center randomized controlled trial. Patients scheduled for elective open cardiac surgery were randomized at a 1:1 ratio to receive PIFB (30 ml 0.3% ropivacaine plus 2.5 mg dexamethasone on each side) or saline (30 ml normal saline on each side) after induction of general anesthesia. The primary outcome was extubation time after surgery. Secondary outcomes included opioid consumption during surgery, postoperative pain scores, adverse events related to opioids, and length of stay in the hospital.



Results: A total of 50 patients (mean age: 61.8 years; 34 men) were randomized (25 in each group). The surgeries included sole coronary artery bypass grafting in 38 patients, sole valve surgery in three patients, and both procedures in the remaining nine patients. Cardiopulmonary bypass was used in 20 (40%) patients. The time to extubation was 9.4 ± 4.1 h in the PIFB group vs. 12.1 ± 4.6 h in the control group (p = 0.031). Opioid (sufentanil) consumption during surgery was 153.2 ± 48.3 and 199.4 ± 51.7 μg, respectively (p = 0.002). In comparison to the control group, the PIFB group had a lower pain score while coughing (1.45 ± 1.43 vs. 3.00 ± 1.71, p = 0.021) and a similar pain score at rest at 12 h after surgery. The two groups did not differ in the rate of adverse events.



Conclusions: PIFB decreased the time to extubation in patients undergoing cardiac surgery.



Trial Registration: This trial is registered at the Chinese Clinical Trial Registry (ChiCTR2100052743) on November 4, 2021.



KEYWORDS
pecto-intercostal fascial block, tracheal extubation, cardiac surgery, pain, analgesia, postoperative





Introduction

Increased pain control and lower dosage of opioid agents with regional techniques are an important part of the enhanced recovery after surgery (ERAS) program in cardiac surgery (1). However, thoracic epidurals or paravertebral blockade are relatively contraindicated in heparinized patients due to the risk of hematoma, meanwhile, carrying underlying complications such as perioperative hypotension (2).

Sensory input from the chest wall mainly travels in the thoracic intercostal nerves; these nerves can be blocked by parasternal intercostal block, transverse thoracic muscle plane block (TTMPB), and pecto-intercostal fascial block (PIFB) (3). The parasternal intercostal block requires repeated punctures (4). The TTMPB has been shown to be efficacious in cardiac surgery (5, 6), but the transverse thoracic muscles are fairly thin and difficult to identify under ultrasound guidance. TTMPB is also prone to stimulate the pleura due to the relatively deep location of transverse thoracic muscles (7). PIFB is technically less challenging than TTMPB, and has been shown in a previous trial to possess comparable analgesic efficacy to the TTMPB in the area innervated by the anterior branches of the intercostal nerve (Th2-6), and thus useful in cardiac surgery (8). We conducted a single-center randomized controlled trial to test the hypothesis that PIFB facilitates early extubation by reducing intraoperative opioid consumption in patients undergoing cardiac surgery. Results are reported below.



Methods and materials

This trial was conducted in the Peking University People's Hospital from 22 November 2021 to 18 March 2022. The trial protocol was approved by the Ethical Review Committee of Peking University People's Hospital (#2021PHB237-001) and is registered at the Chinese Clinical Trial Registry (www.chictr.org.cn, ChiCTR2100052743; November 4, 2021). Written informed consent was obtained from all participants.



Participants

Adult patients (18 to 75 years of age) scheduled to undergo elective cardiac surgery with a full median sternotomy were eligible. Key exclusion criteria included: (1) known allergy to ropivacaine; (2) coagulation disorders; (3) infection at the puncture site; (4) psychical problems; and (5) a history of opioid abuse.



Randomization, concealment, and blinding

Eligible patients were randomized at a 1:1 ratio to receive PIFB (30-ml 0.3% ropivacaine plus 2.5-mg dexamethasone on each side) or normal saline just after intubation before surgery. The randomization sequence was generated using a personal computer in a variable block size of 4 or 6. Concealment was conducted using opaque, sealed envelopes. Attending anesthesiologists, patients, and outcome assessors were blinded to the group allocation.



PIFB and control procedure

Bilateral PIFB was conducted in the supine position under ultrasound guidance after anesthesia induction. A high-frequency linear ultrasound probe (EPIQ7C, PHILIPS, Holland) was placed 2–3 cm lateral to the edge of the sternum to identify the pectoralis major muscle, intercostal muscle, internal thoracic vessels, and transversus thoracis muscle (Figure 1). Local anesthetics were injected into the fascial plane between the intercostal and pectoralis muscle, as previously described (9). A 21-gauge needle was inserted into the interfacial plane between the pectoralis major muscle and intercostal muscle at the fourth intercostal space using an in-plane technique. After verifying needle placement (visualizing the muscle separation upon injection of 2 ml saline), 30 ml 0.3% ropivacaine containing 2.5 mg dexamethasone was delivered to each side. Patients in the control group received 30 ml of normal saline.


[image: Figure 1]
FIGURE 1
Procedures of PIFB. (A) patient positioning, longitudinal transducer, and needle orientation during PIFB. (B) anatomical location of PIFB on ultrasound (between the fourth and fifth ribs beside the sternum). (C) dissemination of local anesthetics with the movement of a needle (arrow). IM, intercostal muscle; LA, local anesthetics; PIFB, pecto-intercostal fascial block; PL, pleura; PMM, pectoralis major muscle; R4, fourth rib; R5; fifth rib; STM, sternum; and TTM, transversus thoracis muscle.




Anesthesia

All patients were sedated with midazolam (0.02–0.03 mg/kg). Anesthesia was induced with 0.2–0.4 mg/kg etomidate, 1–1.5 μg/kg sufentanil, and 0.2–0.3 mg/kg cisatracurium. Anesthesia maintenance was performed with propofol (100–200 mg/h), sevoflurane (0.8%–1.5%), dexmedetomidine (24–40 ug/h), and cisatracurium (6–10 mg/h) according to clinical needs to guarantee a bispectral index of approximately 45–55. Bolus sufentanil (0.3–0.5 μg/kg) was given upon an increase of blood pressure or heart rate by >10% over the baseline. Intravenous tropisetron (5 mg) was used to prevent postoperative nausea and vomiting (PONV) at the end of surgery. After surgery, patients were transferred to the intensive care unit (ICU) for further management.



Postoperative analgesia

All patients received patient-controlled intravenous analgesia (PCIA) with a standard regimen of hydromorphone (no basal infusion, 0.2 mg bolus, and 10-minute lockout intervals). Postoperative pain was assessed using a 10-point numeric rating scale (NRS) (0 for no pain, 10 for the worst pain) at rest and upon coughing at 12, 24, and 48 h after surgery. A polypill consisting of oxycodone (5 mg) and acetaminophen (325 mg) was given as rescue analgesia for moderate to severe breakthrough pain for both groups. Intravenous tropisetron (5 mg) was used to treat PONV after surgery.



Outcomes

The primary outcome was time to extubation (from completion of surgery to successful extubation). The timing of the extubation attempt was decided by the ICU staff using the following set of criteria: (1) fully awake with stable spontaneous ventilation; (2) stable hemodynamics with minimal inotropic support; and (3) warm peripheries. Secondary outcomes included intra-operative opioid consumption, hydromorphone consumption within 24 h, pain score at rest and upon coughing at 12, 24, and 48 h, moderate-to-severe pain (pain score of 4 or greater at any time within 48 h), time to drainage tube removal, and length of stay (LOS) in the ICU and hospital. Opioid-related adverse events included PONV, urinary retention, dizziness, and pruritus within 48 h.



Statistical analysis

Sample size estimation was based on the following assumptions: (1) time to extubation of 12.4 ± 4.1 h in the control group and 9.0 ± 4.0 h in the PIFB group, based on a pilot trial that consisted of seven patients in each group; (2) β at 0.20 and α at 0.05; and (3) rate of 5%. The calculation yielded 50 subjects (25 in each group). The Kolmogorov-Smirnov test was used to assess the normality of continuous variables. Continuous variables other than pain score were analyzed using the Student's t-test. Pain score was analyzed using analysis of variance for repeated measures, with the Geisser-Greenhouse correction and Sidak's test for comparisons at each time point. Categorical variables were analyzed using Fisher's exact test. Statistical significance was defined as p < 0.05 (2-sided). All statistical analyses were performed using GraphPad Prism version 9.0.



Results

A total of 63 patients were screened; 50 (mean age: 61.8 years; 34 men and 16 women) were randomized (25 in each group; Figure 2). The types of surgery included coronary artery bypass graft (CABG) in 38 patients, valve repair in three patients, and CABG plus valve repair in the remaining nine patients. The surgery was conducted under cardiopulmonary bypass (CPB) in 20 patients. The demographic and baseline characteristics of participants are shown in Table 1.
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FIGURE 2
Patient flow through the trial.



TABLE 1 Demographic and baseline characteristics.
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Intubation and extubation were successful in the first attempt in all 50 patients. The time to extubation was 9.4 ± 4.1 h in the PIFB group vs. 12.1 ± 4.6 h in the control group (p = 0.031; Table 2). Total sufentanil consumption during the surgery was 153.2 ± 48.3 μg in the PIFB group vs. 199.4 ± 51.7 μg in the control group (p = 0.002). The PIFB and control groups did not differ in time to drainage removal (81.8 ± 23.7 vs. 76.9 ± 11.4 h, p = 0.350) and LOS in ICU (33.2 ± 24.7 vs. 37.0 ± 26.7 h, p = 0.604) or hospital (10.3 ± 5.3 vs. 10.1 ± 6.3 days, p = 0.904).


TABLE 2 Primary and secondary outcomes.
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Pain scores at rest did not differ between the two groups (p = 0.137; Figure 3). Pain scores upon coughing were lower in the PIFB group than in the control group (p = 0.048). Post-hoc Sidak's test showed a lower pain score upon coughing at 12 h in the PIFB group (1.45 ± 1.43 vs. 3.00 ± 1.71 in the control; p = 0.021), and no significant difference at either 24 or 48 h. The two groups did not differ in the rate of moderate to severe pain (20% vs. 40%, p = 0.123), 24-h hydromorphone consumption (1.9 ± 1.3 mg in the PIFB group vs. 2.1 ± 1.7 mg in the control, p = 0.740), and opioid-related adverse events (44% vs. 36%, p = 0.564).
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FIGURE 3
Postoperative pain score. (A) at rest. (B) upon coughing. Data were analyzed using 2-way ANOVA, followed by Sidak's multiple comparisons for each time point. Data are shown as mean ± standard error of the mean. *p < 0.05. NRS, numeric rating scale and PIFB,pecto-intercostal fascial block.




Discussion

This trial demonstrated that PIFB performed before surgery can shorten extubation time in patients undergoing open cardiac surgery. Total opioid consumption during the surgery was lower in the PIFB group than in the control. PIFB also lowered pain score upon coughing at 12 h after surgery.

PIFB, as a novel fascial plane block, has been increasingly used in perioperative anesthesia and analgesia in non-cardiac surgery (10–12). Two randomized controlled trials have demonstrated that postoperative PIFB attenuates postoperative pain and reduces postoperative opioid consumption after cardiac surgery, but did not affect the duration of mechanical ventilation (13, 14). Such a finding was not surprising since PIFB was given after the surgery. Another trial reported decreased time to extubation by PIFB (15), but was not sufficiently powered since time to extubation was a secondary outcome.

The decrease in extubation time in the PIFB group in the current trial was approximately 3 h (from 12.1 ± 4.6 to 9.4 ± 4.1 h). Effect of such a magnitude is clinically relevant since early extubation in patients undergoing cardiac surgeries has been associated with improved oxygenation after cardiac surgery (16), and shorter stay in both the ICU and hospital (17, 18). In contrast, prolonged endotracheal intubation increases the incidence of dysphagia and postoperative pulmonary complications (19, 20).

Risk factors for a prolonged extubation time after cardiac surgery include older age, higher New York Heart Association (NYHA) class, and lower left ventricular ejection fraction (EF) (21). Reducing the use of anesthetics during cardiac surgery, particularly opioid agents, is a major strategy for promoting early extubation (22). Cardiac surgery with median sternotomy causes severe postoperative pain and requires very high doses of opioid agents, which in turn are associated with a series of opioid-related adverse events, e.g., respiratory depression and extended sedation. A previous trial demonstrated that PIFB when given prior to surgery could decrease the time to extubation, most likely by reducing intraoperative opioid consumption (15). Consistent with this notion, total intraoperative sufentanil consumption in the PIFB group was decreased by approximately 25% (from 199.4 ± 51.7 to 153.2 ± 48.3 μg) in our trial.

There was no difference in pain scores at rest between the two groups. Pain scores upon coughing were lower in the PIFB group than in the control group at 12 h (1.45 ± 1.43 vs. 3.00 ± 1.71 in the control; p = 0.021), and not significantly different at either 24 or 48 h. There was no difference in hydromorphone consumption within 24 h after surgery (1.9 ± 1.3 vs. 2.1 ± 1.7 mg, p = 0.740). The analgesic effects of PIFB lasted for 12 h after surgery in our trial. In patients requiring prolonged analgesic effects, continuous PIFB using an implanted catheter has been shown to provide analgesia over a period of 3 days (23). Physicians should balance analgesia and adverse effects to achieve better pain management (24). The two groups did not differ significantly in adverse events, including those related to opioid agents, within 48 h. LOS in the ICU and hospital also did not differ between the two groups. The lack of difference may be due to the relatively small sample size.

This trial has several limitations. First, the extubation time is decided by ICU staff using a set of subjective criteria, instead of a group of trained investigators. Such a design may introduce uncertainty to the data in a small trial even though ICU staff were unaware of the group allocation. Time to extubation exceeded 6 h even in the PIFB group. More attempts and practices may be needed to make the concept of early recovery after cardiac surgery accepted by clinicians. However, our findings indicated that the time to extubation was reduced. Second, PIFB was conducted after anesthesia induction (to maximize patient comfort). Accordingly, successful nerve blocks were uncertain in individual patients.



Conclusions

PIFB decreased the time to extubation in patients undergoing open cardiac surgery, possibly due to lower requirements for intraoperative opioid consumption.
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Purpose: The objective was to evaluate the influence of low-density lipoprotein cholesterol (LDL-C) and lipoprotein(a) [Lp(a)] on clinical outcomes in patients undergoing coronary artery bypass grafting (CABG).



Methods: This is a secondary analysis of a 5-year follow-up of the DACAB trial (NCT02201771), in which 500 patients who underwent primary isolated CABG were randomized to three-antiplatelet therapy for 1 year after surgery. Of them, 459 patients were recruited in this secondary analysis. Baseline LDL-C and Lp(a) levels were collected, and repeated measurement of LDL-C levels during the follow-up were recorded. Cut-off values for LDL-C were set at 1.8 and 2.6 mmol/L; thus, the patients were stratified into LDL-C <1.8, 1.8–<2.6, and ≥2.6 mmol/L subgroups. Cut-off value for Lp(a) was 30 mg/dL; thus, the patients were divided into Lp(a) <30 and ≥30 mg/dL subgroups. The primary outcome was 4-point major adverse cardiovascular events (MACE-4), a composite of all-cause death, myocardial infarction, stroke, and repeated revascularization. Median follow-up time was 5.2 (interquartile range, 4.2–6.1) years.



Results: During the follow-up, 129 (28.1%) patients achieved the attainment of LDL-C <1.8 mmol/L, 186 (40.5%) achieved LDL-C 1.8–<2.6 mmol/L, and 144 (31.4%) remained LDL-C ≥2.6 mmol/L. Compared with the postoperative LDL-C <1.8 mmol/L group, the risk of MACE-4 was significantly higher in the LDL-C 1.8–<2.6 mmol/L group [adjusted hazard ratio (aHR) = 1.92, 95% CI, 1.12–3.29; P = 0.019] and LDL-C ≥2.6 mmol/L group (aHR = 3.90, 95% CI, 2.29–6.64; P < 0.001). Baseline Lp(a) ≥30 mg/dL was identified in 131 (28.5%) patients and was associated with an increased risk of MACE-4 (aHR = 1.52, 95% CI, 1.06–2.18; P = 0.022).



Conclusions: For CABG patients, exposure to increased levels of postoperative LDL-C or baseline Lp(a) was associated with worse mid-term clinical outcomes. Our findings suggested the necessity of achieving LDL-C target and potential benefit of adding Lp(a) targeted lipid-lowering therapy in CABG population.
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Introduction

Coronary artery bypass grafting (CABG), the most commonly performed cardiac surgery, is considered to be the most effective revascularization strategy for several subsets of patients with coronary artery disease (CAD) (1). CABG has significantly improved the prognosis of patients with higher disease burden, complex coronary lesions and in the presence of diabetes, as compared to percutaneous coronary intervention (PCI) (2, 3). Even after surgical revascularization, these patients are stratified as a very high risk population susceptible to subsequent cardiovascular events, leading to mortality and morbidity. The effectiveness of CABG is affected by the progression of atherosclerosis occurred in native coronary arteries (4). In addition, accelerated atherosclerotic progression in the grafts usually compromises the success of CABG as well (4). Thus, lipid management remains the cornerstone strategy in secondary prevention after CABG (5).

Low-density lipoprotein cholesterol (LDL-C), the most fundamental and important factor in the development of atherosclerosis, is regarded as an extensively studied, well-established modifiable risk factor and the main target in the primary and secondary prevention of cardiovascular disease (CVD) (6). Elevated LDL-C is associated with increased cardiovascular events and event reduction has been proved to be proportional to the magnitude of LDL-C lowering (7). Thus, in patients with CAD, optimization of LDL-C and statin prescription is associated with reduced morbidity and mortality (6). For CABG patients, lowering postoperative LDL-C with statins and proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors has been proved to be effective in reducing residual cardiovascular risk (7–9). Despite their effectiveness and clinical benefits, statins still remain underused and the achievement of LDL-C target is not satisfactory (10, 11).

Besides LDL-C, lipoprotein(a) [Lp(a)] is recently recognized as a long underestimated cardiovascular risk factor (12, 13). Lp(a) is causally and independently associated with increased risk of CVD (14). In secondary prevention settings, some studies proved that Lp(a) was associated with adverse cardiovascular events (15, 16). Results from a patient-level meta-analysis revealed that elevated baseline and on-statin treatment Lp(a) were independently related with cardiovascular disease risk (17). However, it remains inconclusive whether increased Lp(a) is associated with worse clinical outcomes in CABG patients.

The relationship between lipid profiles and clinical outcomes in patients following CABG is not well understood. Thus, we conducted a secondary analysis to investigate the impact of LDL-C and Lp(a) on mid-term major adverse cardiovascular events (MACE) in patients following CABG.



Methods


Study population

The DACAB trial was a prospective, multicenter, randomized trial. Briefly summarized, 500 patients from six Chinese tertiary hospitals were randomized to ticagrelor 90 mg twice daily plus aspirin 100 mg once daily, ticagrelor alone 90 mg twice daily, or aspirin alone 100 mg once daily for 1-year open-label antiplatelet therapy after CABG between July 2014 and November 2015. The primary outcome was 1-year vein graft patency at the graft level. The trial design and eligibility criteria have been published previously (18). In this secondary analysis, patients who had LDL-C and Lp(a) measured at baseline and LDL-C repeatedly measured during the follow-up period were pooled. Thus, 459 patients in the DACAB trial formed the present analysis. This study was approved by the independent institutional review board of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine.



Study procedures

Baseline LDL-C and Lp(a) were obtained when patients were admitted to the participating hospitals. Repeated measurements of LDL-C were required at 1, 3, 6, and every 12 months after CABG. The average value of these LDL-C levels during the follow-up was used to represent the postoperative LDL-C level. The patients were stratified into LDL-C <1.8, 1.8–<2.6, and ≥2.6 mmol/L subgroups. We adopted the sequential thresholds from the 2016 European Guidelines on cardiovascular prevention in consideration of the study period (19). Lp(a) was evaluated by an immunoturbidimetric method according to the manufacturer's instructions with a normal value of <30 mg/dL; thus, the patients were classified into Lp(a) <30 and ≥30 mg/dL subgroups. We did not repeat Lp(a) measurement for the reason that Lp(a) was considered genetically determined by LPA gene and the concentration remained relatively stable and was refractory to lifestyle and drugs including statins (20).



Clinical outcomes and follow-up

The primary outcome was 4-point MACE, composed of all-cause death, myocardial infarction (MI), stroke, and repeated revascularization (MACE-4). Secondary outcomes included MACE-3 and MACE-5. MACE-3 was composed of cardiovascular death (CV death), MI, and stroke. MACE-5 was composed of all-cause death, MI, stroke, repeated revascularization, and rehospitalization for unstable angina. All-cause death included cardiovascular and non-cardiovascular death. CV death was referred to any death caused by cardiovascular cause and any death that had no identified reason. MI was composed of ST-segment elevation MI (STEMI) or non-STEMI (NSTEMI). Stroke was defined as new focal neurological deficit lasting >24 h and adjudicated by a neurologist based on image records. Patients were contacted at 1, 3, 6, and every 12 months after surgery. All end point events were adjudicated and reviewed by the independent adjudication committee. Antiplatelet therapy was prescribed according to the randomization for the first year, and then other secondary prevention medications were prescribed based on recommendation from the latest guidelines. Information about the use of secondary prevention medication was updated every 3 months during the first year after CABG.



Statistical analysis

Continuous variables were expressed as mean with standard deviation (SD) or median with interquartile range (IQR). Categorical variables were presented as frequencies with percentages. Continuous variables were compared by using Student's t-test or one-way ANOVA and categorical variables were examined by using Fisher's exact test or Chi-squared test. The results of time-to-event analyses were carried out by using the Kaplan–Meier estimates, and the log-rank test was used to calculate the statistical difference. Cox proportional hazards model was used to estimate hazard ratios (HRs) with 95% confidence intervals (CIs). These models were adjusted for traditional cardiovascular risk factors and statistically significant variables in the subgroup comparisons. All analyses were performed by using SAS version 9.4 (SAS Institute Inc.). All statistical tests were two-sided and P values <0.05 were considered statistically significant.




Results

Among the 500 patients, 41 were excluded due to incomplete lipid profiles. This study population had a mean age of 63.2 ± 8.1 years and 81.5% were male.


Baseline LDL-C and clinical outcomes

These patients were stratified into three groups according to the baseline LDL-C levels. Clinical characteristics among the three groups were compared. Patients with increased baseline LDL-C were tended to be younger, more associated with on-pump CABG and less prescribed with angiotensin-converting enzyme inhibitor (ACEI) or angiotensin receptor blocker (ARB) at discharge. Increased baseline LDL-C levels were associated with lower prevalence of previous MI and hypertension (Table 1). There was no loss to follow-up. MACE-4 was observed in 133 (29.0%) patients, including 41 cases (30.4%) in the LDL-C <1.8 mmol/L group, 59 (29.1%) in the LDL-C 1.8–<2.6 mmol/L group, and 33 (27.3%) in the LDL-C ≥2.6 mmol/L group. Compared with the baseline LDL-C <1.8 mmol/L group, the risk of MACE-4 was not statistically different in the LDL-C 1.8–<2.6 mmol/L (HR = 0.90, 95% CI, 0.61–1.35; P = 0.620) and ≥2.6 mmol/L groups (HR = 0.86, 95% CI, 0.54–1.36; P = 0.521) (Figure 1). After adjusted for multiple covariates including age, gender, comorbidities, baseline Lp(a), secondary prevention medication, on-pump surgery, and the use of internal mammary artery (IMA), compared with patients with baseline LDL-C <1.8 mmol/L, the HR for MACE-4 occurrence was 0.82 (95% CI, 0.51–1.33; P = 0.613) for patients with LDL-C 1.8–<2.6 and 0.90 (95% CI, 0.60–1.35; P = 0.426) for patients with LDL-C ≥2.6 mmol/L.


[image: Figure 1]
FIGURE 1
Kaplan–Meier curves of MACE among different baseline LDL-C levels (mmol/L). Kaplan–Meier estimates for freedom from (A) MACE-4, (B) MACE-3, and (C) MACE-5. MACE, major adverse cardiovascular events; LDL-C, low-density lipoprotein cholesterol; MACE-4, 4-point MACE; MACE-3, 3-point MACE; MACE-5, 5-point MACE.



TABLE 1 Baseline characteristics of the study population stratified by LDL-C levels.
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The results of MACE-3 and MACE-5 yielded similar trends (Figure 1). Compared with the baseline LDL-C <1.8 mmol/L group, the adjusted HR for MACE-3 was 0.82 (95% CI, 0.51–1.33) and 0.80 (95% CI, 0.46–1.37) for the LDL-C 1.8–<2.6 and ≥2.6 mmol/L groups, respectively, and the adjusted HR for MACE-5 was 0.86 (95% CI, 0.58–1.28) and 0.78 (95% CI, 0.49–1.25; all P > 0.05), respectively.



Postoperative LDL-C and clinical outcomes

According to the follow-up protocol, repeated measurement of LDL-C levels at 1, 3, 6, and every 12 months after CABG was accomplished. The average LDL-C value of each patient was calculated and the patients were stratified into three groups by referring to the same thresholds. The attainment of LDL-C target <1.8 mmol/L following CABG was accomplished in 129 (28.1%) patients, 186 (40.5%) achieved LDL-C 1.8–<2.6 mmol/L, and 144 (31.4%) remained with LDL-C ≥2.6 mmol/L. Most characteristics were comparable, except that patients with increased postoperative LDL-C were younger, lower male gender, and more associated with on-pump CABG (Table 1). MACE-4 was reported in 18 (14.0%) patients with LDL-C <1.8 mmol/L, 49 (26.3%) with LDL-C 1.8–<2.6 mmol/L, and 66 (45.8%) with LDL-C ≥2.6 mmol/L. Compared with the postoperative LDL-C <1.8 mmol/L group, the risk of MACE-4 was higher for patients with LDL-C 1.8–<2.6 and ≥2.6 mmol/L. The crude HRs were 1.96 (95% CI, 1.14–3.86; P = 0.015) and 3.86 (95% CI, 2.29–6.50; P < 0.001) (Figure 2). After adjusted for age, gender, comorbidities, baseline LDL-C, Lp(a), secondary prevention medication, on-pump surgery, and use of IMA, the HRs for MACE-4 occurrence were 1.92 (95% CI, 1.12–3.29; P = 0.019) and 3.90 (95% CI, 2.29–6.64; P < 0.001) for LDL-C 1.8–<2.6 and ≥2.6 mmol/L groups, when compared with the LDL-C <1.8 mmol/L group. Postoperative LDL-C ≥2.6 mmol/L was mainly associated with increased risk of MI and stroke (all P < 0.05), but not in all-cause death and repeated .revascularization (all P > 0.05) compared with LDL-C <1.8 mmol/L (Figure 2).


[image: Figure 2]
FIGURE 2
Kaplan–Meier curves of MACE-4 and each individual component among different postoperative LDL-C levels (mmol/L). Kaplan–Meier estimates for freedom from (A) MACE-4, (B) all-cause death, (C) myocardial infarction, (D) stroke, and (E) repeated revascularization. LDL-C, low-density lipoprotein cholesterol; MACE-4, 4-point major adverse cardiovascular events.


The results of MACE-3 and MACE-5 were similar (Figure 3). Compared with patients with postoperative LDL-C <1.8 mmol/L, the adjusted HR for MACE-3 was 1.86 (95% CI, 1.00–3.45; P = 0.048) and 3.61 (95% CI, 1.98–6.58; P < 0.001) for patients with LDL-C 1.8–<2.6 and LDL-C ≥2.6 mmol/L; the adjusted HR for MACE-5 was 1.85 (95% CI, 1.09–3.14; P = 0.023) and 3.65 (95% CI, 2.17–6.14; P < 0.001), respectively.


[image: Figure 3]
FIGURE 3
Kaplan–Meier curves of MACE-4 and MACE-5 among different postoperative LDL-C levels (mmol/L). Kaplan–Meier estimates for freedom from (A) MACE-3 and (B) MACE-5. LDL-C, low-density lipoprotein cholesterol; MACE-4, 4-point major adverse cardiovascular events; MACE-3, 3-point major adverse cardiovascular events; MACE-5, 5-point major adverse cardiovascular events.




Lp(a) and clinical outcomes

In this study cohort, Lp(a) ranged from 1 to 138 mg/dL, with a median level of 17 mg/dL (interquartile range, 9–31 mg/dL). The distribution of Lp(a) was skewed and Lp(a) ≥30 mg/dL was identified in 131 (28.5%) patients (Figure 4). Most baseline characteristics between the two groups were comparable, except that patients with Lp(a) ≥30 mg/dL had a lower prevalence of hypertension (Table 2). MACE-4 was detected in 47 patients in the Lp(a) ≥30 mg/dL group and in 86 in the Lp(a) <30 mg/dL group. As shown by the Kaplan–Meier curves, compared with the Lp(a) <30 mg/dL group, patients with Lp(a) ≥30 mg/dL had a higher incidence of MACE-4 (35.9% vs. 26.2%; P = 0.024) with a crude HR of 1.50 (95% CI, 1.05–2.14; P = 0.025) (Figure 5). The adjusted HR (aHR) (adjusted for age, gender, comorbidities, baseline LDL-C, secondary prevention medication, on-pump surgery, and use of IMA) was 1.52 (95% CI, 1.06–2.18; P = 0.022) for MACE-4. The increased risk of MACE-4 was mainly due to the increased risk of MI in the Lp(a) ≥30 mg/dL group (22.1% vs. 13.4%, HR = 1.73, 95% CI, 1.09–2.77; P = 0.021). No significant difference was found concerning the risk of all-cause death (11.5% vs. 6.7%, HR = 1.77, 95% CI, 0.92–3.42; P = 0.087), stroke (5.3% vs. 6.1%, HR = 0.89, 95% CI, 0.38–2.10; P = 0.787), and repeated revascularization (4.6% vs. 5.5%, HR = 0.85, 95% CI, 0.34–2.15; P = 0.738) between the two groups (Figure 5).


[image: Figure 4]
FIGURE 4
Distribution of Lp(a). Lp(a), lipoprotein(a).
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FIGURE 5
Kaplan–Meier curves of MACE-4 and each individual component different baseline Lp(a) levels (mmol/L). Kaplan–Meier estimates for freedom from (A) MACE-4, (B) all-cause death, (C) myocardial infarction, (D) stroke, and (E) repeated revascularization. Lp(a), lipoprotein(a); MACE-4, 4-point major adverse cardiovascular events.



TABLE 2 Baseline characteristics of the study population stratified by baseline Lp(a) levels.
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Similarly, Lp(a) ≥30 mg/dL was associated with increased risk of MACE-3 (29.0% vs. 19.5%, aHR = 1.62, 95% CI, 1.08–2.44; P = 0.019) and MACE-5 (35.9% vs. 26.8%, aHR = 1.49, 95% CI, 1.04–2.14; P = 0.028) (Figure 6).


[image: Figure 6]
FIGURE 6
Kaplan–Meier curves of MACE-3 and MACE-5 between different baseline Lp(a) levels (mmol/L). Kaplan–Meier estimates for freedom from (A) MACE-3 and (B) MACE-5. Lp(a), lipoprotein(a); MACE-3, 3-point major adverse cardiovascular events; MACE-5, 5-point major adverse cardiovascular events.




1-year statin adherence and clinical outcomes

Information about statin use was updated every 3 months during the first year after CABG. A total of 437 (95.2%) patients were reported to be dispensed with statins constantly and 22 patients discontinued the use of statin. Baseline characteristics between the two groups were compared. Poor 1-year statin adherence was observed more in patients with increased postoperative LDL-C levels, receiving dual antiplatelet therapy, and less use of IMA (Supplementary Table S1). MACE-4 occurred in 10 (45.5%) patients with poor adherence and 123 (28.1%) patients with good adherence. The crude HR for MACE-4 was 2.03 (95% CI, 1.07–3.88; P = 0.031) (Supplementary Figure S1). Poor 1-year statin adherence was associated with increased MACE-4 events with an adjusted HR of 2.32 (95% CI, 1.19–4.52; P = 0.013). Increased risk of MACE-4 was mainly due to the increased risk of all-cause death (22.7% vs. 7.3%, HR = 3.92, 95% CI, 1.52–10.09; P = 0.005) (Supplementary Figure S2). Poor 1-year statin adherence was also related with enhanced risk of MACE-5 (50.0% vs. 28.4%, aHR = 2.62, 95% CI, 1.38–4.98; P = 0.003), but not with MACE-3 (31.8% vs. 21.7%, aHR = 2.04, 95% CI, 0.93–4.51; P = 0.077) (Supplementary Figure S1).




Discussion

Our main findings delineated that postoperative LDL-C was significantly associated with 5-year MACE, but no relationship was observed between baseline concentration and MACE. In addition, baseline Lp(a) ≥30 mg/dl was also independently related with increased risk of 5-year MACE. Reinforcing routine measurement of Lp(a) and postoperative LDL-C, promoting the attainment of LDL-C target, and prescribing combined lipid-lowering therapy aiming at multiple pathways should be encouraged in CABG patients.

CABG surgery is widely used to effectively improve prognosis in patients with complex and severe CAD; however, patients following CABG are still susceptible to high risk of subsequent adverse events when compared with the general population (21). It was reported that within 5 years after CABG, 20%–30% patients experienced MACE and 15% died (22, 23). Due to the high residual risk of cardiovascular morbidity and mortality, implantation and optimization of postoperative secondary prevention is highly recommended (24, 25). Management of lipid abnormalities remains one of the primary goals in secondary prevention, for the reason that hyperlipidemia is associated with increased future cardiovascular events and graft deterioration (26, 27). Despite the benefit of lipid-lowering therapy, its underuse is common and compliance with lipid-lowering medication continues to decline over time (10, 28). Compared with patients receiving PCI, fulfillment of statin prescription and maintenance of statin use were markedly unsatisfactory in the CABG population (11, 29). Meanwhile, the overall attainment of LDL-C target in the secondary prevention setting was low, which implied a huge gap between real-world data and guideline recommendation (30).

In this CABG cohort, 40.5% of the patients with LDL-C 1.8–<2.6 mmol/L and 31.4% with LDL-C still remaining ≥2.6 mmol/L were proved to be encountered with increased risk of MACE. Meanwhile, only 28.1% of patients achieved the goal of LDL-C <1.8 mmol/L during the 5-year follow-up period. Likewise, under-implementation of the guideline recommended LDL-C target in the CABG population is common. Results from 1-year follow-up of a Middle-Eastern cohort showed that 59.3% and 29% of CABG patients attained LDL-C targets of <1.8 mmol/L and 1.4 mmol/L, respectively (31). A most recent study from Australia with a median follow-up of 483 days reported that the attainment of LDL-C target <1.8 mmol/L was 47.7%and that of <1.4 mmol/L was 24.4% (32). Another retrospective analysis of 1,230 CABG patients with a median follow-up period of 101 months showed that 44% of the patients reached the target of <1.8 mmol/L (33). A single-center study with a median follow-up time of 12.5 years from Hong Kong had similar results that less than 25% of patients with statins were able to achieve the LDL-C target (34). Thus, there was much room for improvement of postoperative LDL-C control in CABG patients.

Lipid target including LDL-C was not only a treatment goal for lipid-lowering therapy but also a predictive factor for risk stratification in patients following CABG. A large randomized controlled study recruited 10,001 patients composed of 4,654 patients with a history of CABG and found that aggressive LDL reduction to a mean of 2.0 mmol/L was associated with reduced MACE (nonfatal MI, cardiac death, resuscitated cardiac arrest, or stroke) of 27% compared with patients who underwent standard LDL-C reduction to a mean of 2.6 mmol/L, and lowered the need for revascularization rate by 30% (35). Zafrir et al. found that uncontrolled postoperative LDL-C was independently associated with decreased survival, compared with LDL-C <1.8 mmol/L, and the HR for long-term mortality was 1.33 and 1.97 for patients with LDL-C 1.8–2.6 mmol/L and >2.6 mmol/L, respectively (33). A recent meta-analysis proved that intensive LDL-C reduction was associated with 14% relative reduction in all-cause deaths and 25% relative reduction in CV deaths in CABG patients, which highlighted mortality benefits (36). Altogether, exposure to increased postoperative LDL-C was correlated with higher cardiovascular risk.

Results from several observational studies proved that statin use was associated with improved survival and reduced MACE occurrence after CABG (37, 38). In the present analysis, we focused on exploring the influence of statin adherence and found that poor adherence during the first year was correlated with increased risk of MACE, which suggested that CABG patients could benefit from long-term continuous statin use. With the development of non-statin lipid-lowering therapy, we had entered into a new era of hyperlipidemia management. It had been proved that patients with CABG history derive larger absolute reductions in MACE and death from PCSK9 inhibitor (9). Whether early initiation of non-statin LDL-C-targeted lipid-lowering therapy could further reduce subsequent cardiovascular risk and vein graft disease in patients with recent CABG procedure warrants further investigation.

Although LDL-C remained the prime target and statins continued to be the mainstay of secondary prevention, the attribution of Lp(a) to cardiovascular risk was also established. Results from a meta-analysis proved that patients with confirmed CVD and raised Lp(a) concentration were at substantial residual risk, even while taking statins, and Lp(a)-targeted lowering therapy might succeed in reducing Lp(a)-mediated risk (17). Lp(a) was underestimated and infrequently measured in the CABG population. Results from a prospective single-center research with a mean follow-up duration of 8.5 years showed that Lp(a) ≥30 mg/dL was identified in 39% of the CABG subjects and Lp(a) ≥30 mg/dL was significantly associated with greater risk of the composite outcome of CV death and nonfatal MI with HR = 2.98 compared with patients with Lp(a) <30 mg/dL (39). In the DACAB trial, 92% of the CABG population had Lp(a) tested and 28.5% of them had Lp(a) ≥30 mg/dL. We observed that patients with Lp(a) ≥30 mg/dL had a greater risk for the 5-year MACE occurrence. Longer follow-up duration and marked Lp(a) variations between ethnic groups might lead to disparity of these results. In addition, it was reported that Lp(a) accumulation in graft vessel contributed to early occlusion of vein grafts and the adoption of lipoprotein apheresis significantly improved vein graft patency during the first year after CABG (14, 40). In addition, a large meta-analysis indicated that most statins may increase Lp(a) by an average of 8%–24% or 11% increase in the geometric mean of Lp(a) (41). The current research highlighted that in order to better predict residual risk in CABG patients, use of LDL-C as a single biomarker might not be appropriate. Elevated Lp(a) levels contributed to residual risk in the CABG population; thus, new targeted therapy could potentially mitigate future cardiovascular events.


Study limitations

There were several limitations in our research that should be taken into account. First, due to prospective observational study essence, bias could not be avoided and additional confounding factors might not be detected and adjusted, but our research was based on a well-conducted randomized trial, and LDL-C and Lp(a) levels were prospectively collected. Second, we did not evaluate the long-term adherence of statins and did not investigate the utilization of ezetimibe or PCSK9 inhibitor during the follow-up, but statin monotherapy predominated as the mode of lipid management in this cohort and the first PCSK9 inhibitor was not approved by the Chinese CFDA until 2018. Third, Lp(a) was reported in mass concentration instead of particle concentration, which might lead to over- or underestimation of the true Lp(a) burden due to the size heterogeneity of the apo(a) component. Fourth, other lipid profiles including triglyceride levels were not collected and investigated in this current analysis. Fifth, this secondary analysis was based on the Chinese population; a cautious interpretation is warranted when the results were generalized to other ethnic groups.




Conclusion

Exposure to uncontrolled postoperative LDL-C or high Lp(a) was associated with an increased risk of 5-year MACE after CABG. More stringent management of LDL-C and promotion of statin adherence are essential. Combined lipid-lowering therapy incorporating novel agents targeted at new causal lipoproteins merits further research.
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Background: Cold exposure has been considered an essential risk factor for the global disease burden, while its role in cardiovascular diseases is still underappreciated. The increase in frequency and duration of extreme cold weather events like cold spells makes it an urgent task to evaluate the effects of ambient cold on different types of cardiovascular disease and to understand the factors contributing to the population's vulnerability.



Methods: In the present systematic review and meta-analysis, we searched PubMed, Scopus, and Cochrane. We included original research that explored the association between cold exposure (low temperature and cold spell) and cardiovascular disease outcomes (mortality and morbidity). We did a random-effects meta-analysis to pool the relative risk (RR) of the association between a 1°C decrease in temperature or cold spells and cardiovascular disease outcomes.



Results: In total, we included 159 studies in the meta-analysis. As a result, every 1°C decrease in temperature increased cardiovascular disease-related mortality by 1.6% (RR 1.016; [95% CI 1.015–1.018]) and morbidity by 1.2% (RR 1.012; [95% CI 1.010–1.014]). The most pronounced effects of low temperatures were observed in the mortality of coronary heart disease (RR 1.015; [95% CI 1.011–1.019]) and the morbidity of aortic aneurysm and dissection (RR 1.026; [95% CI 1.021–1.031]), while the effects were not significant in hypertensive disease outcomes. Notably, we identified climate zone, country income level and age as crucial influential factors in the impact of ambient cold exposure on cardiovascular disease. Moreover, the impact of cold spells on cardiovascular disease outcomes is significant, which increased mortality by 32.4% (RR 1.324; [95% CI 1.2341.421]) and morbidity by 13.8% (RR 1.138; [95% CI 1.015–1.276]).



Conclusion: Cold exposure could be a critical risk factor for cardiovascular diseases, and the cold effect varies between disease types and climate zones.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO, identifier: CRD42022347247.



KEYWORDS
low temperature, cold spell, cardiovascular disease, meta-analysis, climate





1. Introduction

Climate change has a significant impact on human health and has become a global health concern (1–3). Global disease burden 2019 reported that non-optimal temperatures accounted for 1.01 million deaths in males and 0.946 million in females (1). Despite the long-term warming trends, there is an increase in the number, frequency, and duration of extreme weather events such as cold spells, which makes cold exposure a more significant threat (4, 5). It has been reported that for every 1°C temperature decrease below the reference point, the rate of non-accidental mortality increases by 4% (6). Therefore, it is crucial to clarify the impact of cold exposure on human health outcomes.

Cardiovascular diseases (CVDs) are the leading cause of disease burden, accounting for nearly one-third of total deaths worldwide (1). In many countries, CVD mortality is higher in winter than in summer (7, 8). As reported, sudden exposure to low temperatures could disturb cardiovascular activity (9, 10). Cold exposure induces an increase in blood pressure and changes in blood components, which could induce disease conditions such as hypertension, myocardial infarction (MI), and atherosclerosis (7, 11, 12). This evidence suggests that cold exposure might be an essential risk factor for cardiovascular diseases and increase the health burden. Considering the increasing intensity and frequency of cold surges and cold spells (4), it is vital to demonstrate the impact of cold exposure on cardiovascular diseases.

Previous studies have reported a positive association between cold exposure and cardiovascular mortality and morbidity (6, 11, 13, 14). However, the extent of cold impact on cardiovascular health remains disputable. Specifically, Ren et al. reported a 14.3% increase in cardiovascular mortality followed by every 1°C decrease in temperature (15), while Bai et al. found only a 1.1% increase (16). The wide variation between studies hinders a proper understanding of cold impact. More importantly, the influential factors that cause variations are worth investigating. Previous meta-analyses mainly focused on cold impact on all-cause mortality, in which cardiovascular disease was discussed only as a subgroup. Hence, there is currently no study that systematically analyzes cold impact on different kinds of cardiovascular disease, let alone discusses the influential factors of cold impact such as climate zones. A review that focuses on cold impact on cardiovascular disease is crucial to provide more specific and detailed information on matters such as cold impact on different kinds of cardiovascular diseases, the vulnerabilities of the population, and influential factors.

Therefore, we conducted a wide-ranging search and analysis of the available epidemiological evidence concerning the effects of cold exposure (low temperatures and cold spells) on cardiovascular disease outcomes. We carried out an elaborate stratification on the included literature, examining cold impact on different kinds of diseases and exploring the susceptibility of the population to cardiovascular disease outcomes resulting from cold exposure.



2. Methods

We followed the preferred reporting items for systematic reviews and meta-analysis (PRISMA) guidelines to plan and conduct this review (17) (Supplementary Table S1), and the study protocol was registered with PROSPERO (CRD42022347247).


2.1. Literature search and selection criteria

We searched the databases of PubMed, Scopus, and Cochrane. Keywords such as “temperature”, “weather”, “climate change”, or “cold” were used for exposures. As for health outcomes, we used “cardiovascular disease”, “heart disease”, “vascular disease”, “cerebrovascular disease”, “hypertensive disease”, “myocardial infarction”, “stroke”, “heart failure”, “arrhythmia”, “cardiac arrest”, “rheumatic heart disease”, “thrombotic disease”, “pulmonary heart disease”, and “aortic aneurysm and dissection”. Peer-reviewed studies published in English before February 6, 2023, were identified. Reference lists of all selected articles were independently screened to identify additional studies left out in the initial search. These processes were developed by two investigators (JF and YC), and any differences in investigators’ decisions were discussed. The complete search strategy used for each database is outlined in Supplementary Table S2.



2.2. Eligibility criteria

In the literature search, we included studies that met the following selection criteria: (1) original, peer-reviewed articles with an independent study population; (2) articles that included information on the relationship between cold exposure and cardiovascular-related mortality (death) and morbidity (hospitalization, emergency room visit, ambulance call-out, and out-of-hospital cardiac arrest); and (3) articles categorized as a time-series study or case-crossover study. For this review and meta-analysis, articles were excluded if they reported percentiles for exposure assessment or seasonal effects rather than specific temperatures. Figure 1 presents a flow diagram of the study selection process.
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FIGURE 1
Flowchart of the assessment of eligible studies.




2.3. Data extraction

An Excel data extraction form was created to record study information on the study period, study population, exposure, outcome, and results on the effects of cold (Table 1). The summary estimates were obtained from the published tables and figures through textual descriptions and Supplementary Material. When information from the figures was imprecise or detailed data seemed available but not provided in the article, we contacted the authors to request further data. When both crude and adjusted estimates were reported, we used the adjusted estimates (18). If multiple studies were using the same data and were conducted by the same research group, we considered the results for the most recent publication. If different research groups conducted the studies, we included all of them in the pooled analysis.


TABLE 1 Characteristics of included studies.

[image: Table 1]



2.4. Study quality assessment

We further appraised the evidence included in the meta analysis by applying the risk of bias (RoB) assessment in each study and assessment of quality and strength of the body of included studies. A detailed description of the criteria for the assessments is provided in Supplementary Tables S3–S5.



2.5. Statistical analysis

A random-effects meta-analysis was used to compute the relative risk (RR) estimates associated with cold exposure. We converted all RRs to RRs associated with a 1°C decrease below the reference temperature points, assuming a log-linear relationship between mortality/morbidity and temperature below the reference temperature points (6, 19). If studies reported multiple lag RRs, we selected the lag associated with the maximum risk to conduct the meta-analysis. Subgroup analysis was carried out to analyze the vulnerabilities stratified by age, sex, national income level, and climate zones (classified by the Köppen–Geiger climate zones) (20). Subgroup interaction was employed to detect the significance of differences among subgroups.

I2 statistics and Cochrane Q were used to examine heterogeneity among effect estimates. The heterogeneity of pooled estimates with p < 0.10 (Cochrane Q test) was deemed significant (21). I2 statistics of 0%–25%, 25%–50%, and >50% indicated low, moderate, and high heterogeneity, respectively (21). Funnel plots and Egger's test were used to evaluate potential publication bias, and the Trim and Fill method was used to examine the sensitivity of the results to publication bias. Sensitivity analyses were carried out, separating studies by temperature metrics, study design (time-series or case-crossover), seasonality, lag effects, and air pollution adjustment for low-temperature exposure, and intensity (classified by cold spell duration) for cold spells. We further examined the influence of individual estimates on the pooled RRs using a leave-one-out analysis. Meta-regressions were used further to explore the heterogeneity of effects and determinants of heterogeneity. Statistical analyses were done using Stata (version 16.0).




3. Results


3.1. Search and study selection results

The initial database searches produced a total of 21,724 articles, of which 1,672 duplicate records were excluded. After screening titles and abstracts, 19,773 articles were eliminated for being irrelevant. We included 166 articles for full-text review and excluded 7: 1 because of an overlapping database (22) and 6 for providing non-standardizable estimates (23–28). Ultimately, we identified 159 studies on the basis of the inclusion criteria for the final review (Figure 1).



3.2. Study characteristic

The characteristics of the included studies presented in Table 1. Of these, 135 studies reported low-temperature effects, 21 assessed cold spell effects, and 2 examined the effects of both low temperature and cold spells. A total of 80 studies reported cardiovascular mortality, 64 studies assessed morbidity, and 4 reported both health outcomes. According to the Köppen–Geiger climate zones classification (20), 7 studies were carried out in the tropical zone, 7 in the dry zone, 5 in the Mediterranean zone, 16 in the oceanic climate zone, 63 in the subtropical zone, 29 in the continental area, and 7 in the subarctic zone (Figure 2).
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FIGURE 2
Geographical distribution of city-specific or region-specific cardiovascular disease mortality (A) and cardiovascular disease morbidity (B) estimates included in the meta-analysis by considering the Köppen–Geiger climate zone. Af, tropical rainforest climate; Am, tropical monsoon climate. Aw, tropical savanna climate. BWh, hot desert climate; BWk, cold desert climate; BSh, hot semiarid climate; BSk, cold semiarid climate; Csa, hot-summer Mediterranean climate; Csb, warm-summer Mediterranean climate; Csc, cold-summer Mediterranean climate; Cwa, monsoon-influenced humid subtropical climate; Cwb, subtropical highland climate or monsoon-influenced temperate oceanic climate; Cwc, cold subtropical highland climate or monsoon-influenced subpolar oceanic climate; Cfa, humid subtropical climate; Cfb, temperate oceanic climate; Cfc, subpolar oceanic climate; Dsa, Mediterranean-influenced hot-summer humid continental climate; Dsb, Mediterranean-influenced warm-summer humid continental climate; Dsc, Mediterranean-influenced subarctic climate; Dsd, Mediterranean-influenced extremely cold subarctic climate; Dwa, monsoon-influenced hot-summer humid continental climate; Dwb, monsoon-influenced warm-summer humid continental climate; Dwc, monsoon-influenced subarctic climate; Dwd, monsoon-influenced extremely cold subarctic climate; Dfa, hot-summer humid continental climate; Dfb, warm-summer humid continental climate; Dfc, subarctic climate; Dfd, extremely cold subarctic climate; ET, tundra climate; EF, ice cap climate.




3.3. Meta-analysis of low-temperature effects

An analysis of pooled estimates showed that for every 1°C decrease in temperature, cardiovascular disease–related mortality increased by 1.6% [RR 1.016; 95% confidence interval (CI) 1.015–1.018] (Figure 3 and Supplementary Figure S1), and cardiovascular morbidity increased by 1.2% (RR 1.012; 95% CI 1.010–1.014) (Figure 4 and Supplementary Figure S2). Cause-specific analyses showed positive associations between low temperatures and the mortality of coronary heart disease (CHD) (RR 1.015; 95% CI 1.011–1.019), heart failure (HF) (RR, 1.008; 95% CI 1.003–1.013), and stroke (RR 1.012; 95% CI 1.008–1.016), while cold temperatures showed no significant association with hypertensive diseases and cardiac arrest mortality. For morbidity, low temperatures increased the morbidity of all kinds of cardiovascular diseases, apart from hypertensive diseases. Moreover, higher morbidity risks were attributable to HF (RR 1.030; [95% CI 1.013–1.048]), aortic aneurysm and dissection (AAD) (RR 1.026; 95% CI 1.021–1.031), and out-of-hospital cardiac arrest (RR 1.024; 95% CI 1.012–1.035). We further analyzed the cold effects in a population with different characteristics to explore the population's vulnerability. We found that people aged 65 or older were more vulnerable to cardiovascular disease–related mortality (p = 0.056). Considering the climate zones, a significant greater risk of cardiovascular disease–related mortality was observed in those who lived in tropical (p = 0.004) and subtropical (p < 0.001) climate zones than those in the subarctic climate zone. In addition, cardiovascular morbidity was significantly higher in people living in lower-middle-income countries than in those living in high-income and upper-middle-income countries (p = 0.002).
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FIGURE 3
The impact of low temperatures on RR and 95% CIs for cardiovascular disease mortality in different groups. RR, relative risk; n, the number of effect estimates; CI, confidence interval.
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FIGURE 4
The impact of low temperatures on RR and 95% CIs for cardiovascular disease morbidity in different groups. RR, relative risk; n, the number of effect estimates; CI, confidence interval.




3.4. Meta-analysis of cold spell effects

Cold spells had a significant impact on cardiovascular outcomes, which increased cardiovascular disease–related mortality by 32.4% (RR 1.324; 95% CI 1.234–1.421) (Figure 5 and Supplementary Figure S3) and morbidity by 13.8% (RR 1.138; 95% CI 1.015–1.276) (Figure 6 and Supplementary Figure S4). There was no significant difference among cold spells of different intensities. Moreover, in the subarctic climate zone (RR 1.452; 95% CI 1.164–1.811), the effect of the cold spell on cardiovascular mortality was significantly higher than that in the continental area (p = 0.049).
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FIGURE 5
The impact of cold spells on RR and 95% CIs for cardiovascular disease mortality in different groups. RR, relative risk; n, the number of effect estimates; CI, confidence interval.
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FIGURE 6
The impact of cold spells on RR and 95% CIs for cardiovascular disease morbidity in different groups. RR, relative risk; n, the number of effect estimates; CI, confidence interval.




3.5. Heterogeneity analysis

We found high heterogeneity in the summary effect estimates of low temperature (heterogeneity p-values < 0.0001, and all I2 > 50%). The stratification by sex and age did not help reduce heterogeneity, while it decreased in hypertensive disease and HF mortality stratum (Figure 3). We further conducted sensitivity analyses, finding no significant differences in the pooled RRs for the associations between cold exposure and cardiovascular disease–associated health outcomes in the leave-one-out analysis (low-temperature mortality RR 1.015–1.018; low-temperature morbidity RR 1.011–1.013). Moreover, for cardiovascular disease–related mortality and morbidity, a series of sensitivity analyses done by separating studies by temperature metrics, study design, seasonality, lag effects, and air pollution adjustment showed consistency in the direction and magnitude of the associations in the reviewed studies (Table 2). We further explored the source of heterogeneity using meta-regression (Supplementary Table S6), which showed that the lower-middle-income level was positively correlated with a 1% decrease in RRs for cold effects on cardiovascular morbidity (RR 1.124; 95% CI 1.035–1.221; p = 0.007; ref = high income level). The heterogeneity in the summary effect estimates of cold spells was large (heterogeneity p-values < 0.0001, and all I2 > 90%). The stratification of cold spell intensity only reduced the heterogeneity of the estimated morbidity RRs. No significant difference in the pooled RRs for the associations between cold spells and cardiovascular mortality was found in the leave-one-out analysis (cold spell morbidity RR 1.279–1.372). However, two (33%) studies could render the pooled effects of cold spells on cardiovascular disease morbidity insignificant when left out from the analysis.


TABLE 2 Sensitivity analysis of random-effects meta-analysis showing relative risk (RR) and 95% confidence intervals (CIs), for the association between low temperatures and cardiovascular disease morbidity, with every 1°C decrease in temperature.
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3.6. Rob and study quality assessment

We assessed the RoB of the included studies and rated the overall RoB according to the key components such as exposure, outcome, and confounding bias. The details of the RoB assessment criteria and individual studies’ assessment are given in Supplementary Table S2 and Supplementary Figure S5. In summary, of the 154 (96%) studies that were rated with low risk or probably with a low risk of bias, 8 (4%) were rated with probably high risk, and no study was rated with a high risk of overall bias (Supplementary Figure S6). The initial quality rating was moderate, as the evidence was derived from observational studies. The evidence quality of studies on the effects of cold exposures (low temperature and cold spells) on cardiovascular disease–related mortality and morbidity was downgraded because of inconsistent results. All the I² >50% and 80% prediction intervals (PIs) included unity and were more than twice the random-effects meta-analysis confidence interval. Further, we upgraded the quality rating of the studies to moderate for the evident exposure-response gradients, except for the study on the effect of the cold spell on cardiovascular morbidity for its inconsistent dose response across studies (Supplementary Table S8).




4. Discussion

The present study aimed to clarify the effects of cold exposure (low temperature and cold spell) on cardiovascular disease–related health outcomes (mortality and morbidity) and explore the population’s susceptibilities to cold-induced cardiovascular diseases. We systematically reviewed 159 articles in the synthesis to strengthen the evidence on the increase in cardiovascular disease risk due to cold ambient exposures and to clarify the magnitude of cold impact. We provided new knowledge that the risk of cold exposure to cardiovascular diseases varies among climate zones. The meta-analysis indicated that following every 1°C decrease, cardiovascular-associated mortality increased by 1.6% and morbidity by 1.2%. A more substantial effect was observed in the morbidity of cardiac arrest and AAD, while the impact of cold exposure on hypertensive disease outcomes was not significant. Notably, cold spells significantly increased cardiovascular-related mortality and morbidity by 32.4% and 13.8%, respectively.

Our results update the findings of the previous studies and clarify the impact of cold exposure on cardiovascular outcomes with regard to both its direction and magnitude (11, 13, 14). Knowledge generated from previous studies was consistent in terms of direction, showing the positive association between cold exposure and cardiovascular disease outcomes, while its magnitude remained disputable. To better understand the extent of cold impact on cardiovascular disease, we conducted a wide-ranging search and analysis of current evidence with available information on daily temperature, location, and International Classification of Diseases-coded cause of death. Specifically, 80 studies exploring the association between low temperatures and cardiovascular disease were included in the meta-analysis. We found that with every 1°C drop in temperature, the RR of cardiovascular disease increased by 1.6%. We further conducted a series of sensitivity analyses by carrying out an elaborate stratification on included literature, considering the confounding factors. An analysis of different stratifications of the study also showed similar results for both direction and magnitude. These results suggested the robustness of our conclusion, which may be more in accord with the actual situation. Furthermore, we analyzed the impact of low temperatures on cardiovascular morbidity using the same method, which showed a 1.2% increase in cardiovascular mortality with every 1°C decrease. Notably, the impact of cold spells on cardiovascular disease was considerable, which increased mortality by 32.4% and morbidity by 13.8%. Our results provided the latest and unbiased evidence of the association between cold exposure and cardiovascular disease, which may help researchers better evaluate the impact of climate change.

The varied magnitude of cold impact suggests the existence of some crucial factors that could influence cold impact on cardiovascular health. Exploring these influential factors and the population’s susceptibility to cold-induced cardiovascular diseases is an important finding in our review. Here, we analyzed the cold effects in different climate conditions by stratifying the included articles using the Köppen–Geiger climate zones classification (20). As the results showed, the increased mortality caused by low-temperature exposure was more pronounced in a location with a higher mean daily temperature, such as the tropical climate zone (24.23°C; RR 1.023), Mediterranean climate zone (20.19°C; RR 1.024), and subtropical climate zone (19.78°C; RR1.032). In comparison, the cold effects were less pronounced in those with a lower mean daily temperature, such as the oceanic climate zone (10.38°C; RR 1.009), continental climate zone (14.60°C; RR 1.010), and subarctic climate zone (9.23°C; RR 1.009). Similar results have been found in clinical research worldwide (7, 29, 30). For example, Ebi and Mills reported that cold-related mortality increased significantly in regions with higher winter temperatures in the United Kingdom (29). Furthermore, Guo et al. found that the cold effects in southern China were more pronounced than in northern cities (7). Locations with higher mean temperatures tend to have higher optimal temperatures and to be intolerant to a fall in temperature, probably through physical adaptation (1). More importantly, social adaptation may play an even more critical role, as it is a known fact that the susceptible population, such as the elderly and patients with cardiovascular disease, should wear protective clothing and remain active in cold weather outdoors (29). However, The Eurowinter Group reported that in relatively warm countries, such a population often does not follow such practices because they do not feel the need (30). These findings suggest that excessive deaths in some instances could be avoided by way of the authorities taking several steps to promote subjective measures and public measures such as wind-proofing bus shelters. In addition, cold-related mortality is significantly higher in countries with lower-middle-income levels. The social capacity to adapt is also probably tied to economic development. People living in such countries may have less capacity to adapt to decreased temperatures, potentially exacerbating health inequalities across countries.

We further examined the cold impact on different kinds of cardiovascular diseases classified by the International Classification of Diseases-coded. Among them, cold exposure showed the most potent impact on the mortality of CHD and the morbidity of out-of-hospital cardiac arrest and AAD. In contrast, its role in hypertensive disease outcomes was not significant. Mechanically, the autonomic nervous system and humoral regulation system consist of a precise network to maintain blood pressure, which may not easily be disturbed by a change in ambient temperature. Moreover, our finding is consistent with that of a previous meta-analysis that explored the association between low temperatures and blood pressure. It was reported that a 1°C decrease in the mean daily outdoor temperature increased the systolic and diastolic blood pressure by 0.26 and 0.13 mmHg, respectively (12). These results suggested a possible correlation between decreased temperature and the incidence of hypertensive diseases, while the precise relationship remained largely unknown, which warrants future research. For example, research with a more detailed classification of the extent of temperature change and patients with underlying diseases is still needed. Recently, a meta-analysis that explored the effect of heat exposure on cardiovascular diseases reported a 2.8% and 17% increase in cardiovascular mortality followed by high temperatures and heat wave exposure, respectively (19). Coincidentally, both heat and cold exposure exercised the most substantial impact on cardiac arrest and minimum effect on hypertensive disease (19). Future exploration of the critical mechanism elicited by non-optimal temperatures may explain the results.

Cold temperatures could impact cardiovascular activity through many mechanisms. For example, cold exposure increases blood viscosity by elevating blood, platelet count, and red blood cell count in a few hours, which may increase the risk of ischemic heart disease and stroke (31–33). This could explain our study’s finding of increased risk of CHD and stroke after cold exposure. Furthermore, the present analysis suggested a high correlation between low temperatures and cardiac arrest morbidity, which may be explained by cold-induced autonomic nervous system disruption and inflammation–coagulation cascade activation (34–36). In addition, cold exposure was found to be associated with several risk factors for cardiovascular disease. It was reported that exposure to lower temperatures could be associated with a higher risk of metabolic derangement, including higher plasma glucose and more insulin resistance (37). Moreover, patients with diabetes were more prone to cold-related cardiovascular disease (38). Similarly, cold exposure impacted lipid metabolism disorder and influenza epidemics (39) and may induce more fat and alcohol intake.

The present synthesis showed a substantial interstudy heterogeneity. Considering the significant number of studies included in this meta-analysis, it is hard to avoid some inherent differences related to factors such as study design, meteorological variables, study population, and statistical mode. To analyze the source of heterogeneity, we carried out sensitivity analysis, subgroup analysis, and meta-regression, considering various covariant aspects such as temperature metrics, study design, study season, lag effects, air pollution adjustment, and cold spell intensity. However, all these analyses failed to reduce heterogeneity, indicating that other unmeasured factors still contribute to the cold effects on cardiovascular diseases as covariants, which still needs future research. In addition, a series of sensitivity analyses done by separating studies by various covariants and let-one-out analyses showed consistency in direction and magnitude, except for the impact of cold spells on cardiovascular morbidity. In this study, two (33%) studies could render the pooled effects of cold spells on cardiovascular disease morbidity insignificant when left out from the analysis, indicating the instability of the result. This inconsistency may be attributed to the small amount of evidence present in the synthesis. More importantly, there needs to be a clear definition and reference periods for cold spells, which may cause significant heterogeneity and various estimated effects (40, 41).

The main advantages of our estimates of risk attributed to cold exposure are as follows. To our knowledge, this review is the first to focus on the impact of cold weather on cardiovascular disease and to analyze the influential factors that cause differences in terms of cold impact. Notably, we found that cold exposure had the most powerful impact on CHD and AAD. Moreover, we identified the climate zone as an essential influential factor in terms of the impact of ambient cold exposure on cardiovascular disease. We also provided strong evidence of the impact of cold exposure on cardiovascular disease with regard to both its direction and magnitude by conducting a wide-ranging search and analysis of the current evidence and carrying out a series of sensitivity analyses that attest to the robustness of our findings. However, our study still has some limitations to be addressed. First, we unbiasedly included relative peer-reviewed literature. However, the available studies are far from conclusive, and the quality of several studies is a matter of concern. These may inevitably affect the quality of the pooled results, which suggests the requirement for rigor and better instruments in future research. Second, we found a high heterogeneity among included studies. Although we employed a series of subgroup analyses and meta-regression, the source of heterogeneity was not identified. Therefore, we used a random-effects model to pool individual estimates in studies quantitatively. However, considering the undetected source of heterogeneity and confounders, caution should be exercised when interpreting these pooled effect estimates. Third, we referred to the methodology of the previous meta-analysis and chose the lag RRs with the maximum risks (18, 19), which could lead to mistakes in the pooled results. For example, such extracted data could inevitably induce higher estimated RRs. Moreover, temperatures in the following lag days could affect the results in the form of an unadjusted confounder. However, which lag RR gives a true picture of cold impact remains largely unknown, and it is unlikely to make the best choice on the basis of the available evidence. This suggests the need for future research on the relationship between the lag days and the impact of temperature. Fourth, despite the great amount of literature included in the pooled estimates, there were still a small number of estimates in some subgroups such as the mortality and morbidity of hypertensive disease and health outcomes in lower-middle-income-level countries.

This systematic review and meta-analysis used the most up-to-date data assessment method and included 159 pieces of literature on cold exposure and cardiovascular disease outcomes. This study provided updated evidence that cold exposure (both low temperatures and cold spells) could elevate the risk of cardiovascular disease–related mortality and morbidity. Findings from this review also highlight that people living in warmer climate zones and lower-middle-income countries are more susceptible to cold-induced cardiovascular diseases. This study helps evaluate the current risk factors for cardiovascular diseases and provides important implications for future healthcare prevention strategies and resource allocation for high-risk populations. Given the increases in the frequency and intensity of consecutive cold climatic extremes, urgent attention is called for to devise more successful strategies to reduce risks.
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Aortic stenosis (AS) is the most common valvular heart disease in the western world, particularly worrisome with an ever-aging population wherein postoperative outcome for aortic valve replacement is strongly related to the timing of surgery in the natural course of disease. Yet, guidelines for therapy planning overlook insightful, quantified measures from medical imaging to educate clinical decisions. Herein, we leverage statistical shape analysis (SSA) techniques combined with customized machine learning methods to extract latent information from segmented left ventricle (LV) shapes. This enabled us to predict left ventricular mass index (LVMI) regression a year after transcatheter aortic valve replacement (TAVR). LVMI regression is an expected phenomena in patients undergone aortic valve replacement reported to be tightly correlated with survival one and five year after the intervention. In brief, LV geometries were extracted from medical images of a cohort of AS patients using deep learning tools, and then analyzed to create a set of statistical shape models (SSMs). Then, the supervised shape features were extracted to feed a support vector regression (SVR) model to predict the LVMI regression. The average accuracy of the predictions was validated against clinical measurements calculating root mean square error and R2 score which yielded the satisfactory values of 0.28 and 0.67, respectively, on test data. Our work reveals the promising capability of advanced mathematical and bioinformatics approaches such as SSA and machine learning to improve medical output prediction and treatment planning.
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1. Introduction

With increasing prevalence, Aortic stenosis (AS) is the most common type of valvular heart disease (1). Severe AS represents a complex pathology which is not limited only to the aortic valve but also involves the left ventricular (LV) geometry and function. Left ventricular hypertrophy (LVH), defined by increased LV mass index (LVMI), is almost ubiquitous to severe AS and reflects the necessary myocardial compensation to chronic afterload elevation in attempt to maintain LV wall stress (2). This pathological remodeling process results in myocardial fibrosis leading to LV dysfunction and heart failure (3). Once even mild symptoms are present, failure to relieve elevated afterload leads to a mortality as high as 50% over 2 years (4). Unloading the heart with aortic valve replacement (AVR) tends to promote a decrease in LVMI and improvement in LV function, but the time course and degree of regression toward normality varies across patients (5,6). Long-term survival after AVR for severe AS is strongly related to the timing of the intervention in the natural disease course. Left ventricular ejection fraction (LVEF) and patients’ symptoms remain the main determinants of the timing of intervention in patients with severe AS in the guidelines (1). However, they are limited to global systolic function and fail to capture anatomical abnormalities, hindering their performance in risk stratification. It has been demonstrated that among patients with moderate or severe LVH treated with transcatheter AVR (TAVR), greater LVMI regression at 1 year is associated with lower mortality and hospitalization likelihood to 5 years (7). Despite its implications, these measures are largely absent from current symptom-based guidelines for the appropriateness of AVR (8,9). In recent years, several studies have attempted to leverage left ventricle statistical shape analysis to predict, classify, or analyze associated phenomena. For instance, left ventricle shape has been used to predict arrhythmic risk in fibrotic dilated cardiomyopathy (10), to predict response after cardiac resynchronization therapy (11), or to detect early signs of heart failure in congenital heart disease (12). However, left ventricle SSA has never been leveraged towards prediction of left ventricle mass index regression. In this research, we sought to evaluate whether three-dimensional (3D) left ventricular (LV) shape features, extracted from preoperative gated cardiac computed tomography (CT) scans leveraging statistical shape modeling (SSM), correlate with larger post-TAVR LVMI regression and identify a machine learning model to predict 1-year post-TAVR LVMI regression in patients with severe AS.



2. Materials and methods

The overall study design is illustrated in Figure 1. Briefly, the process was started with automatic segmentation of the left ventricles gated CT images as described in Section “Automatic segmentation.” The segmented 3D shapes then went through a pipeline of down-sampling, alignment, and order reduction (Sections “Shapes alignment” and “Left ventricle shape encoding”). The shape features extracted via order reduction (also called shape encoding) algorithm fed the Support Vector Regression (SVR) model which serves as our prediction machine. The predictor setup and the description of the input and output can be found in Section “Training the prediction model.”


[image: Figure 1]
FIGURE 1
Schematic of the statistical shape analysis pipeline used for the outcome prediction.



2.1. Study population

We retrospectively identified all adult patients with severe AS who underwent TAVR at Brigham and Women’s Hospital (Boston, MA) from 2018 to 2020. Patients younger than 18 years with mixed aortic regurgitation or other concomitant valvular disease more than mild, history of ischemic heart disease, prior valve or coronary artery bypass graft surgery, and poor quality pre-TAVR gated cardiac CT images were excluded. The final study population included a cohort of 66 patients and the CT images were retrospectively collected in Digital Imaging and Communications in Medicine (DICOM) format with the approval from the local institutional review board. Table 1 demonstrates the baseline characteristics of these patients. The raw DICOM data were initially deidentified by an independent party converting images into a nearly raw raster data (NRRD) format. The LVMI regression percentage one year after the surgery is defined as:

[image: Inline Image]

where preLVMI and postLVMI refer to the LVMI before and after the TAVR, respectively. The pre and postLVMI were calculated from transthoracic echocardiography as described before (13)


TABLE 1 Patients’ Characteristics for the studied population.

[image: Table 1]



2.2. Automatic segmentation

To reconstruct the digital twins of studied LV, a convolutional neural network (CNN) algorithm using a U-Net structure was trained and validated using LV masks generated by semi-automatic segmentation of 35 cases with the open-source 3D-Slicer package (Figure 2). The semi-automatic annotations for training and testing purposes were done by two independent clinical experts who annotated randomly selected patients. The annotations were later revised by an independent operator, blind to the assigned clinical annotators. Adopting such an approach, we strived to minimize the operator dependency and bias in our segmentation approach. Future steps were handled by the trained and tested neural network which was automated and included no operator interference.


[image: Figure 2]
FIGURE 2
Schematic representation of the U-Net neural network, semi-automatic segmentation of the LV using 3D-Slicer (blue), and a sample AI-predicted reconstructed LV geometry (red).


The provided CT scans and the corresponding labels were initially normalized and then cropped/padded to 512–512 pixels. The available training data was augmented using scaling and rotation to generate a sufficient training set. The Keras python library was used to perform the deep learning powered automatic segmentation due to its competent performance and structure. The U-Net architecture comprises two major components (Figure 3): (i) encoder which includes the convolutional and pooling layers to extract the important features of the input images; (ii) decoder which consists of convolutional layers and up-sampling to build the predicted output segmentation (14). In addition to the network structure, multiple network hyperparameters were tuned to obtain high accuracy and shorter training time. The CNN model was trained on a Quadro RTX 6000 GPU including 4,608 Cuda cores and 24 GB GPU memory.


[image: Figure 3]
FIGURE 3
CNN architecture used for semantic image segmentation. The input and output images are shown as orange boxes. The inputs and outputs of the CNN layers are shown as green and blue boxes, respectively. The yellow boxes represent the copied tensors, and the blue arrow indicates the flow of the CNN model from raw input image to the binary segmented output image.


To gain robust performance, the model was trained using five subsets to provide five variations of the deep learning model. During the training, fusion of the five candidate labels was obtained using majority voting (ensemble training) (14). The predicted segmentations obtained from the deep learning model were stored as NRRD files, and additional image processing steps were performed. First, a closing operation, the erosion of the dilation of the label, was performed with a cubic structuring element of 5 voxels in diameter to remove small holes within the volume. To smoothen the generated label, a median filter utilizing a ball shaped footprint of 5 voxels was applied. After the image has been smoothened and small holes removed, the largest connected component was isolated, removing any unwanted islands. All models were trained and evaluated using five-fold cross-validation on the training set. The average value of dice loss function was 0.96 indicating promising efficiency, visually validated by comparing the predicted models with the geometries reconstructed by skilled clinicians. A marching cube and a subsequent Laplacian smoothing operation is performed on the labels to create the smooth 3D geometry which is then converted to an STL file. We experienced that, with sufficient resolution, the impact of marching cubes operation on the intracavity volume was minimal. Such characteristics justify the frequent use of this technique for meshing in platforms such as with the VTK python API that we also utilized herein. Using the Laplacian smoothing operation, we controlled, and experimentally optimized, two main parameters in our process namely the number of iterations and the relaxation factor. The smoothing operation adjusted the coordinates of every individual vertex based on the average of the connected vertices, while the amount of displacement was controlled by the relaxation factor.



2.3. Shapes alignment

The produced STL files typically comprise a quarter of million points. Processing such huge point clouds is computationally expensive and practically unnecessary. Moreover, registration algorithms are more likely to inaccurately align these shapes due to local minimization issues in the internal iterative optimization process (15). Another advantage of down-sampling process is denoising and smoothing the unrealistic spikes of the generated shapes. We used Open3d package in Python to down-sample and convert the point clouds into polygon (ply) file format, where each individual shape consistently contained 5,000 points in the 3d space building a 15,000-length location vector for each shape. The down-sampling process is theoretically reported to be unbiased with guaranteed uniformity. Preliminary tests of varying down-sampling efforts returned minimal change in the SSA outcome and mass center locations.

Before starting the alignment process, all the point clouds were shifted such that the mass center of each shape was transferred to the origin (x = y = z = 0). This accelerated the iterative optimization process in the alignment algorithm and can be compared to the traditional data normalization in pre-processing input data in machine learning routines. In the next step, the iterative closest point (ICP) algorithm was applied to align the shapes (16,17). ICP aligns the shape p with respect to the reference shape q by applying the scale s, rotation matrix R, and the translation (shift) transformation T on it. The method aims to minimize the global error E.

[image: Inline Image]

between the shapes p and q, wherein the residual error ei is defined as
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in which pi and qi are corresponded points in shapes p and q. In this study, we set s = 1 to conserve the size of left ventricle as a clinically important feature. Traditionally in SSA, the reference shape is randomly selected. Here, we tried to enhance the approach by selecting the shape with surface and volume closest to the averages of the whole shapes as the reference shape. Specifically, the reference shape was selected to be the one which minimizes
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where s is the surface area for each shape, v is the volume, and overlines indicate the mean value. After aligning all the shapes with the reference shape, the location vectors need to be reordered. A point cloud noted as X(k) can be represented by its 5000 × 3 location matrix defined as
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assembled from the coordinates of point k defined by a 3 × 1 size vector x(k)n with a total number of N (5000) points. The rows of the location matrix were reordered such that the ith row (i = 1, …, 5000) in the location matrix of each individual shape was matched with the point addressed in the same (i.e., ith) row of the location matrix for the average point cloud. The average shape was then simply calculated as
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in which x¯n is a point on the mean shape and K is the number of the shapes. Once the mean shape was computed, the shapes were realigned to this new mean shape to arrange them along the newly defined reference. The last step before order reduction (also called encoding) is calculating the deviation vector of ith shape with respect to the average shape by subtracting the ith location vector from the average shape location vector. By that we aimed to remove the common information among the individual clouds and facilitate the machine steps.



2.4. Left ventricle shape encoding

Shape encoding (See Figure 1 for a schematic view) aims to represent a shape by a small number of scalar values far less than the order of the location matrix, which contains 15,000 entries in our case. High dimensional regression problems suffer multicollinearity, and the encoding methods are employed to alleviate it. There are several methods available for shape encoding, including principal component analysis (PCA), partial least squares (PLS), autoencoding, and sparse coding (18). Notably, PLS is the only supervised order reduction method among all mentioned approaches including the popular method PCA. In particular, while the PLS components are chosen so as to describe most possible of the covariance between the input and output datasets, PCA and other unsupervised order reduction methods only concentrate on the variance of the input. More specifically, PLS aims to incorporate information on both input and output in the definition of the extracted components. While PCA is highly popular and extensively used, we tried both PLS and PCA in the current study to compare their accuracy in the outcome prediction to one another.

At the first step of order reduction, the 5000 × 3 location matrix was reshaped into a 15,000 × 1 location vector. In this structure, the shapes are defined as

[image: Inline Image]

Shape X(k) can be approximated by the summation of the mean shape and a linear combination of the first m shape modes, given by
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where akm is the mth shape score of X(k) and Um is mth shape mode. Herein, the input matrix X is of size 66 × 15,000 in which the ith row contains the location vector of the ith patient’s LV point cloud, and output Y is a 66-length vector containing the LVMI regression of the patients.



2.5. Training the prediction model

While classifiers can simply divide the patients into groups with relatively higher or lower level of LVMI regression, prediction of the LVMI regression will be of more clinical value. Thus, we here focus on leveraging regression models to map extracted shape features directly to the LVMI regression. Since the PLS built-in predictor machine uses the simple linear regression algorithm, we extracted the principal components of PLS and employed a more powerful prediction method called support vector regression (SVR) (19). Such a superior predictor provides advanced tools such as cross-over validation and nonlinear regression functions to enhance the prediction accuracy. SVR is a regressor variant of support vector machine (SVM) which describes nonlinear relationships between input and output. We measured the regression accuracy by calculating the root-mean-square error (RMSE) and R2 score. RMSE is calculated as
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where n is the number of data points, y(i) is the ith measurement, and y^(i) is its corresponding prediction. Since RMSE is not scale invariant, it is commonly used over normalized data as we did through this paper. R2 score is a statistical measure that is used to assess how much variation of an outcome is explained by the independent variables in a predictor model. It can be defined as
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or, in a more mathematical presentation, as
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in which n is the number of predicted values, yi is the ith output real value, y^i is the estimated value of yi, and y¯i is the average value over the outcomes. Values of R2 score closer to 1 reflects higher accuracy in predicting outcomes, while lower score indicates that the accuracy of the prediction model is simply estimating all outputs by merely using the total average, ignoring any input data. A negative R2 score however would indicate that the model’s prediction accuracy is even worse than an estimating by average.




3. Results


3.1. Statistical shape model (SSM)

We successfully developed CT-image based SSMs to perform the prediction task based on extracted shape features. LV shapes were generated after denoising, down-sampling, and alignment along the average shape (Figure 4). Moreover, SSMs allowed us to analyze LV shapes by visualizing the most important modes identified by the PLS, as followingly described.


[image: Figure 4]
FIGURE 4
Some of 66 patient-specific left ventricle shapes after processing and preliminary operations. The template shape is indicated in the bottom right of the figure.




3.2. Shape encoding and features extraction

PLS regression was employed to extract the shape scores for each case along with the global shape modes. The variance explained in the response was captured by each of the first 10 PLS modes, and their cumulative accounted variance was quantified (Figure 5). Though the first three modes together capture more than half of the output variation, we decided to predict the outcome using the first five modes which contain nearly 95% of the output variance explained by the shape components.


[image: Figure 5]
FIGURE 5
Percentage of variance explained in the outcome as a function of the number of shape components.


Visualizing the effects of variation in the first three principal scores allows to coarsely connect the mathematical measures of SSA analysis to the anatomical presentation and morphological features (Figure 6). Building such an analogy reveals how shape analysis comprehensively embodies the anatomical characteristics of clinical cases as a whole and outfitted for outcome prediction without being explicitly limited to first-hand, 2D measurements (such as diameter) that might not necessarily bear any predicting power. Accordingly, comparing the visual presentation of principal shape variation speculates that the first component mainly describes the volumetric size of the LV, the second seemingly explains the variations of the chamber’s volume, and the third addresses spherical to ovoidal conversion (otherwise called aspect ratio metric in some studies).


[image: Figure 6]
FIGURE 6
The first three shape modes which together convey 74% of the total covariance between the input and output. Along each row from left to right the shapes are ordered by increasing shape score as −2σ, −σ, 0, σi and 2σi, respectively. The template shape (s = 0 along each mode) is indicated by the dashed box.




3.3. Prediction

The predictor model is an SVR regressor with linear kernel function. We randomly selected 15% of cases as the test data and used the remaining samples (85%) to train the predictor model. The random splitting of the original data is essential for providing an unbiased train and test data set especially for this small cohort. Our initial analysis of bootstrapping the training and test data also demonstrated minimal changes in prediction performance. The developed model successfully performs to predict the output with great accuracy (RMSE = 0.2819, R2 score = 0.68), confirming the great load of latent information existed in the medical images and generated shapes (Figure 7). We report that predictions based on PLS components exhibit higher accuracy than PCA-based predictions (RMSE = 0.37, R2 score = 0.57), as expected.


[image: Figure 7]
FIGURE 7
Predicted outcomes (vertical axis) vs clinically reported outcomes (horizontal axis) for train data (blue circles) and test data (red crosses). LVMI: Left ventricle mass index.


To further exhibit the superiority of the proposed shape-based method over currently available clinical decision making algorithms, we have also fit a multivariate regression model to estimate post-TAVR LVMI regression percentage at one year based on two key-factor values which are routinely reported in clinics; namely the pre-operation LVMI (preLVMI) and left ventricle ejection fraction (LVEF). While the prediction power of linear regression provided here is not expected to be even close to the performance of an AI-based advanced method like SSA, the comparison here aims to quantitively highlight the superiority of modern methods over the traditional approaches which are currently common in clinics. The regressor equation assumes the following form
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in which y is the estimated LVMI regression, t1 and t2 are preLVMI and LVEF respectively, and p0 , p1 and p2 are the regressor parameters to be found such that the summation of the squares of the estimation error be minimized. The regression result is shown in Figure 8, and the parameters are found as
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While the role of p0 is to simply move the outcomes’ center of mass from the origin to the mean of LVMI regression, the absolute values of p1 and p2 reflect the impact and power of their associated clinical values in the outcome prediction. In this case, we observed that the role of LVEF in estimation of LVMI regression is more than double that of preLVMI emphasizing the importance of LV function in predicting post-TAVR cardiac reverse remodeling. The prediction assessment values (RMSE = 0.42, R2 score = 0.1) however reveals that the proposed linear regression is inferior in the performance compared to the results achieved by the proposed SSA. We additionally investigated whether adding this pair of data to the shape scores vector may improve the prediction accuracy; however, no significant improvements were observed.


[image: Figure 8]
FIGURE 8
Applying linear regression surface to estimate post-LVMI based on clinically measured LVEF and pre-LVMI.


Another hypothesis that we explored was whether different time-points of the cardiac cycle become a superior instance to collect data in terms of predicting utility for the LVMI. Performing three independent sets of SSAs with LV shapes generated from image sets at systolic, end-systolic, and end-diastolic of the cardiac cycle (defined as 25%, 35% and 75% of the cardiac cycle, respectively), we observed negligible differences in the prediction performance (RMSE values of 0.28, 0.26 and 0.29 for systolic, End-systolic and End-diastolic sets, respectively).




4. Discussion

Machine learning tools and advanced mathematical models are increasingly being leveraged to improve diagnosis, inform therapy planning, and enhance clinical care. A plethora of image-based tools and reduced order models have recently been offered to extract insightful measures from clinical images. Herein, we offer a fully automatic ML-SSA approach to accurately predict the LVMI regression following TAVR in patients with severe AS leveraging the baseline geometry of the left ventricle.

The current evaluation of patients with aortic stenosis accounts for changes in valve size and function and recommends intervention when the patient becomes symptomatic, or the LV function deteriorates (1). However, multiple studies have demonstrated that LV remodeling from longstanding elevated afterload as well as ischemia-induced myocardial fibrosis and LV diastolic dysfunction are risk factors for inferior survival after aortic valve replacement (9,20). Yet, their contribution to the risk stratification algorithms and timing of intervention is a matter of controversy. In the current practice, LV remodeling is defined by preLVMI which is an estimate from 2D transthoracic echocardiography and perhaps would not efficiently represents the effects of chronicity and severity on the left ventricle.

To properly characterize the LV shape and predict the cardiac remodeling, we developed a machine learning model with a novel structure that consists of several modules including digital twin generation (automatic segmentation using deep learning and geometry reconstruction), shape analysis (down-sampling and denoising, shape alignment, matching points pairs, and order reduction), and the prediction model. Our promising results reveals that an abundance of hidden information is buried within the clinical images and geometrical shapes of LVs which are not readily available nor are captured in the current clinical and imaging assessments.

SSA is a mathematical technique that enables identification of shape features that correlate strongly with an outcome of interest. Particularly, cardiovascular disorders have been an insightful focus of SSA by revealing close correlation between cardiovascular function and geometry and variations thereof. SSA methods are generally employed to provide clinical insight in two major ways. The most popular application of SSA is classification, in which shape features are leveraged to organize the subjects into two or more groups. For instance, the differences in the first bunch of PCA components have been used to distinguish aneurysmatic and non-aneurysmatic LV shapes (21). We have also previously studied hemodynamics in patients with ascending aortic aneurysm using SSA routines (22) and disclosed that shape numbers, in contrast to first-hand geometrical metrics such as maximum aortic diameter, are better predictors for the thoracic ascending aortic dissection risk. Moreover, SSA could also serve to estimate a continuous value outcome rather than a binary classification, so called a regression problem. As a case in point, a model has recently been developed to estimate the stress distribution in aortic arch via the aortic segmented 3d shapes (14). While the input set of the predictor model in this type of work is the aorta shapes’ extracted features, the output is also a set of algorithms to reconstruct the outcome of interest, there the 2d-image of stress heat map. Thus, order reduction in regression models is not only being used to summarize the predictor model input (e.g., aorta shape in (14)), it is also leveraged to estimate the quantified measure of interest (e.g., heatmap of the stress distribution over the aorta in (14)). These methods have been leveraged to address different problems based on CT, echocardiography and MRI images (23,24). Notably, the models originated from CT were found to exhibit a steady quality with respect to spatial resolution while being free of user bias in terms of image quality.

A literature survey on LV segmentation reveals that most of published image processing attempts and SSMs generate and later employ a rather smooth ventricular inner wall neglecting the details of papillary muscles and trabeculae (25). Papillary muscles morphologically create some swelling zones at the site of their connection to the LV wall, while the trabeculae, conversely, manifests as bundles or pieces of muscle that extend into the ventricular chamber. We originally hypothesized that inner site of LV may play a key role in the estimation of LVMI regression which would render our approach more sensitive to and inclusive of the details of the geometry of the left ventricle and its inner wall. We posited that even those minor changes to the morphology of inner wall may embed some latent information worthy of prediction power and contributing to the shape analysis. Thus, we decided to train and develop our segmentation tool with utmost fidelity to the inner wall geometry and minimized the aggressive smoothening attempts that were otherwise practiced.

Another important utility of PLS method is providing variable importance in projection (VIP) scores. VIP scores estimate the importance of each variable in the projection used in a PLS model and is often used for variable selection. Traditionally, a variable with a VIP score close to or greater than 1 can be deemed important in a given model, while the variables with VIP scores significantly less than 1 are strong candidates for exclusion from the model. VIP scores can be interpreted simply as “the higher, the more important.” It might be clinically insightful if the mathematical approach also highlights the spatial location within the anatomy with more contribution to the outcome. Such an input could be properly extracted by identifying the points in the average LV point cloud possessing the highest VIP scores (Figure 9). Remarkably, these points for our study, with VIP values above 2.6, all lie on the inner wall of the left ventricle chamber. We observed that majority of these points, i.e. half of them, were located near the aortic valves while two were positioned near mid-anterolateral zone and the remaining critical point was located near the LV apex. This observation, from one side, is in agreement with the fact that the internal wall of the LV is more involved in remodeling rather than the left ventricle external surface which is limited by the pericardium. In addition, this preliminary remark suggests further focusing on selected spatial zones in the anatomy that manifest major contribution to LVMI opening doors for future research. Such an observation as well justifies our decision to include even small details of the LV inner surface and avoid the traditional, aggressive smoothening of the geometry that might otherwise have affected the shape analysis.
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FIGURE 9
Critical points of heart contributing to the cardiac remodeling captured by the variable importance in projection (VIP) score which are all located on the internal wall of the left ventricle.


Our results demonstrated that adding preLVMI and LVEF would not improve the accuracy of the SVM model. Although the independent association of LV function and remodeling with post-AVR survival has been evaluated in the previous studies, our findings may suggest that the information related to LVMI regression provided by this pair is either poor and/or already conveyed in the geometry of the LV. In other words, these observations reveal that adding those components do not provide any additional information more than those provided by LV shape to enhance the prediction accuracy. Furthermore, the independency of the results from the time points of cardiac cycle can be readily interpreted by considering the fact that order reduction and prediction are based on the deviation vectors of the shape calculated by subtracting the coordination of each point in a particular shape from its matched pair in the mean shape. In other words, the reformation of left ventricle at each time point of cardiac cycle than another time point can be seen as a change in the mean shape and therefore is eliminated in producing the deviation vectors.

Discussing different clinical components of LV remodeling analysis, there exists a number of anatomical features such as wall thickness that are measured via follow-up imaging and recruited to assess remodeling occurrence and severity. Another benefit for using SSMs is the ease of quantifying those clinically utilized components at baseline from digitized cases allowing the study team to assess their evolution as well as predicting power for outcome. Though considering the shape in entirety would inherently include the information for geometrical features such as wall thickness, it is still feasible to add any anatomical feature of choice exclusively to the analysis pool. Once the geometrical feature is properly quantified, PLS would capture those properties of the anatomy and implement them for clinical prediction.

When a prediction task is performed by components extracted via order reduction methods such as PCA or PLS, one hyper-parameter that needs to be set is the number of first components to which the model is fed. Picking a small set of the first components can result in missing a non-ignorable piece of information in the original data. On the other hand, selecting a large number of components will result in an unnecessary complexity (note that most of the information are captured in the first components and in most cases, including ours, the first 10% of the components convey nearly 98% of the shape data) and, more importantly it may cause overfitting problems when the size of available dataset is not large enough. To find the best value of this hyper-parameter, we performed the prediction in different scenarios of nc = 3,4,5 and 6 when nc denotes the number of picked components. As a rule of thumb, a reliable method to check if a predictor machine is working well in the sense of overfitting is comparing the R2scores for training data and test data. In a properly-fit model, these two values are presumed to be close, often with a R2score of training set slightly higher than that of the testing set. Based on this strategy, we found that nc = 4 is the best value for the current study (R2 score = 0.68 for test data set, R2 score = 0.72 for training dataset). Leveraging more data and applying advanced prediction methods, we expect to see an increase in this number in our future work).

Despite the majority of published works that use PCA routines for SSA, we used PLS as a supervised order reduction tool to guarantee the maximum correlation between the extracted features and the output. The key difference between PCA and PLS is that the former is unsupervised, meaning that it is applied without the consideration of the correlation between the inputs and outcome, but aims to maximize the variance among the input data to make them as much separatable as possible. On the other hand, PLS reduces the order by considering both input and output (Figure 1) and is based on maximizing the correlation between the extracted components and the output. As a clarifying example, consider a cohort of 1,000 individuals for which a set of information is given, that includes several tens of features for each subject, including the average number of smokes and average minutes of exercise per day. Assume we wish to apply an order reduction to feed a prediction model which aims to predict lung cancer in the next 10 years for each individual. If these persons have higher variety in their other features (likely unrelated to cancer), applying PCA will not assign heavy weights to smoke and exercise, but to features which exhibit higher varieties in their values’ distribution. However, applying PLS will probably consider much higher weights for these two values, due to the high correlation that likely will be observed between them and the output, that is the lung cancer occurrence.


4.1. Limitations and future directions

Although our novel approach promises insightful information for potential utility in clinical practice, it bears a number of limitations. The received R2 score is 0.68, indicating that nonnegligible variability in the outcome data cannot be explained merely by this model. This score can be improved through two different strategies. While it should be noted that there is a limitation for the anatomy driven, latent information within the shapes to single-handedly explain the complex biological phenomenon of remodeling, using more advanced shape processing, encoding, and prediction algorithms may refine and enhance the information and improve the prediction performance. For instance, the prediction score may be improved by applying more advanced order reduction methods such as L-PLS. L-PLS is an extension of PLS regression, which aims to improve prediction by focusing not only on the covariance between the input and output, but also capturing the additional background information on the interdependence of the predictor variables (26). The predictor model could also be upgraded if the rather simple predictor engine used herein (i.e., SVR) could be replaced by deep neural networks capable of discovering more complicated relationships between the inputs and outputs (14,27).

Another approach to improve the prediction results is to include additional factors that contribute to the LV shape. The most important feature that merits inclusion in this and any physiological shape-based prediction is sex. In particular, it has been shown that left ventricle average shape varies in males and females (28) and distinguishing the shape categorization based on sex would refine our analysis. Thus, an idea for future extension of this work is to improve the prediction results by either introducing a new binary input to the predictor model to determine the sex or developing two independent SSM pipelines for male and female patients. The latter is expected to outperform the former since it provides two different average shapes for studied male and female cases and therefore defines a more meaningful average shape for each group. We postponed such an attempt in this work due to the small population of studied patients and lack of sufficient data for each sex. In a more comprehensive study, should a larger cohort of AS patients be available, other key-factors including diastolic disfunction, race, and comorbidities can also be incorporated to further improve the model outcome. It is worthy to mention that an alternative method to tackle shape features caused by race, sex, and other non-anatomical factors is by applying methods which aim to identify and eliminate confounding factors (29).

At the end, it is worthy to note that in any machine-learning-based approach the results will gain more reliability if the number of available samples increases. However, it can be mathematically explained that this is not a major concern in our case. While the size of the samples in our study is relatively small, we have extracted only five components out of the shapes, which is much smaller than the total number of samples. Moreover, we have as well used a prediction method with a very few tunable parameters which demands smaller sample size to achieve a satisfactory outcome. This is in contrast to artificial neural networks with several hidden layers each containing multiple nodes that, having multi-tens of parameters to tune, may require a sample size of over thousands to be accurately trained.




Conclusion

With daily development of advanced mathematical models and machine learning algorithms in addition to augmented computational power and data analysis capabilities, it is expected that novel modeling approaches will be leveraged to serve clinical research and improve therapy especially for recent surgical methods like TAVR. We developed an SSA approach to estimate LVMI regression one year after TAVR based on patient-specific clinical images at the baseline. The LV geometry automatically generated by our developed deep learning platform is all our trained model requires to offer the desired outcome with compelling accuracy. Our validated platform with its novel reduced order approach enables real-time one-year LVMI regression estimation and promises a great potential to update the risk stratification and surgery planning guidelines based on predicted clinical outcomes.
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Sudden cardiac death is often caused by ventricular arrhythmias driven by reentry. Comprehensive characterization of the potential triggers and substrate in survivors of sudden cardiac arrest has provided insights into the trigger-substrate interaction leading to reentry. Previously, a “Triangle of Arrhythmogenesis”, reflecting interactions between substrate, trigger and modulating factors, has been proposed to reason about arrhythmia initiation. Here, we expand upon this concept by separating the trigger and substrate characteristics in their spatial and temporal components. This yields four key elements that are required for the initiation of reentry: local dispersion of excitability (e.g., the presence of steep repolarization time gradients), a critical relative size of the region of excitability and the region of inexcitability (e.g., a sufficiently large region with early repolarization), a trigger that originates at a time when some tissue is excitable and other tissue is inexcitable (e.g., an early premature complex), and which occurs from an excitable region (e.g., from a region with early repolarization). We discuss how these findings yield a new mechanistic framework for reasoning about reentry initiation, the “Circle of Reentry.” In a patient case of unexplained ventricular fibrillation, we then illustrate how a comprehensive clinical investigation of these trigger-substrate characteristics may help to understand the associated arrhythmia mechanism. We will also discuss how this reentry initiation concept may help to identify patients at risk, and how similar reasoning may apply to other reentrant arrhythmias.
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1. Introduction

Sudden cardiac death is often caused by ventricular arrhythmias driven by reentry. In a recent study in survivors of sudden cardiac arrest (SCA), explanted human and pig hearts, and computer simulations we uncovered key elements required for the initiation of reentry leading to ventricular tachycardia (VT) and fibrillation (VF) in the absence of pronounced structural remodeling (1). This has highlighted the complex spatiotemporal interaction between trigger and substrate, where the vulnerable substrate can be formed by cardiac regions with pronounced differences in local time of re-excitability, and the trigger can be formed by a premature activation; the trigger's relative origin and timing can then interact with the substrate, leading to unidirectional block and reentry. In this “Hypothesis and Theory” article, we extend previous hypotheses on trigger-substrate interaction to incorporate these findings, arriving at a “Circle of Reentry” concept. In addition, we will present a patient case to illustrate this arrhythmia mechanism and discuss the generalization of the concept to other arrhythmias. We will also use the patient case to show how an in-depth trigger-substrate characterization (by employing noninvasive mapping of subtle electrical substrate and personalized computational modeling) may help to identify patients at risk for VT/VF, and how it might guide therapeutic decisions.



2. The circle of reentry

In the 1980s, Coumel (2) introduced the “Triangle of Arrhythmogenesis” (Figure 1A), which captures the trigger-substrate-modulator interaction leading to arrhythmias: “there are always three main ingredients required for the production of a clinical arrhythmia: the arrhythmogenic substrate, the trigger factor and the modulation factors.” (3) This concept is applicable to many forms of arrhythmogenesis. For example, triggers may originate from the pulmonary veins [in atrial fibrillation (4)] or Purkinje fibers [in VF (5)], and may interact with fibrotic substrate [e.g., in atrial fibrillation or post-infarct hearts (6)] or fatty infiltration [e.g., around scar (7)]. All these factors are also affected by modulators, including the autonomic nervous system (e.g., stress), intra- or extracellular homeostasis (e.g., electrolyte disbalance, inflammation), dietary factors, drugs, pressure, or myocardial stretch. Here, we extend the “Triangle of Arrhythmogenesis” concept by subdividing the characteristics of both trigger and substrate in their respective spatial and temporal factors, showing their relevance for the occurrence of reentry.


[image: Figure 1]
FIGURE 1
The circle of reentry hypothesis. (A): The Triangle of Arrhythmogenesis by Coumel identifies three major factors for arrhythmia initiation. (B): Schematic illustration of reentry in tissue with early and late repolarization time (RT) due to short or long action potential duration, respectively. A premature beat coming from an early RT region (1) may block against tissue that has a longer RT and is still refractory (2) and cannot induce activation in the late RT region (3). If the early RT region is large enough, the activation wave may propagate through that region (4) in a time span that allows the late RT region to repolarize and become excitable, allowing re-activation of the tissue (5). The wave may then travel back to the region that was still refractory but which has become excitable in the meantime (6). By that moment, the tissue from which the premature beat originated has become excitable again, and the wavefront from the late RT region will propagate to that tissue, restarting this circuit (7). (C): The Circle of Reentry proposes four requirements for reentry arising from spatiotemporal interactions between trigger and substrate: (1) local dispersion of excitability (e.g., steep RT gradients), (2) a balance in size of the region of excitability and the region of inexcitability (e.g., sufficiently large region of early RT), (3) a trigger originating at a time when some tissue is excitable and other tissue is inexcitable (e.g., an early premature beat), and (4) which occurs from an excitable region (e.g., from early RT region). Each of the four elements can be affected by modulators.


Our recent translational study introduced the concept of four key interacting elements that predispose the ventricular myocardium to reentry that leads to VT and VF, based on a purely electrical substrate of recovery abnormalities (1). Regional abnormalities in electrical recovery (i.e., repolarization) of the heart can indeed form an important excitability substrate for cardiac arrhythmias (8). Our recent study of idiopathic VF survivors (who had SCA but no detectable structural or other abnormalities in their clinical workup) uncovered steep repolarization time (RT) gradients that could not be detected on the 12-lead ECG (1). We showed that these RT gradients were significantly steeper in idiopathic VF survivors than in control individuals. These gradients arose at the border between regions of relatively early RT and regions of relatively late RT. The sizes of the tissue with early and late repolarization were approximately equal. Moreover, the macroscopic origin of spontaneous premature complexes typically was identified in these early RT regions, and such premature beats were earlier in survivors of idiopathic VF than in the control group. Ex vivo and in silico experiments then uncovered the underlying arrhythmia mechanism, which is illustrated in Figure 1B: an early premature beat occurring from early-recovered (early RT) tissue may block against the gradient bordering a late-RT region that is still refractory. If the early-RT region is large enough the premature beat may take sufficient time to travel around the late-RT region for it to become excitable and may subsequently re-activate the early-RT region again, leading to reentry. Thus, we identified critical spatial and temporal characteristics of the substrate and trigger that predispose to reentry and VT/VF in ventricles without structural abnormalities (Table 1).


TABLE 1 The spatiotemporal characteristics of trigger-substrate interaction leading to VF in hearts with repolarization abnormalities (but no structural abnormalities), as identified in (1). RT, repolarization time.
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We may extend these findings by considering that dispersion of repolarization is more generally captured by dispersion of excitability as the underlying determinant of reentry. Excitability, or lack thereof (refractoriness), can be influenced by shortened or prolonged action potential duration, but also by delayed activation (e.g., in or around scar) or post-repolarization refractoriness (e.g., as in ischemia). This then leads to the generalized concept of a “Circle of Reentry,” a mechanistic framework that explains the critical interaction of four factors that predispose the ventricular myocardium to reentry (Figure 1C): (1) the timing of the inducing trigger relative to the dispersion of excitability, (2) its macroscopic origin, coming from a region of early excitability, (3) the presence of a steep excitability time gradient, and (4) the relative sizes of the tissue with early and late excitability.

We will illustrate this concept in a patient who suffered SCA due to idiopathic VF. To study the trigger-substrate interaction at the organ level in this patient, trigger origins and local repolarization abnormalities were imaged with noninvasive electrocardiographic imaging and further studied with computational modeling. This personalized modeling provides a better understanding of the general arrhythmia concepts and the modulating factors operative within an individual patient, such as variations in repolarizations abnormalities and trigger origins and timings. We will end this “Hypothesis and Theory” paper by discussing how our conceptual framework may apply to reentry initiation in other conditions.



3. Illustration with a patient case of idiopathic VF

A 47-year old woman, without previous history of cardiovascular disease, was transferred to the Maastricht University Medical Center because of out-of-hospital syncopes and in-hospital cardiac arrest due to polymorphic VT and VF, see Figure 2A. After defibrillation, she exhibited sinus rhythm with frequent, short-coupled premature ventricular complexes (PVCs) and short runs of non-sustained VT (NSVT, Figure 2B). Her coronary angiogram showed no abnormalities and plasma electrolyte concentrations were normal. No structural abnormalities were detected with cardiac ultrasound and magnetic resonance imaging (MRI) and ultrasound. A 24-hours Holter recording showed 17,675 mostly unifocal PVCs with short coupling interval. Ajmaline provocation testing was negative for Brugada syndrome, and completely abolished PVCs. A subsequent electrophysiological study confirmed the RV moderator-band origin of PVCs with preceding Purkinje potentials (suggestive for a Purkinje fiber origin, Figure 2C), and showed normal endocardial RV voltage maps. Thus, clinical work-up and conventional imaging did not reveal a substrate and this case was classified as idiopathic VF (9). DNA screening was performed to determine potential genetic factors involved in the arrhythmogenic phenotype. The clinical study was approved by the local ethical committee and registered as ClinicalTrials.gov NCT03947021.


[image: Figure 2]
FIGURE 2
Polymorphic ventricular tachycardia at presentation (A), short-coupled extrasystoles from the right-ventricular moderator-band region with an R-on-T morphology and runs of NSVT (B) in a 47-year old female patient with no previous cardiac history. An invasive electrophysiology study highlighted Purkinje-fiber activity preceding the R-on-T premature beats (C).




4. Noninvasive ECGI for characterization of substrate and trigger

Neighboring tissue regions with locally different repolarization durations can provide a substrate for reentrant tachycardia, but may not significantly affect global 12-lead ECG metrics such as QT(c) intervals, making them impossible to detect with routine clinical examination. Noninvasive electrocardiographic imaging (ECGI) enables reconstruction of potentials, electrograms, and activation/recovery isochrones on the epicardium (10). It can overcome the low spatial resolution of the 12-lead ECG by reconstructing electrograms directly at the epicardium from a much larger set of (up to 256) body-surface ECGs combined with computed tomography (CT)-derived information about the heart and body-surface geometries. In this patient, ECGI (Figure 3) showed normal ventricular activation during sinus rhythm (row 1), with first epicardial breakthroughs at the RV outflow tract (RVOT) and RV apex. This activation pattern is consistent with normal patterns of activation as imaged previously with ECGI in healthy human adults (11) and in explanted human hearts (12). Repolarization of this sinus beat, on the other hand, was abnormal (row 2). In particular, the RVOT region recovered relatively early (180 ms from QRS onset) whereas the inferior RV recovered at 300 ms. In our recent study, none of the healthy subjects had a region with such an early repolarization time (1). In this patient with apparently idiopathic VF, there was a relatively steep repolarization gradient between these areas [185 ms/cm, close to the steepness cutoff of 200 ms/cm we recently found between healthy and idiopathic VF patients (1)], satisfying a first essential requirement of the Circle of Reentry.


[image: Figure 3]
FIGURE 3
Noninvasively reconstructed epicardial isochrone maps for activation and recovery of sinus beats and premature ventricular complexes (PVCs). Epicardial isochrones show normal ventricular activation during sinus rhythm (row 1), but abnormal recovery (row 2) with steep repolarization time gradients (arrow). PVC activation (row 3) follows the pattern of recovery (row 2) of the preceding sinus beat. Yellow spheres in row 3 indicate the origin of PVC.


Furthermore, ECGI identified that the short-coupled PVCs originate from the RVOT region. The PVC activation pattern (Figure 3, row 3) follows the pattern of recovery (row 2) of the preceding sinus beat. Activation-recovery intervals (not shown) are similarly distributed as RTs, indicating that repolarization gradients are induced by local changes in APD. ECG recordings showed that PVCs were short-coupled (290 ms).

Figure 4 shows selected epicardial electrograms mapped with ECGI during sinus rhythm. There are no signs of abnormal conduction, i.e., no fractionation or ST-segment elevation. The crowded isochrones are in a region where the local electrogram changes polarity during repolarization. Since local RT is reflected by the upslope of the unipolar electrogram (1, 13, 14), regions of polarity change reflect a change from early to late RT; if this happens over a small area, a steep RT gradient develops, as observed here. Additionally, the histogram (Figure 4C) reveals two distinct distributions of early and late RT. These regions are relatively balanced in size (with a surface ratio of the early region vs. late region of 0.59).


[image: Figure 4]
FIGURE 4
Epicardial isochrones of repolarization times [panel (A)] and selected epicardial electrograms [numbers reflect node id, panel (B)], as imaged with ECGI during a sinus beat. In the region of crowded repolarization isochrones, there is a switch in polarity of the repolarization phase of the local electrogram. Local electrograms show no clear signs of conduction abnormalities (the high-frequency signal in the last row of electrograms is present throughout the depolarization and repolarization phases and may reflect powerline interference). Panel (C) shows the distribution of repolarization times for all locations on the epicardial ventricular surface, highlighting a distinct region of early repolarization and a distinct region of late repolarization of approximately the same size.


Although we were unable to record a VT episode in this patient during the ECGI procedure, we could noninvasively identify all four key elements of the Circle of Reentry (Figure 1C): the presence of excitability dispersion (based on a repolarization substrate), where the region of early repolarization and late repolarization are balanced in size, and early PVCs macroscopically originating from the early repolarizing region. Further analysis with personalized computational modeling was subsequently performed to shed further light on trigger-substrate interaction.



5. Personalized computational modeling: trigger-substrate interaction

We replicated the ECGI observations of this patient in a previously published computational model of the ventricular epicardium (15). Simulations were performed using the CARPentry software package, which is now succeeded by openCARP (http://www.opencarp.org). In particular, we created two regions with a similar size as the early and late RT regions in the patient (RT surface ratio of 0.5), see Figure 5A. We varied the conductance of the rapid delayed-rectifier potassium current (IKr) in these regions to phenocopy the distinct differences in early-vs.-late repolarization. We varied the IKr conductance of the first region to obtain “normal”, “early” or “very early” repolarization times in that region (by using 100%, 400% and 700% of the original conductance, respectively). In the rest of the heart, we varied the IKr conductance to obtain “normal”, “late” or “very late” RTs (by using 100%, 25% and 1% of the original conductance, respectively). In all nine combinations of conductances for these regions we subsequently performed an S1-S2 stimulation protocol, where S1 represented sinus-rhythm activation (stimulating multiple locations to get rapid ventricular activation) and S2 was provided at a single location to represent a premature beat, as described previously, to test the inducibility of reentry (1). We varied the S1-S2 coupling interval with 10 ms increments to study the trigger-substrate interaction leading to arrhythmias, and obtain the resulting “vulnerable window” (i.e., the range of S1-S2 coupling intervals resulting in arrhythmias).
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FIGURE 5
In a computational model of ventricular epicardium, a region of early and late repolarization was created by changing the conductance of the rapid delayed-rectifier potassium current (IKr) in an early and late region (A). An S1-S2 stimulus protocol was used to test arrhythmia induction for different settings of the early RT region, the late RT region, and the S1-S2 coupling interval; snapshots of two examples are shown in (B). Simulation outcomes are displayed in panel (C) and show the S1 repolarization time (histograms), and the arrhythmia outcome for each tested 10 ms S1-S2 interval tested, with the S1-S2 interval leading to sustained arrhythmias displayed in red. The example simulation snapshots of panel B are referenced in panel C as b1 and b2.


These results demonstrate that simulations with larger RT differences (with consequently steeper RT gradients and a larger histogram separation between the early-RT peak and late-RT peak) are more prone to extrasystole-induced arrhythmias. In a simulation with one early RT region and one normal RT region, an early extrasystole (S2) did not block against the RT gradient and thus no arrhythmia was observed (simulation b1 of Figure 5B). In a heart with a very early RT region and a very late RT region, the extrasystole blocked against the RT gradient, traveled around it, and reentered the previously refractory tissue to initiate a reentrant arrhythmia (simulation b2 of Figure 5B). In general, the S1-S2 coupling intervals that resulted in an arrhythmia (the vulnerable time window, red zones in Figure 5C) increased with larger RT differences, in particular when very early RT regions were involved.

Although a direct comparison between the ECGI observations in the patient and simulation results is not possible, an inspection of the patient's RT histogram (Figure 4C, 80 ms separation of the histogram peaks) and the simulated RT histograms (Figure 5C) would suggest the patient's heart may express behavior similar to the “early, normal” simulations (80 ms separation of the histogram peaks) and close to the “early, late” simulations (middle row of Figure 5C, 100 ms separation of the histogram peaks). In the latter simulation, a short-coupled extrasystole (with 300 ms S1-S2 interval) resulted in a sustained arrhythmia. The patient typically showed overall shorter RTs than those simulated, which may be reproduced by changing the basal heart rate in the simulations or using different parameter combinations for the two distinct regions. Although it is challenging to use this modeling approach to exactly replicate the observed RTs, these results show that a clear separation of the two distinct RT regions increases the susceptibility for arrhythmias induced by short-coupled extrasystoles from the early-RT region, with an increasing size of the vulnerable window for hearts with larger RT separation (and thus steeper RT gradients).



6. Discussion

Here, we illustrate our novel mechanistic framework “Circle of Reentry,” by characterizing substrate and trigger properties in a patient with “unexplained” SCA. The original three elements of the Triangle of Coumel (trigger, substrate, modulators) are present as the “4 + 1” elements of the Circle of Reentry: both trigger and substrate are subdivided in their spatial and temporal components, and modulating factors are placed outside the circle as they may affect all of these elements (Figure 1C).

Our concept also extends the classical reasoning by Mines about wave length (and wave length adaptation) (16, 17), which states that the length of an activation wave needs to be shorter than the reentrant path length for a reentrant arrhythmia to continue. The Circle of Reentry does not require a predefined path length (which may not explicitly exist at the moment of first unidirectional block), and also remains true for the interaction between multiple wave fronts (which do not have clearly defined wave lengths nor path lengths). The latter is particularly relevant for the interaction between a premature beat (from a single ventricular origin) and the recovery of the preceding sinus beat. Such complex interactions may not be captured by simplified frameworks such as Miles' wave length theory or Coumel's triangle, but could be characterized with detailed investigations and studied with personalized computer simulations that include all elements of the Circle of Reentry, i.e., a Digital Twin solution (18).

In the case of idiopathic VF presented in this paper, ECGI showed signs of abnormal local early repolarization and steep repolarization gradients. Reconstructed epicardial electrograms did not show abnormal conduction (e.g., no fractionation, ST-segment elevation), nor did invasive endocardial voltage mapping. Tissue simulations illustrated how the steep local repolarization gradient could function as line of conduction block for short-coupled beats, facilitating functional reentry. In particular, for large differences between the early and late repolarizing region, the vulnerable window was large. The substrate present in this patient was captured with ECGI only after the sudden cardiac arrest, and it is likely that both the substrate and the coupling interval of the short-coupled beats vary over time in response to dynamic modulators of cardiac electrophysiology, potentially tipping the balance (even steeper RT gradients, even shorter premature beat coupling interval) that resulted in the occurrence of VT and VF in this patient. Genetic analysis did not identify a clear cause for the RT substrate, but did find a genetic variant (of unknown significance) in TRPM4, a channel that has been suggested to contribute to ectopic activity (19). Previous studies in idiopathic VF suggest an important role for Purkinje/fascicular system as triggers, and Purkinje potentials preceding premature beats suggest a similar role in our case (20, 21). Comparing the ECG-based allocation of the PVC origin (moderator band) with the first epicardial breakthrough on ECGI (RVOT region) suggests a spread of activation from earliest origin at the moderator band to epicardial breakthrough in a region of early repolarization, potentially through the conduction system and in line with these previous findings.

This patient was treated with quinidine, a class-IA antiarrhythmic agent, which successfully abolished the PVCs (pre-quinidine: 17,675/24 h, post-quinidine: 1/24 h). Repeat-ECGI showed no change in recovery isochrones after quinidine (see Supplementary Figure S1), suggesting that the drug only affected the trigger, not the substrate. By removing one critical factor of the Circle of Reentry, it may prevent new occurrences of VT and VF, although a larger safety margin might be obtained if therapeutic strategies could be identified that could reduce the RT substrate as well. As quinidine is a multichannel blocker, higher doses may have an impact on substrate characteristics as well [and may explain why quinidine is relatively successful in idiopathic VF patients (22)]. In addition to quinidine therapy the patient received an implantable cardioverter defibrillator. She was event-free at 8 years follow-up.

The Circle of Reentry concept could potentially be used to create a clinical risk stratification score, for example by scoring the severity of each of the elements (e.g., burden of PVCs, or steepness of RT gradients) while considering that all elements are required for reentry initiation. Such a score could, after prospective clinical validation, potentially guide therapy (e.g., antiarrhythmic drug, trigger ablation or ICD implantation).

Furthermore, the concept of the Circle of Reentry can be generalized to other conditions. For example, we illustrated VF initiation based on a single ventricular beat on top of preceding sinus rhythm RT heterogeneity, but the concept may be extended to arrhythmias that start with multiple focal beats by considering the interaction of a focal beat with the RT of the previous focal beat. Under certain conditions, such focal beats may invert existing RT gradients, generating a new RT substrate and explaining the transition from a focal mechanism to reentry (23).

Additionally, in this patient the heterogeneity of RT stemmed from heterogeneity in repolarization duration. However, RT heterogeneity may also result from heterogeneity in activation, for example due to zig-zag conduction through small conducting channels within the permanently inexcitable scar in post-infarct VTs (24). Moreover, during ischemia, excitability of tissue is not determined by local RT but more directly by post-repolarization refractoriness (25). Thus, the Circle of Reentry may be more broadly applicable if we generalize to local “excitability heterogeneity,” irrespective of whether this is caused by heterogeneity in local activation, repolarization duration, post-repolarization refractoriness, or inexcitable scar; and irrespective of the location of dispersion (LV-vs.-RV, base-to-apex, more localized, or even transmural). This framework may also apply to atrial fibrillation (AF), where the role of dispersion of excitability also appears a key factor (26) and the role of triggers (in particular from the pulmonary veins) is well-known (4). In AF, the excitability dispersion may be caused by a complex interaction between structural abnormalities (fibrosis and fatty infiltrations) and electrical abnormalities (electrical remodeling and adipokines) (27). A clinical risk score, as proposed above for ventricular arrhythmias, may be more challenging for AF (or transmural abnormalities) as the dispersion of excitability may occur at much smaller scales and thus be challenging to detect with imaging, ECG or ECGI.

Similarly, the Circle of Reentry allows to reason about the effect of channelopathies or structural disease, as long as their impact on the four elements is understood. For example, scar in post-infarct hearts has two effects on excitability: there is no excitability in scar core, and a large excitability dispersion between the entrance and exit of channels of living tissue within scar, due to (apparent) slowed conduction. On the other hand, some channelopathies have a clear impact on trigger formation. Importantly, our concept suggests that it is the combination of such abnormalities that is critical to the occurrence of reentry. In some cases, there may be a direct, causative relationship between substrate and triggers. For example, under certain conditions extreme RT heterogeneity may act both as a substrate and a cause for triggers: Liu et al. have shown that steep RT gradients may generate premature activations, which then interact with the RT gradients to result in polymorphic VT (“R-from-T”) (28).

Our concept may even apply to arrhythmias of other electromechanical organs. For example, the role of (premature) activation and conduction block has been recently studied in dysrhythmias of the gastrointestinal system (29) and uterus (30), but the role of electrical refractoriness gradients in such organs is still unknown.

Taken together, our study proposes a “Circle of Reentry”, which describes the four key characteristics that are all necessary for reentry initiation (Figure 1C):


	(1)The critical timing of the inducing trigger relative to the dispersion of excitability (late enough to excite recovered tissue, early enough to still encounter refractory tissue);

	(2)The macroscopic origin of the inducing trigger (coming from a region of early excitability, as to still encounter refractory tissue);

	(3)The presence of a steep excitability time gradient (that separates the excitable from refractory tissue and creates a time-consuming deviation for the trigger's activation wave front);

	(4)A critical balance between the relative sizes of the tissue with early and late excitability (the early-excitable region should be big enough to allow the trigger to travel for a sufficient time to allow the late-excitable region to recover; and the late-excitable region should be big enough to then take sufficient time for the wave front to travel to allow the early-excitable region to be excitable again).



Future research is needed to find the quantitative thresholds that may be applied to each of these characteristics to identify hearts and patients at risk; some initial values for idiopathic VF have been presented in (1). As with Coumel's Triangle of Arrhythmogenesis, modulating factors remain critical and may affect any of the four elements mentioned above.



7. Conclusion

Four critical spatiotemporal characteristics of trigger and substrate (and their modulators) are essential to the initiation of reentry, and form the “Circle of Reentry”. Combining this mechanistic reasoning framework with translational investigation of patient cases may help to obtain personalized insights in sudden cardiac arrest and may guide therapy. This concept may also be generalized to other arrhythmias that develop due to excitability dispersion, and its individual components may inform risk stratification and form targets for therapy.
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Transcatheter aortic valve replacement (TAVR) indications recently extended to lower surgical risk patients with longer life expectancy. Commissural alignment (CA) is one of the emerging concepts and is becoming one of the cornerstones of the TAVR procedure in a patient with increased longevity. Indeed, CA may improve transcatheter heart valve (THV) hemodynamics, future coronary access, and repeatability. The definition of CA has been recently standardized by the ALIGN-TAVR consortium using a four-tier scale based on CT analysis. Progress has been made during the index TAVR procedure to optimize CA, especially with self-expandable platforms. Indeed, specific delivery catheter orientation, THV rotation, and computed-tomography-derived views have been proposed to achieve a reasonable degree of CA. Recent data demonstrate feasibility, safety, and a significant reduction in coronary overlap using these techniques, especially with self-expandable platforms. This review provides an overview of THV CA including assessment methods, alignment techniques during the index TAVR procedure with different THV platforms, the clinical impact of commissural misalignment, and challenging situations for CA.
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Introduction

Transcatheter aortic valve replacement (TAVR) is a well-established therapeutic option for severe aortic stenosis. According to current guidelines, TAVR indications can be extended to lower-surgical-risk patients with longer life expectancy (1). Thus, new concepts for TAVR procedure improvement have emerged as they may impact long-term outcomes in younger TAVR populations (2). Optimal transcatheter heart valve (THV) hemodynamics, future coronary access, and repeatability have been of primary importance (3, 4). Similarly to surgical bioprosthetic valves, THVs may eventually degenerate, and repeat intervention may be required. In some patients, repeat procedures might be associated with a high risk of coronary obstruction due to anatomical and/or device considerations. Commissural alignment (CA), routinely achieved with surgical aortic valve replacement, may improve future coronary access (5, 6). Moreover, CA may improve THV hemodynamics and reduce the risk of hypoattenuated leaflet thickening (HALT) (5, 6).

Specific THV and delivery catheter orientations have been proposed during the index TAVR procedure to improve CA. Recent research demonstrates that preprocedural planning is key to achieving CA, demonstrating feasibility, safety, and advantages in reducing coronary overlap. CA feasibility and benefits are currently better documented for self-expandable devices but may be similar to balloon-expandable THVs (6–9).

This review provides an overview of THV CA including assessment methods, alignment techniques during the index TAVR procedure with different THV platforms, clinical impact of commissural misalignment, and challenging situations for CA.



Commissural alignment with current THV platforms


Self-expandable THVs


Evolut platform

The commissural alignment technique during the index TAVR procedure has been first described with the Evolut (Medtronic, Minneapolis, Minnesota) platform by inserting the delivery catheter with the flush port positioned at 3 O’clock and then orientating the hat marker (90° counterclockwise away from the C-paddle corresponding to one of the THV commissures) in the outer curvature of the descending aorta before final position (Figures 1, 2). These maneuvers aim to orientate the hat marker at the outer curvature or the center front in the 3-cusp coplanar view (right coronary cusp-centered view) and the center front in the right and left coronary cusp overlap view (Figures 1, 2) (10). This technique could be performed in 85.9% of patients (n = 64) in the ALIGN-ACCESS study (7).


[image: Figure 1]
FIGURE 1
THV commissural alignment: classification, clinical impact, limitations, implantation techniques, and commissural alignment assessment with imaging. CT, computed tomography; CO, cusp overlap; THV, transcatheter heart valve.



[image: Figure 2]
FIGURE 2
Techniques to obtain commissural alignment with current devices. LAO, left anterior oblique; THV, transcatheter heart valve.




Acurate neo2 THV

The delivery catheter is inserted with the flush port at 6 O’clock with the Acurate neo2 (Acn2) valve (Boston Scientific Corporation, Natick, MA, USA). The THV commissures can be identified using the posts on the stabilizing arches and/or the free cells located on the lower crown. The valve is then checked in the 3-cusp view and rotated 5–10 mm above the annulus plane to achieve the desired position. The Acn2 commissural post configuration should be 1-1-1 in the 3-cusp view (clockwise or counterclockwise maneuvers allow to achieve a 1-1-1 configuration if the initial position is 2–1 or 1–2) and 2-1 in the cusp-overlap view (Figure 2) (11, 12). Valve alignment was achieved successfully in 88.5% of patients (n = 26) in the ALIGN-ACCESS study (7).



Portico system

To optimize CA with the Portico (Abbott Structural Heart) THV, the flush port of the delivery system was inserted at 12 O'clock. The commissural posts can be identified halfway between the THV inflow and outflow. Both the 3-cusp and the right/left cusp-overlap views were used to identify and position one commissural post at the right-hand side in the cusp-overlap view allowing for CA (Figure 2) (11).




Balloon-expandable THVs


Sapien 3 THV

As opposed to self-expandable THVs for which specific techniques have been proposed to achieve CA, CA with the balloon-expandable SAPIEN 3 (S3) (Edwards Lifesciences, Irvine, CA, USA) THV is not currently feasible. Only one study assessed different crimping positions with this THV and failed to demonstrate any crimping position allowing to achieve CA (7).



Myval THV

One study has recently shown the feasibility of CA using the Myval balloon-expandable THV in 10 patients using an in silico simulation with correct alignment in all patients with the in vivo procedures demonstrating correct alignment in six of the 10 patients and mild misalignment in the remaining four patients. In this study, the authors simulated the orientation of the THV in an in silico model and then adapted the THV crimping to achieve the predicted angle for CA using pre-TAVR computed tomography (CT) for a tailored approach (13).

Although these techniques have been described to optimize CA, some limitations should be considered. First, iliofemoral tortuosity, aorta tortuosity, and vertical aortic annulus may not allow achieving CA; second, these techniques were only evaluated using a transfemoral approach; and finally, excessive catheter manipulation and rotation may increase the potential risk of embolic events and vascular complications.





Imaging for THV commissural alignment assessment


Computed tomography

CT is the gold standard for CA evaluation with direct measurement of the angle between the THV commissural post and native aortic valve commissure. The commissural offset is directly measured using an angle tool with the limbs aligned with the native commissure between the NCC and LCC and with the closest THV commissure. CA has been defined by the ALIGN-TAVR (Alignment of Transcatheter Aortic-Valve Neo-Commissures) consortium according to the commissural offset using a four-tier scale, as follows: aligned (0°–15°), mildly misaligned (15°–30°), moderately misaligned (30°–45°), and severely misaligned (45°–60°) (Figure 1) (6). However, although CT is the gold standard, this requires additional contrast injection and irradiation and may only be used as a postprocedural evaluation tool.



CT-based simulations

CT-based simulations have been shown to be feasible with the Acn2 THV to predict CA based on pre-TAVR CT and using a 3D printed model for in vitro simulations of patient-specific rotation of the delivery system on the basis of patient-specific anatomy (14). CT-based simulations may also allow defining a crimping position for balloon-expandable THVs to achieve CA (12). CT-based simulations allow us to plan for the procedure and predict CA prior the TAVR procedure. However, CT-based simulations require dedicated software and may not be routinely used.



Fluoroscopy

Several fluoroscopic methods have been described to assess for CA. Fluoroscopic methods may help to optimize for CA during the TAVR procedure and to assess for CA immediately following the procedure, avoiding post-TAVR CT.

One of the first described fluoroscopic methods was based on a CT-fluoroscopic overlay (15). Although this method demonstrated a good correlation with post-TAVR CT, this required identical patient positioning on the CT table during the angiographic procedure and CT/fluoroscopy coregistration, which might be challenging in some cases.

More recently, methods based on CT-derived fluoroscopic views have been proposed using both the 3-cusp view and cusp overlap views to align one of the THV commissural posts with the isolated native commissure (Figure 1) (11). Ultimately, although these methods are reproducible, they only provide a qualitative assessment of CA. Quantitative assessment of CA with S3 has been demonstrated by Akodad et al. using trigonometry to calculate the commissural offset between the posterior commissure (between the LCC and NCC) and the closest THV commissure (commissural offset angle θ = arcsine projected distance of commissural strut to centerline/projected radius). This method was shown to have an excellent correlation with post-TAVR CT (16). Although promising, all these fluoroscopic methods require a standardized methodology for reproducibility.




Clinical impact of commissural misalignment


Coronary access

In addition to tall frame THV design with supra-annular leaflets and high implants, severe commissural misalignment is a well-known independent predictor of unsuccessful selective coronary access following TAVR with a supra-annular THV (6, 17). Although coronary access might be less challenging in short-frame THVs, post-TAVR CT studies have demonstrated that around one-third of S3 THV stent frames extend beyond the coronary ostia (7). The RE-ACCESS (Reobtain Coronary Ostia Cannulation Beyond Transcatheter Aortic Valve Stent) prospective study found an overall 7.7% rate of unsuccessful selective coronary cannulation, almost exclusively following implantation of Evolut R or Evolut Pro supra-annular THVs. In addition, high THV implant and THV oversizing were associated with unsuccessful cannulation (18). However, as demonstrated in the ALIGN-ACCESS (TAVR with Commissural Alignment Followed by Coronary Access) study, the CA of supra-annular THVs, which can be achieved with the Evolut platforms, improves the feasibility of selective coronary access (7). Challenging coronary access might be even more frequent in valve-in-valve and redo-TAVR procedures, especially in the case of commissural misalignment and initial high implant of the initial THV, increasing the neo-skirt height (6, 19, 20).



Repeatability

Redo-TAVR might be an increasingly performed procedure as the age at the first TAVR procedure tends to decrease in a lower-risk population with longer life expectancy. The risks of coronary obstruction and challenging coronary access following redo-TAVR are well documented. Indeed, a recent CT simulation study has demonstrated that around one-third of patients have a high risk of coronary obstruction following TAVR, regardless of the THV type, with this risk being increased if the failed THV is a self-expandable platform (4). The chimney technique is a well-known bailout strategy to prevent or treat coronary obstruction (21). Leaflet modifications techniques including bioprosthetic or native aortic scallop intentional laceration to prevent iatrogenic coronary artery obstruction (BASILICA) may also decrease the risk of acute coronary obstruction and facilitate future coronary access in patients undergoing valve-in-valve or redo-TAVR identified at high risk for coronary occlusion (22). However, these techniques are only feasible in the case of acceptable CA and may be irrelevant in the case of overlap between the THV or bioprosthetic valve commissural posts and the coronary ostia. Moreover, if the coronary ostia are located too close to the failed THV commissural post, this may lead to unsuccessful BASILICA with coronary obstruction (6).



THV hemodynamics

Although future coronary access is the main concern when considering commissural misalignment, other concerns have been raised, especially the impact of commissural misalignment on THV function, durability, and risk of HALT (6). Indeed, significant commissural misalignment may lead to non-physiological flow with increased leaflet stress and blood stagnation inside the sinuses of Valsalva and eventually increased thrombogenicity and early THV deterioration (6, 23). A bench study assessing the impact of commissural misalignment on THV hydrodynamics using the Sapien XT device failed to demonstrate any impact of commissural misalignment on THV hydrodynamics but showed impaired fluid flow patterns in the case of THV misalignment (24). Another bench study with the Acurate neo THV in a valve-in-valve configuration demonstrated that THV commissural misalignment was associated with a higher incidence of paravalvular leakage and impaired leaflet motion due to interaction with the leaflets of the surgical valve (25). Recently, an association between severe commissural misalignment and an early increase in gradient following an S3 THV implant have been suggested (26). Data from the RESOLVE registry among 324 patients showed that significant commissural misalignment defined as commissural offset > 30° was observed in 52.8% of patients but was not associated with significant paravalvular leakage, intravalvular leakage, increase in the mean gradient >20 mmHg, or HALT initially. However, significant commissural misalignment was associated with twice as much significant increase in THV mean gradient (>50% relative increase) from discharge to 1 month (17.6% vs. 8.26%; p = 0.038) compared with commissural alignment <30° and with a linear relationship (1.3-fold risk of a significant increase in mean gradient every 10° of commissural misalignment) (26). A significantly higher rate of mild valvular regurgitation has been recently described in patients with at least moderate commissural misalignment (27). The incidence of HALT was higher with the S3 THV in the case of commissural misalignment (40% vs. 28% in case of CA) in a recent report (28). Although unfavorable THV hemodynamics and blood stagnation have been advocated as potentially increasing the risk of reduced THV durability, no clear evidence exists, and further investigations are required.




Discussion

Commissural alignment is becoming one of the cornerstones in TAVR when considering the lifetime management of aortic stenosis in younger populations. Progress was made aligning commissures with most of the available THV platforms to date, and assessment of CA using CT and fluoroscopy has now shown to be accurate. However, although CA represents one step in the right direction for TAVR procedure optimization, a certain number of limits remain (Figure 1).



Limitations


Coronary eccentricity

Although CA appears to be a reasonable goal to achieve, it might not always reflect alignment between the THV and coronary ostium. Indeed, coronary eccentricity with the coronary ostium not being centered in the corresponding cusp has been described recently and is more frequent with the right coronary artery than the left main, which may lead to coronary overlap despite adequate commissural alignment (29, 30). New approaches have been proposed using CT-derived (coronary ostial overlap) views to better understand the relationship between the THV commissures and coronary ostia (30) with promising results. Moreover, leaflet modification techniques may be more efficient in the case of coronary alignment than commissural alignment (29, 30).



Bicuspid aortic valve

A recent CT study has shown that cusp asymmetry was more frequent in patients with type 1 bicuspid aortic valves (69%) compared with tricuspid aortic valves (17.5%), the dominant cusp being the NCC in the majority of bicuspid cases (30). Thus, CA might be more challenging with bicuspid aortic valves, especially in the case of left-right cusps fusion. Depending on the type of bicuspid valve, CA might be achieved using the same techniques as for tricuspid valves, or advanced catheter techniques may be used based on pre-TAVR CT analysis. Coronary alignment rather than CA might be more accurate, especially in bicuspid anatomies. Patient-specific simulation may be useful to avoid overlap between THV commissures and coronary ostia.



Future perspectives

CT-based patient-specific simulation, although not routinely performed, may help to better understand and plan for specific device orientation or crimping position to achieve optimal CA (13, 14). This represents a useful tool, especially for lifetime management in younger patients. Along with TAVR procedure improvement, new TAVR devices with markers aligned with the THV commissures and improved torquability and self-rotation may allow a more accurate commissural alignment prior to deployment, especially for balloon-expandable THVs. Future investigations are still required to assess the impact of commissural misalignment on long-term outcomes following TAVR.




Conclusion

Commissural alignment is becoming an important parameter for procedure optimization in younger patients undergoing TAVR. Although progress has been made to improve CA with the current device and CA understanding during the TAVR procedure, improvement in implant techniques and devices is expected.
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Background: People age at different rates. Biological age is a risk factor for many chronic diseases independent of chronological age. A good lifestyle is known to improve overall health, but its association with biological age is unclear.



Methods: This study included participants from the UK Biobank who had undergone 12-lead resting electrocardiography (ECG). Biological age was estimated by a deep learning model (defined as ECG-age), and the difference between ECG-age and chronological age was defined as Δage. Participants were further categorized into an ideal (score 4), intermediate (scores 2 and 3) or unfavorable lifestyle (score 0 or 1). Four lifestyle factors were investigated, including diet, alcohol consumption, physical activity, and smoking. Linear regression models were used to examine the association between lifestyle factors and Δage, and the models were adjusted for sex and chronological age.



Results: This study included 44,094 individuals (mean age 64 ± 8, 51.4% females). A significant correlation was observed between predicted biological age and chronological age (correlation coefficient = 0.54, P < 0.001) and the mean Δage (absolute error of biological age and chronological age) was 9.8 ± 7.4 years. Δage was significantly associated with all of the four lifestyle factors, with the effect size ranging from 0.41 ± 0.11 for the healthy diet to 2.37 ± 0.30 for non-smoking. Compared with an ideal lifestyle, an unfavorable lifestyle was associated with an average of 2.50 ± 0.29 years of older predicted ECG-age.



Conclusion: In this large contemporary population, a strong association was observed between all four studied healthy lifestyle factors and deaccelerated aging. Our study underscores the importance of a healthy lifestyle to reduce the burden of aging-related diseases.
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Introduction

The worldwide population is becoming older. It is estimated that 1.5 billion people will be 65 years or over in 2050 (1). Aging is inevitable but people could age at different rates (2). Chronic inflammation and some underlying health conditions could contribute to accelerated aging (3). Chronological age is the age people usually refer to, which represents the amount of time from birth to a given time. In contrast, biological age represents the measurement of age based on different biomarkers and it is known to associate with different chronic diseases and all-cause mortality in later life independent of other risk factors (4, 5). Many different measures of biological aging have been proposed, such as epigenetic biomarkers (6, 7), clinical factors, sleep-based brain age (8), inflammatory biomarkers (9), and cardiovascular magnetic resonance imaging biomarkers (10).

The electrocardiogram (ECG) has been used in clinics to diagnose many different cardiovascular diseases for more than a century. For example, a long QT interval in ECG is known to associate with multiple heart diseases. Recently, deep learning models are being developed to diagnose diseases directly from ECG waveforms (11). Multiple studies have demonstrated the potential of ECG to diagnose atrial fibrillation and other types of heart diseases (12–15). Methods are also being developed to predict biological age from these ECG waveforms (referred as ECG-age) (16–18). The discrepancies between chronological age and ECG-age might serve as a biomarker for underlying diseases and all-cause mortality (17, 18).

A good lifestyle is known to benefit health. It includes avoiding smoking, being physically active, no or moderate alcohol consumption, and having a healthy diet. The combination of multiple good lifestyle behaviors and genetic factors are also associated with reduced risk of cardiovascular disease (19), diabetes (20), and all-cause mortality (21).

This study aims to predict ECG-age and assess its association with lifestyle factors in the UK Biobank, a large prospective population-based cohort based in UK. We also examined the association of ECG-age with prevalent cardiovascular diseases and risk factors.



Methods


Study samples

The UK Biobank is a nationwide, population-based prospective study (22). More than 500,000 participants aged 40–69 years were recruited during 2006–2010 at 22 assessment centers throughout the UK (23). The objective of the UK Biobank is to understand both genetic and environmental determinants of common life-threatening and disabling diseases (24). A variety of data have been collected from participants, including questionnaires, physical measurements, as well as different biological samples like blood, urine, and saliva (25). The study is embedded within the UK's National Health Service, so that routine medical records are extractable for different disease outcomes. The UK Biobank study has been approved by the North West Multi-center Research Ethics Committee (MREC). All participants provided written informed consent to participate. The current analysis was approved by the Research Ethics Committee (REC) under the application number 76,269.



ECG collection

A standardized resting 12-lead ECG was conducted at a UK Biobank Imaging Assessment Centre. The ECG was obtained before and during a submaximal exercise test on a stationary bicycle. Participants were asked to lie on the same couch used to perform the carotid ultrasound measurement. ECG GE Cardiosoft program is loaded into the workstation and used to record ECG. We retrieved the ECG data in extended markup language (XML) files (Data-Field 20205). More information could be found at https://biobank.ctsu.ox.ac.uk/crystal/field.cgi?id=12323.

The ECG leads were recorded with a 500 Hz sampling frequency for 10 s. The recordings were then re-sampled to 400 Hz and zero-padded to generate signals of fixed length (12 × 4,096), used as input to the deep learning model.



Deep learning modeling

We used a previously developed deep learning model to predict ECG-age (18). The model was based on 1,558,415 patients from the CODE study (26), which is part of the Telehealth Network of Minas Gerais, Brazil. The study collected ECGs in Brazilian primary care settings from 2010 to 2017 (27), and it represents one of the largest ECG databases in the world for AI-ECG applications (26). The ECG-age model uses a convolutional neural network with unidimensional signals. The network includes five residual blocks, each with two convolutional layers. More details could be found in the previous publication (18). The prediction model and the codes are available at GitHub (https://github.com/antonior92/ecg-age-prediction).



Definitions of lifestyle factors

We considered four lifestyle factors, including cigarette smoking, alcohol consumption, physical activity, and diet, similar to a prior study (28). Smoking status was categorized into current smoker, or never/previous smokers. For physical activity, we used the American Heart Association recommendations of at least 150 min moderate intensity physical activity or 75 min of vigorous activity per week (or an equivalent combination) (29). Moderate alcohol consumption was defined as less than 14 grams per day women and less than 28 grams per day for men. Healthy diet was defined as the proper consumption of at least four out of seven commonly eaten food groups (30).

We assigned 1 point for a healthy level and 0 points for an unhealthy lifestyle. The sum of the healthy score ranged from 0 to 4, where a higher score indicates a higher adherence to healthy lifestyle components (28, 31). We also divided participants into three groups, with a score of 4 as an ideal lifestyle, scores 2 and 3 as an intermediate lifestyle, and 0 or 1 as an unfavorable lifestyle.



Definitions of prevalent cardiovascular diseases and risk factors

The prevalent cases of atrial fibrillation, type 2 diabetes, heart failure, hypercholesterolemia, hypertension, myocardial infarction and stroke were defined by either self-report, ICD-9 or ICD-10 codes at the time or before the ECG examination. Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared, which were measured at the examination centers.



Statistical analyses

Clinical variables were reported as mean ± standard deviation for continuous variables, and n (%) for dichotomous variables. The difference between ECG-age and chronological age was defined as Δage and corrected for chronological age (32). Participants were classified into three tertiles based on their Δage. Each tertile represents one aging group: first tertile for decelerated aging, second tertile for normal aging, and third tertile for accelerated aging. We used multivariable linear regression model to evaluate the associations of lifestyle factors and Δage adjusted for sex and age at the time when ECG was conducted. We also performed sex stratified analysis to assess the association of Δage with each lifestyle factor in men and women separately. In order to know potential mediating effects of ECG-age and sex, we added an additional analysis by including ECG-age*sex as the interaction terms. We further assessed the association of Δage with prevalent cardiovascular diseases and risk factors by logistic regression models adjusted for sex and age. In the sensitivity analysis, we defined extremely decelerated aging as those whose predicted ECG-age were more than 20 years younger than their chronological age, and extremely accelerated aging as those with predicted ECG-age were more than 20 years older than their chronological age. Statistical significance was claimed with two-sided P values less than 0.05. All the analyses were performed using R software package version 4.0.3 (https://www.r-project.org/).




Results

This study included 44,094 participants (mean age 64 ± 8, 51.4% women). The baseline clinical characteristics of participants are shown in Table 1. The detailed age distribution is depicted in Supplementary Figure S1. We observed a significant correlation between chronological age and ECG-age with a correlation coefficient of 0.54 (P < 0.001). The correlation between chronological age and ECG-age is shown in Figure 1. The median absolute error between ECG-age and chronological age after age adjustment was 9.1 ± 6.6 years (defined as Δage).


[image: Figure 1]
FIGURE 1
Association of predicted ECG-age with chronological age.



TABLE 1 Clinical characteristics of study participants (N = 44,094).
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We further classified participants into three tertiles based on their Δage (Figure 2), including accelerated aging, normal aging, and decelerated aging. As shown in Table 2, in comparison with normal aging, participants with accelerated aging are more likely to have atrial fibrillation [OR = 1.74, 95 confidence interval (CI) 1.48–2.03], type 2 diabetes (OR = 1.30, 95% CI 1.13–1.49), heart failure (OR = 1.84, 95% CI 1.30–2.60), hypercholesterolemia (OR = 1.11, 95% CI 1.04–1.18), and hypertension (OR = 1.28, 95% CI 1.22–1.35), but not myocardial infarction (P = 0.64) or stroke (P = 0.17). In contrast, participants with decelerated aging are less likely to have atrial fibrillation (OR = 0.76, 95% CI 0.63–0.93), type 2 diabetes (OR = 0.74, 95% CI 0.62–0.87), hypercholesterolemia (OR = 0.86, 95% CI 0.81–0.93), and hypertension (OR = 0.67, 95% CI 0.63–0.71).


[image: Figure 2]
FIGURE 2
Distribution of the difference between chronological and ECG-age (Δage) among study participants. The figure is colored green for decelerated aging (first tertile), blue for normal aging (second tertile), and red for accelerated aging (third tertile).



TABLE 2 Association of accelerated aging and decelerated aging with prevalent cardiovascular disease and risk factors.
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In the sensitivity analysis, we examined participants whose predicted ECG-age were more than 20 years different from their chronological age. They were defined as extremely decelerated aging (Δage < 20 years, n = 1,952) and extremely accelerated aging (Δage > 20 years, n = 1,261). As shown in Supplementary Table S1, participants with extremely accelerated aging are more likely to have atrial fibrillation, type 2 diabetes, heart failure, hypercholesterolemia, and hypertension. In contrast, participants with extremely decelerated aging are less likely to have atrial fibrillation, hypercholesterolemia, hypertension, and myocardial infarction.


Association of ECG-age with lifestyle factors

Table 1 shows the proportion of participants engaged in each healthy lifestyle factor, ranging from non-smoking (96.7%) to a healthy diet (45.8%). Nearly three quarters of participants (73.4%) engaged in 3 of 4 healthy lifestyle factors (Figure 3). Among all participants, 27.7% had an ideal lifestyle (scores 4), whereas 4.0% had an unfavorable lifestyle (scores 0 and 1).


[image: Figure 3]
FIGURE 3
Distribution of healthy lifestyle scores among participants. Each point represents the adherence of one healthy lifestyle factor.


We then tested the association of each lifestyle factor with Δage. As shown in Table 3, all four healthy lifestyle factors were significantly associated with decreased ECG-age. The most significant association was observed for non-smoking, which was associated with 2.37 years [standard error (SE) 0.30] younger ECG-age. Each point of overall lifestyle score was also associated with 0.75 years (SE 0.07) ECG-age.


TABLE 3 Association of Δage with overall lifestyle score and each individual lifestyle factor.
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We also performed sex stratified analysis. As shown in Supplementary Table S2, Δage was significantly associated with all lifestyle factors for both men and women. For all lifestyle factors, the effect size was larger in men compared with women, and the difference was significant for alcohol consumption (interaction P = 0.004) and smoking (interaction P = 0.04).

We further examined the association of Δage with different lifestyle categories. People with an ideal lifestyle tended to be 2.50 years (SE = 0.29) younger than those with an unfavorable lifestyle. In addition, participants with unfavorable lifestyles are more likely to have accelerated aging compared to those with a favorable lifestyle (OR = 1.14, 95% CI 1.08–1.19).




Discussion

In this large middle-aged to old population in the UK, we predicted biological age from the ECG and assessed its association with lifestyle factors. The predicted ECG-age is significantly correlated with chronological age. We also found that the difference between ECG-age and chronological age was associated with all of four studied lifestyle factors as well as prevalent cardiovascular diseases and risk factors.

Biological age can be affected by genetic factors and many comorbid conditions, such as heart failure, hypertension and coronary artery disease (17). As healthy lifestyles are associated with lower mortality and CVD risk across different socioeconomic subgroups (31), it would be important to know the effects of lifestyle factors on biological age. A wide range of mechanisms might be involved modifying the aging process, such as increased cerebral blood flow and reduced oxidative damage (33–36). Some lifestyle factors are also interrelated (37, 38), so it is possible to combine multiple lifestyle factors to investigate their integrative effects on aging. This study underscores the importance of healthy lifestyle on biological aging, which might facilitate future implementation of preventive interventions to promote healthy behaviors.

Our study supports broadly the notion that deep learning models using 12-lead ECG provide important predictive usefulness for biological age. The model was trained in the Brazil cohort but still showed strong correlation with chronological age in the current cohort with most European participants. The deep learning algorithms are purely data-driven without manually extracted features. On the other hand, the exact morphological characteristics contributing to the prediction remain to be investigated. Some studies using saliency mapping and median waveform analysis would help identify regions of ECGs critically contributing to the prediction (15). Future advances in interpretable machine learning might enable a better illustration of the decision process.

It is worth to note that the deep learning model used in the current study was developed based on ECG records from 1,558,415 participants in the state of Minas Gerais (Brazil) (18). On the other hand, the majority of UK Biobank participants are of European ancestry. Interestingly, a similar Δage was observed between two studies despite differences in age ranges and ancestries. Our results suggest that prevalent cardiovascular diseases and risk factors might play a more important role in ECG-age compared with ancestries. Therefore it would be important to share ECGs across different health conditions even with different ancestries, which would enable future development of more sophisticated deep learning models to predict biological age. A broader and more detailed plan for data sharing was also underscored in the recently released policy from the National Institutes of Health (https://grants.nih.gov/grants/guide/notice-files/NOT-OD-21-013.html).

With the aging population and increasing burden of age-related diseases, it would be useful to implement a convenient and low-cost approach to assess aging in clinical settings. Given the wide availability of ECG, deep learning predicted ECG-age could provide a promising solution for the estimation of biological age. Such a tool might be incorporated into standard ECG management platforms as an additional feature to reflect an individual's overall health. New wearable devices are also being developed to perform ECG even easier and more cost-effective (39, 40). A future extension of our work is to assess aging using single-lead ECG collected from wearable devices, which could be used to further investigate the effects of short and long-term lifestyle changes on ECG-age in real time. All these efforts would help guide better preventive efforts and clinical screening of people with high risk of age-related diseases.

We acknowledge several limitations of our study. The majority of participants in UK Biobank are of European ancestry, therefore our findings may not be generalizable to other race/ethnic groups. There is also potential selection bias as many participants are relatively healthy with high socioeconomic status. In addition, it is unclear if there is any different pattern for people at a younger age or older age outside the range of our study population. We included four self-reported lifestyle factors in the current study, which might not capture all relevant lifestyle information. For example, sleep is probably an important factor. These lifestyle factors were also not cross-validated by medical records. We did not perform an exhaustive search of comorbidities so there could be unmeasured confounding factors that were not taken into account. Moreover, we observed participants with prevalent cardiovascular diseases or risk factors tended to have accelerated aging. However, this does not necessarily mean that accelerated aging would increase their future risk. Future studies combining classical machine learning and deep learning models might reach a better performance (11). Additional important questions that cannot be answered by our analysis is the stability of the ECG-age over the short-term, change over time (long-term), and reversibility.

In conclusion, we estimated biological age by ECG and assessed its association with lifestyle factors in a large population cohort. A strong correlation was observed between the presence of all four healthy lifestyle factors and deaccelerated aging, which underscores the importance of a healthy lifestyle to reduce the burden of aging-related diseases. Future work is needed to better understand the molecular mechanism underlying lifestyle on healthy aging.
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Background: Cancer and heart disease are the two most common health conditions in the world, associated with high morbidity and mortality, with even worse outcomes in regional areas. Cardiovascular disease is the leading cause of death in cancer survivors. We aimed to evaluate the cardiovascular outcomes of patients receiving cancer treatment (CT) in a regional hospital.



Methods: This was an observational retrospective cohort study in a single rural hospital over a ten-year period (17th February 2010 to 19th March 2019). Outcomes of all patients receiving CT during this period were compared to those who were admitted to the hospital without a cancer diagnosis.



Results: 268 patients received CT during the study period. High rates of cardiovascular risk factors: hypertension (52.2%), smoking (54.9%), and dyslipidaemia (38.4%) were observed in the CT group. Patients who had CT were more likely to be readmitted with ACS (5.9% vs. 2.8% p = 0.005) and AF (8.2% vs. 4.5% p = 0.006) when compared to the general admission cohort. There was a statistically significant difference observed for all cause cardiac readmission, with a higher rate observed in the CT group (17.1% vs. 13.2% p = 0.042). Patients undergoing CT had a higher rate of mortality (49.5% vs. 10.2%, p ≤ 0.001) and shorter time (days) from first admission to death (401.06 vs. 994.91, p ≤ 0.001) when compared to the general admission cohort, acknowledging this reduction in survival may be driven at least in part by the cancer itself.



Conclusion: There is an increased incidence of adverse cardiovascular outcomes, including higher readmission rate, higher mortality rate and shorter survival in people undergoing cancer treatment in rural environments. Rural cancer patients demonstrated a high burden of cardiovascular risk factors.
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Background

Cancer and cardiovascular disease (CVD) are the two most common health conditions and the leading causes of death worldwide (1, 2). In Australia, each year the cost of CVD is $5.9 billion and CVD accounts for 11% of all hospitalisations nationally (1). In rural and regional areas of Australia, where 1/3 of Australians reside, cardiovascular outcomes are worse compared with metropolitan patients. Rural patients experience cardiovascular disease at a 20% higher rate compared to metropolitan patients and have worse clinical outcomes (3). Additionally, compared to their metropolitan counterparts, rural patients have a 7% higher mortality - this has remained largely unchanged despite the improvements in cancer treatment (4).

Cancer survivors have up to an 8-fold increased risk of developing CVD (2). Nationally, there are over 400,000 cancer survivors in Australia, and this is expected to increase due to a continuous decline in cancer death rates (3). The progress in cancer diagnosis and treatment resulted in significant improvements in patient outcomes: currently there is a 70% chance of surviving at least 5 years after cancer diagnosis in Australia (3). However, up to 25% of these cancer survivors die from cardiac disease development within 7 years of cancer diagnosis, making it the leading cause of death in cancer survivors (4, 5). This places an increased burden on the health care system resulting in unplanned admissions for the full range of cardiovascular diseases (6–8). There is a paucity of data within Australia examining long term cardiovascular outcomes for patients who have undergone treatment for cancer, in particular for patients who live in rural and regional areas. Given the additional challenges of access to healthcare and speciality care for rural patients, further data may guide improvement in risk stratification and treatment pathways for rural cancer patients.

We aimed to determine if patients undergoing treatment for cancer in a regional centre were readmitted more frequently for CVD, compared to people admitted to hospital but without a cancer diagnosis. Additionally, we aimed to determine if there were differences in mortality outcomes between the two groups. We then aimed to describe the cardiovascular risk factors of the patients in the CT group and the predictors of cardiac readmission. We hypothesized those patients undergoing cancer treatment would have higher rates of adverse cardiovascular outcomes than those patients admitted to hospital without a cancer diagnosis.



Methods


Study population and study design

The study was performed using an observational retrospective cohort design in a single rural hospital (Muswellbrook hospital) in Hunter New England Local Health District. All patients admitted to hospital from 17th February 2010 to 19th March 2019 were evaluated: patients receiving CT were compared to all patients admitted to the hospital without a cancer diagnosis. The Hunter New England region of New South Wales, Australia, covers an area of over 131,785 km2, a geographical area the size of England, and includes major cities, regional, rural and remote areas. It services a population of approximately one million, of whom approximately 45% live in metropolitan areas and 55% in regional or rural settings, with 5% of the population being Aboriginal and Torres Strait Islander peoples (5). The health district has one level 6 cancer hospital and is supported by 5 regional and rural cancer treatment centres. The cancer treatment centre used in this study is located within a 46-bed rural hospital.



Data collection

Utilising the electronic cancer treatment records, we identified all patients who had received cancer treatment (administered in an outpatient cancer treatment infusion unit) during this period, cases receiving treatment for non-cancer conditions do not appear in these records. Demographic details, risk factor profile, relevant co-morbid conditions, cancer diagnosis, and treatment commencement date were obtained from the hospital electronic records. The general admission group was determined by identifying consecutive patients admitted to the hospital during the same time period (2010–2019) without a cancer diagnosis. This was done by excluding patients with a relevant cancer ICD-10 (International Statistical Classification of the Diseases and Related Health Problems) code, as a principal diagnosis or one of the first three secondary diagnoses on discharge from hospital. Cancer patients were not routinely screened for optimisation of cardiovascular risk factors. Patients ≥18 years of age were included in both groups.

Outcome data for both groups was sourced from the institutional Cardiac and Stroke Outcomes Unit database, which has previously been described (6) and included hospital readmissions, Emergency department presentation, in-patient death and all-cause mortality - obtained from the state Births Deaths and Marriage Register. In brief, this institutional database records all admissions to all public hospitals within the health district based on ICD codes (6). Readmission with subsequent cardiac diagnosis were included to determine if the administration of CT places an individual at a higher risk of admission for a cardiac cause. Patients' presentations to emergency departments not resulting in admission were excluded. Comorbidities were identified from any ICD-10 code in the first 30 diagnoses on initial oncological evaluation and on discharge documentation of the hospital admission.

We firstly describe the underlying cardiovascular clinical characteristics of the cancer treatment group. We then compared this group with all patients admitted to the hospital without a cancer diagnosis during the corresponding period to determine the impact of cancer therapy has on cardiovascular outcomes. This study was approved by the Hunter New England Health Research Ethics Committee.


Statistical methods

Patient characteristics are reported as mean ± SD, median (interquartile range), or number (percentage). Categorical variables are presented as frequencies and percentages of total number of patients. Chi squared analyses were used to examine categorical differences in demographic variables and continuous variables were analysed using analysis of variance. Univariate Logistic (odds ratios) and multivariable logistic regression (adjusted odds ratios) analyses were used to examine the associations for readmission (30 day and 1 year) for: heart failure (HF), acute coronary syndrome (ACS), atrial fibrillation (AF), stroke and all cause cardiac readmissions. Predictor variables were selected based on univariate significance (p < 0.1) and clinical relevance. Age and gender were included as covariates in the multivariable logistic regression analyses. The Kaplan–Meier curve was generated for both groups for the outcome of death using days to death. Missing data was considered missing, and cases were excluded listwise. A p-value of <0.05 was considered significant. Data analysis was conducted using IBM SPSS (version 27, SPSS, Chicago, IL, USA).





Results


Clinical characteristics of people undergoing cancer treatment

A total of 268 patients were administered cancer treatment during the study period whilst 9,304 patients without a current cancer diagnosis were admitted to the hospital during the corresponding period. Colorectal cancers were the major cancers treated, followed by breast and lung cancer (Figure 1).


[image: Figure 1]
FIGURE 1
Distribution of cancer types.


The cardiovascular co-morbidities, risk factors, demographics and pharmacotherapy of the cancer treatment group are listed in Table 1. This group had a mean age of 63.5 years with 42.5% being male. ACE inhibitors, HMG-CoA reductase inhibitors (statins) and Beta-blockers were the most commonly used cardiovascular pharmacological agents in the CT group. Patients undergoing CT had a high burden of cardiovascular risk factors and co-morbidities. In particular, the modifiable cardiovascular risk factors were common with dyslipidaemia (38.4%), hypertension (52.2%) and prior diabetes (17.5%). Over half of patients reported current or previous tobacco use. In addition, 18.3% of patients had a previous cardiovascular admission. Carboplatin (15.3%), Bevacizumab (13.4%), Capecitabine (9.7%), Trastuzumab (7.5%) were the most frequently used cancer treatment agents, respectively.


TABLE 1 Demographic and cardiovascular characteristics of the chemotherapy lounge patients.
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Readmission and mortality for people undergoing cancer treatment compared to a general admission cohort

Relevant demographic and clinical variables for CT and general admission cohorts are presented in Table 2. Patients in the CT group were older and less likely to be indigenous. No difference in gender and marital status were seen in patients who had CT and general admission cohort. Patients who had CT were more likely to be readmitted within the last year with ACS (5.9% vs. 2.8% p = 0.005) and AF (8.2% vs. 4.5% p = 0.006) when compared to the general admission cohort. There were also statistically significant differences observed for all cause cardiac readmission, with a higher rate observed in the CT group (17.1% vs. 13.2% p = 0.042). There were no differences in 30-day readmission between both groups. Patients undergoing CT had a higher rate of mortality and shorter time from first admission to death (Table 2 and Figure 2).


[image: Figure 2]
FIGURE 2
Cumulative survival according to patient group.



TABLE 2 Baseline patient characteristics: chemotherapy infusion unit patients vs. general admission patients.
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Predictors of readmission for people undergoing cancer treatment

Those patients who had a prior cardiovascular admission were 3 times more likely to be readmitted with heart failure, however this effect is no longer significant in the multivariable model (Supplementary Table S1). However, prior history of HF remained a significant predictor of future HF admissions even after multivariable adjustment. In addition, the presence of a prior cardiovascular admission, dyslipidaemia, and prior AF and HF placed an individual undergoing CT at higher likelihood of readmission with AF (Supplementary Table S2), however in the multivariable model only prior cardiovascular admission and prior AF remain significant predictors. For all cause cardiac readmission, increasing age, the presence of prior cardiac admission, prior hypertension, prior diabetes, prior dyslipidaemia, prior AF were significant univariate predictors for a subsequent cardiac readmission (Supplementary Table S3). Upon multivariable adjustment, only increasing age and prior AF remained significant predictors of cardiac readmission. Anxiety and stroke were not predictors of readmission after receiving CT (Supplementary Table S3).

Prior use of cardiac medication was examined. Prior ACE/ARB use was associated with higher readmission rate with heart failure, likely a confounder as a surrogate marker of people with high baseline burden of CV disease and risk factors (Supplementary Table S4).




Discussion

We report on the cardiovascular outcomes of patients receiving cancer treatment at a rural Australian hospital compared to all patients admitted to the same hospital during the study period. This study highlights the potential cardiovascular impacts cancer treatment has on patients on a long-term basis. We noted a high rate of subsequent readmission for AF and ACS in the cancer treatment group. The cancer group demonstrated a higher mortality rate, as well as shorter survival, however we acknowledge this reduction in survival may be driven by the cancer rather than other factors. People receiving CT for advanced cancers are likely to have shorter survival. Furthermore, we noted the high burden of underlying cardiovascular risk factors in those patients undergoing cancer treatment in this rural environment, including smoking history, alcohol consumption, hypertension and high cholesterol. Our study also demonstrated the relatively high rate of prior cardiac hospitalisations in patients having cancer treatment and the higher rate of cardiac readmission for acute coronary syndrome and atrial fibrillation, this is consistent with previous literature and can be explained in part by the common pathophysiology between cancer and cardiovascular disease as well as direct toxic effects of the cancer therapies on the cardiovascular system (7–9).

Our study addresses the two biggest global killers: cancer and cardiovascular disease, focusing on the rural and regional centre and illustrates the health challenges of rural populations. Rural and regional populations have higher cardiovascular risk factor burden (3, 10), and our study is consistent with other studies which demonstrate adverse cardiovascular outcomes in rural and regional populations (11, 12). People who live in rural, regional and remote Australia are likely to have lower life expectancy, with less years of good health, compared to those in major cities (13). In part, this inequality is due to less availability and poorer access to healthcare and health services. Given the noted challenges of timely access to care for both cancer patients and cardiovascular patients, understanding this issue specifically from a regional perspective will assist in informing clinicians and policy makers alike.

Our study demonstrated the high prevalence of cardiovascular modifiable and non-modifiable risk factors in this population. In our study population there was a high incidence of prior cardiovascular admissions in the cancer treatment group, higher than another recently reported large cardio-oncology registry dataset (14). This was additionally reflected in the over representation of modifiable risk factors in our patient group compared to published local risk factor data in cancer patients residing in metropolitan location (5, 15) It is established that cancer and heart disease share common risk factors, however the over representation of cardiovascular risk factors in our group demonstrates a clinical imperative to address this disease burden or implement ongoing surveillance, particularly in under-resourced areas (16). The recent release of the first International Cardio-Oncology treatment guidelines (17) and quality indicators for the prevention and management of cancer therapy-related cardiovascular toxicity (18) represent exciting progress in clinical care. Our real-world analysis further supports the provision of cardio oncology services and the urgent clinical need to implement guideline-based care to prevent or mitigate adverse cardiac complications in all patients living with and beyond cancer.

Many cancer therapies predispose patients to adverse cardiovascular outcomes, including ischaemic heart disease, heart failure, acute coronary syndromes, and atrial fibrillation (19, 20). Furthermore, cancer therapies have also been linked to the development of metabolic syndrome, characterised by changes in glucose tolerance, weight gain and dyslipidaemia, which are in themselves, established risk factors for adverse cardiovascular events (5). Our study demonstrated readmission with a cardiovascular diagnosis, and previous cardiac admission to hospital denoting the presence of concomitant heart disease and risk factors within the cancer treatment population. The lack of guideline-directed use of cardio-protective pharmacological treatment has been previously reported in cancer survivors, despite the fact that this group of patients has high cardiovascular risk (15).

The need for ongoing cardiovascular care in cancer patients is now articulated in international guidelines, previously has been advocated in consensus statements and within the literature (17, 21–23). However, given the challenges of local availability of staff, differing geography, funding arrangements and different health systems, a “one size fits all approach” remains a challenge. These consensus statements and guidelines define the importance of baseline surveillance, care during cancer therapy and in a survivorship capacity. Clearly defined, evidence-based, effective, integrative multi-disciplinary models care exists within cardiovascular disease to assess, monitor and educate patients from diagnosis to long term follow up for a range of other cardiovascular diseases (24–26). Furthermore, while proven cardio-oncology focused models exist, unfortunately these models are not yet widespread internationally (27–29). Additionally, the increasing adoption and prevalence of telehealth models of care represent a potential way to enhance access to timely specialised care for regional, rural and remote communities (30), who are a priori at the greatest risk of adverse outcomes. Telehealth approaches are health related services and information that are distributed by electronic and telecommunication technologies. This also allows for long distance clinical care, intervention, monitoring and remote admissions. Multi-disciplinary models of care have shown demonstrable success in rural environments with support from tertiary level hospitals: this may represent a viable model to support the provision of rural cardiology care (31), and be adopted for cardiovascular care for cancer patients. Further studies which assess the models of care to most appropriately provide early risk stratification for cancer patients to prevent the development of and manage pre-existing cardiovascular disease, particularly from a regional context, would provide an important contribution in the care of cancer patients.



Limitations

Our study has a few limitations: firstly, it is an observational retrospective analysis of prospectively collected data of a relatively small sample size. For the larger dataset of general patients being admitted to hospital, risk factors, cardiotoxicity events, and medications were not collected which may limit comparisons and adjustment of analyses, particularly related to propensity score approach to determine the impact of cardiac risk factors on clinical outcomes. Also, while we have identified cardiovascular risk factors, the degree of their control is unavailable due to limitations in the documentation further highlighting deficiencies in resources and access to appropriate care in regional setting. In addition, due to the granular nature of the data differentiating between patient acuity was not possible. However, this real-world examination of cardiovascular outcomes provides useful data to inform future trials of rural cardiovascular care of cancer patients. We believe our study provides useful real-world data on the adverse cardiovascular outcomes of cancer patients in regional populations, and as such can be applicable in a range of jurisdictions and countries world-wide.



Conclusion

Our study highlighted the increased incidence of adverse cardiovascular events in people undergoing and following cancer treatment specifically in people living in regional Australia–this has not been previously documented. These data highlight the ongoing need for the provision of cardiovascular focused care in all cancer patients, but especially those with already poorer access to specialised healthcare and prior CVD. Our study suggests the need for consistent recording and management of CVD and CV factors in cancer patients at every stage of the cancer trajectory, from diagnosis into survivorship. The widespread implementation of integrative multi-disciplinary models of care may represent important steps to improve patient care.
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Cardiac electrophysiology is a constantly evolving speciality that has benefited from technological innovation and refinements over the past several decades. Despite the potential of these technologies to reshape patient care, their upfront costs pose a challenge to health policymakers who are responsible for the assessment of the novel technology in the context of increasingly limited resources. In this context, it is critical for new therapies or technologies to demonstrate that the measured improvement in patients' outcomes for the cost of achieving that improvement is within conventional benchmarks for acceptable health care value. The field of Health Economics, specifically economic evaluation methods, facilitates this assessment of value in health care. In this review, we provide an overview of the basic principles of economic evaluation and provide historical applications within the field of cardiac electrophysiology. Specifically, the cost-effectiveness of catheter ablation for both atrial fibrillation (AF) and ventricular tachycardia, novel oral anticoagulants for stroke prevention in AF, left atrial appendage occlusion devices, implantable cardioverter defibrillators, and cardiac resynchronization therapy will be reviewed.
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Introduction

Cardiac electrophysiology has undergone substantial innovation over the past several decades. From the advent of leadless pacemakers and physiologic pacing (1–3) to newer catheter ablation techniques that use cryoablation and electroporation (4), electrophysiology is expanding rapidly with cutting-edge clinical technologies. Despite the potential of these technologies to reshape patient care, their upfront costs garner criticism from health policymakers who are responsible for the assessment of the novel technology in the context of increasingly limited resources. For instance, in the United States, health care costs as a proportion of the economy have risen dramatically over time. They now represent 19.7% of gross domestic product (GDP), up from 5.0% of GDP in 1960 (5). The European Union has seen healthcare costs per capita rise between 2012 and 2019, exceeding growth rates of gross domestic product per capita (6).


[image: Figure 1]
FIGURE 1
Cost-effectiveness plane. The horizontal axis represents the difference in benefits between the two therapies (e.g., difference in quality-adjusted life expectancy) and the vertical axis represents the difference in the cost. Quadrant II of the plane represents a situation where a new treatment “dominates” or is always acceptable than the comparator treatment; it reflects a situation where the new therapy is less costly and more effective. The opposite occurs in Quadrant IV, where the existing therapy dominates the new treatment. Quadrant I is where a new therapy is both more effective and most costly. If the incremental benefits are attained for acceptable incremental costs (this relationship is represented by the slope of the dotted line), then the new treatment is acceptable. [Reproduced from EP Europace 2011; 13(Suppl_2):ii3–ii8 with permission].


In this context, it is critical for new therapies or technologies to demonstrate that the measured improvement in patients' outcomes for the cost of achieving that improvement is within conventional benchmarks for acceptable health care value. The field of Health Economics, specifically economic evaluation methods, facilitates this assessment of value in health care.

This review will provide an overview of economic evaluation to assess value in healthcare and discuss selected historical applications within cardiac electrophysiology. Specifically, catheter ablation for both atrial fibrillation (AF) and ventricular tachycardia (VT), novel oral anticoagulant agents for stroke prevention in AF, left atrial appendage occlusion (LAAO) devices, implantable cardioverter defibrillators (ICD), and cardiac resynchronization therapy (CRT) will be reviewed.



Economic evaluation: a primer

Health policymakers are faced with decisions that pertain to which new therapies or technologies to adopt. In the field of health economics, these challenges are related to the fundamental principle of “opportunity cost,” which is defined as the potential benefits lost or forgone from other alternatives by choosing one alternative (7). Using leadless pacemakers as an example in the Norwegian Health System, Fagerlund and colleagues estimated that adoption of the Micra pacemaker over traditional transvenous pacemakers in 80 patients at high risk for complication from transvenous pacemaker implantation would require approximate 5 million Norwegian Krone per year (approximately 0.5 million US Dollars). If holding the health budget constant, adoption of the Micra pacemaker would require decreased funding elsewhere in the health budget, or more broadly, decreasing the budget elsewhere in the social sector to increase healthcare sector spending (8).

To help facilitate health policy decisions, economic evaluation is a field that assesses the “value” of a new technology or therapy. That is, such an evaluation poses the question: does a new technology represent good value for money? Does a new therapy provide additional benefits compared to conventional care for a reasonable price? The relationship between benefits and costs can be summarized as an incremental cost effectiveness ratio (ICER) (9, 10).
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For value comparisons across medicine, the ICER is most commonly assigned the units of a cost ($) per quality-adjusted life year (QALY) gained. QALYs represent patient life expectancy adjusted by quality-of-life. That is, each year of life expectancy is scaled by the quality of life experienced by the patient for a given disease, e.g., heart failure. This scaling factor, also known as a utility, can range from 0 to 1, where 1 denotes perfect health and 0 denotes death (11).

The relationship between incremental costs (Cost A − Cost B) and incremental clinical benefits (Effect A − Effect B) is shown above. An ideal scenario would be to adopt a new therapy, which is both more effective than its comparator and less costly. However, few technologies in cardiac sciences are truly cost-savings. Most new therapies provide additional clinical benefits for increased costs (Figure 1). A recent example in the area of heart failure is dapagliflozin, which conferred clinical benefits (i.e., reduced risk of HF hospitalization and death from cardiovascular causes) in symptomatic heart failure (HF) patients (12, 13). In a cost-effectiveness analysis of the landmark DAPA-HF (Dapagliflozin and Prevention of Adverse Outcomes in Heart Failure) trial, patients in the dapagliflozin arm accrued an additional 0.46 QALYs compared to placebo for an additional cost of $38,212, which included $35,708 in dapagliflozin costs over a patient's lifetime horizon (14). The “time horizon” describes the timeframe over which these cost and benefits are calculated. Economic evaluation in cardiology often adopts a lifetime horizon, given the chronic nature of the disease processes, to ensure that all relevant costs and benefits are captured.

Whether a therapy is considered cost-effective depends on country-specific thresholds for value in healthcare. ICERs that fall below these willingness-to-pay thresholds are considered economically attractive. The World Health Organization has suggested an approximate benchmark of 3 times the gross domestic product per capita as an upper threshold for acceptable cost-effectiveness for a given country (15, 16). However, this definition is not routinely used by national health technology assessment agencies. In Canada and Europe, conventional thresholds range from $50,000 to $100,000 per QALY gained or £20,000–30,000, respectively (17, 18). In the United States, a value taxonomy has been proposed by the American College of Cardiology and American Heart Association where high-value represents either cost-savings or an ICER <$50,000 per QALY gained, intermediate value is represented by ICERs between $50,000 to <$150,000 per QALY gained, and low value is described by ICERs ≥$150,000 per QALY gained (19).


Types of economic evaluation

Economic evaluation can take several forms (Table 1). Fundamentally, all these types of economic evaluation assess how a particular intervention influences costs and benefits. Cost-effectiveness (CEA) and cost-utility (CUA) analyses are the most common types of economic evaluation, which are used to derive an ICER comparing two therapies. In CEA, benefits are commonly expressed in natural units such as life expectancy or life-years (LYs) gained. The “natural units” may also be expressed as disease-specific, clinically relevant endpoints. For example, in a CEA of an antibacterial eluting envelop to reduce post-operative infections associated with cardiac implantable electronic device implantation, the ICER was expressed as a cost per infection prevented (20). However, the use of natural units other than life expectancy limits value comparison across diseases.


TABLE 1 Key methodologies in health economic evaluation.
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A cost-utility analysis is similar to a CEA, but also incorporates quality of life into the measure of clinical benefit. CUAs facilitate comparisons across different interventions and disease states by using a common standard of clinical benefits (i.e., QALYs). Other forms of economic evaluation include cost-minimization analysis, which considers the least costly alternative and assumes that the benefits/outcomes of two therapies are identical, and cost-benefit analysis, where both the costs and benefits of a therapy are expressed in monetary terms (21).




Applied health economics in cardiac electrophysiology


Catheter ablation for atrial fibrillation

Catheter ablation is an established therapy for patients with symptomatic atrial fibrillation. It has been shown to reduce AF recurrences, provide durable improvements in quality of life compared to medical therapy alone, and attenuate progression of the natural history of AF (22–25). Furthermore, among patients with impaired left ventricular function, catheter ablation improves survival and reduces HF hospitalization (26).

However, in patients where a rhythm control strategy is clinically appropriate, the upfront costs of catheter ablation are noticeably greater than an antiarrhythmic medication approach, due to the human and material costs of the procedure, as well as the outpatient diagnostic testing for follow-up and peri-operative imaging that may be required. The cost of catheter ablation procedure varies depending on the country and regional context; the average cost per patient is estimated to be approximately $27,000–$38,000 (2021 USD) in the United States (27, 28), $15,000 in Canada (2021 CAD) (29–31), and £7,000 (2021 GBP) (32). In comparison, medical therapy is estimated to cost less than a quarter of overall ablation costs annually (30).

While these upfront costs are substantive, cost-effectiveness analyses have attempted to provide a more comprehensive assessment of costs relative to clinical benefits projected over a longer follow up duration. That is, after ablation there may be cost offsets from the reduction in symptomatic AF burden and potentially averted HF hospitalizations. Further, there may be fewer drug complications after discontinuation of long-term antiarrhythmic medications (33). These favourable outcomes may contribute to a sustained improvement in quality of life for people with AF.

Early cost effectiveness analyses using modelling-based approaches showed that catheter ablation of AF was economically attractive compared to drug therapy alone (Table 2). For example, a Canadian analysis demonstrated an ICER of $59,194 per QALY gained for catheter ablation compared to amiodarone using a 5-year time horizon in a population of symptomatic patients on first-line anti-arrhythmic drug therapy (35). A British analysis in a similar population also demonstrated an ICER of £7,763 per QALY gained (34). However, early analyses were limited due to modelling assumptions that catheter ablation reduced stroke risk, based on the prevailing assumption at the time where rhythm control conferred reduced stroke risk (39). Additionally, these analyses did not have the benefit of longer-term clinical effectiveness data reporting hard cardiovascular outcomes.


TABLE 2 Selected economic evaluations of catheter ablation for atrial fibrillation.
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More recently, the CABANA (Catheter ABlation vs. ANtiarrhythmic Drug Therapy for Atrial Fibrillation) study, the largest clinical trial on catheter ablation for AF vs. pharmacotherapy, did not find a difference in the primary composite endpoint of death, stroke, serious bleeding and cardiac arrest hazard ratio (HR) 0.86 [95% confidence interval (CI) 0.65–1.15] (22). However, the trial demonstrated improved quality of life and less AF recurrence with catheter ablation.

In the economic substudy of CABANA conducted from the U.S. healthcare perspective, catheter ablation was associated with an ICER of $57,893 per QALY gained compared to drug therapy alone, which falls within conventional U.S. societal thresholds for good value in health care. Generally speaking, cost-utility analyses summarize clinical benefits as a QALY. Thus, the clinical benefits that may drive cost-effectiveness are either survival, quality of life or both in some combination. Since CABANA did not demonstrate improved survival among individuals with AF randomized to catheter ablation in the intention-to-treat analysis, cost-effectiveness was contingent solely on quality-of-life gains. Note, that without quality-of-life adjustments, the ICER was $183,318 per LY gained (28).

However, emerging evidence suggests that certain subgroups with AF may also derive mortality benefit from catheter ablation compared to medical therapy in addition to increased quality of life. In these subgroups, one would anticipate an even more attractive value proposition as cost-effectiveness would be motivated by increases in life expectancy as well as quality of life. For example, in the CASTLE AF (Catheter Ablation for Atrial Fibrillation with Heart Failure) trial, catheter ablation prevented all-cause mortality relative to pharmacotherapy with a HR of 0.53 (95% CI: 0.32–0.86) (26) in patients with HF and reduced ejection fraction (EF ≤35%). In the HF subgroup of CABANA, which included 778 patients, demonstrated a 43% reduction in mortality in addition to quality-of-life improvements and freedom from AF recurrence. Of note, most patients in this analysis had heart failure with preserved ejection fraction (EF >50%) (40).

Accordingly, several cost-effectiveness analyses have noted catheter ablation to be economically attractive across a several country settings and in patients with either HF and reduced or preserved ejection fraction. For individuals with concomitant AF with HF reduced ejection fraction, the estimated ICERs were $35,360 per QALY gained in Canada (30), $35,020 per LY in Australia (37) and $38,496 per QALY gained in the United States (38). Among those with HF and preserved ejection fraction, there also appears to be an economic benefit conferred by catheter ablation of AF ($54,135 per QALY in the United States) (28).

In summary, catheter ablation for AF appears to be good “value” for money by improving quality of life and in some subsets, such as heart failure, offering mortality benefit in addition to quality-of-life gains. However, these benefits are accrued at increased costs over a patient's lifetime; despite studies suggesting reduced health resource use post-ablation, catheter ablation is not cost-savings overall (41, 42). Given an aging population and the rising prevalence of AF, increasing demand for catheter ablation highlights another important consideration in policy decision making—affordability. This concept is distinct from the economic concept of efficiency, or value for money, which is the focus of cost-effectiveness analyses. Nonetheless, the landscape of catheter ablation continues to evolve. Future work will be required to understand the economics of newer catheter technology, such as pulse field/electroporation and cryoballoon therapy (43), or providing catheter ablation of selected patient subgroups such as those early in the AF disease course, as suggested by EAST-AFNET-6 (Early Treatment of Atrial Fibrillation for Stroke Prevention Trial) and ablation trials such as EARLY AF (Early Aggressive Invasive Intervention for Atrial Fibrillation) and PROGRESSIVE AF (Impact of First-Line Rhythm Therapy on AF Progression) (25, 44, 45).



Stroke and thromboembolism prevention in atrial fibrillation: anticoagulation

Anticoagulation is the mainstay for stroke and thromboembolism prevention in atrial fibrillation. Historically, despite the advantages over placebo, aspirin monotherapy, and combination antiplatelet therapy, clinical practice rates of warfarin among eligible patients remained suboptimal at below 60% (46, 47). Possible barriers to warfarin use in clinical practice include its narrow therapeutic window and requirement for ongoing dose adjustment and monitoring. The approval of direct oral anticoagulants (DOACs) over the past decade has offered a safe effective alternative, which represents a significant evolution in stroke prevention therapy (48, 49).

Since the cost of warfarin was much less expensive at the time of DOAC approval, DOACs required compelling additional clinical benefits to be considered cost-effective by conventional benchmarks for good value in health care. Indeed, an individual patient-level meta-analysis of the landmark DOAC trials showed that standard-dose DOACs, compared to warfarin, were associated with a significantly lower hazard of stroke or systemic embolism (HR: 0.81; 95% CI: 0.74–0.89), all-cause death (HR: 0.92; 95% CI: 0.87–0.97), and intracranial bleeding (HR: 0.45; 95% CI: 0.37–0.56) (50).

Accordingly, the majority of cost-effectiveness studies comparing individual DOACs to warfarin have estimated favorable ICERs that fall below country-specific willingness-to-pay thresholds (Table 3) (51–53). For example, in the trial-based economic evaluation of the ARISTOTLE (Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation) trial, comparing apixaban to warfarin, the ICER was $53,825 per QALY gained from the US healthcare perspective (58). From the Belgian healthcare payer perspective, rivaroxaban was economically attractive compared to warfarin for stroke prevention in patients with atrial fibrillation. Using cohort level data from the ROCKET AF (Rivaroxaban Once daily oral direct factor Xa inhibition Compared with vitamin K antagonism for prevention of stroke and Embolism Trial in AF) trial to inform a Markov model, the estimated ICER was €8,809 per QALY and the probability of cost-effectiveness was 87% at a threshold of €35,000 per QALY gained (54).


TABLE 3 Selected economic evaluations of anticoagulation for stroke prevention in atrial fibrillation.
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A recurring theme in the sensitivity analyses of these economic evaluations is the price of DOAC as a determinant of the ICER. That is, the greatest variation in cost-effectiveness is due to the initial DOAC price used to estimate the ICER. For example, in the cost-effectiveness analysis of the ARISTOTLE trial comparing apixaban to warfarin, the ICER decreased from $53,825 to $26,927 per QALY gained with a 50% reduction in apixaban price (58). With the imminent arrival of generic formulations of several DOACs, the value proposition is expected to improve. Nevertheless, even at current prices, DOACs are considered the standard of care from both an economic and clinical perspective across the major cardiovascular societies in North America and Europe (60–62).

In some health jurisdictions where health technology assessment is used to guide funding decisions, such as the United Kingdom, it will be particularly important that any new anticoagulant that comes to market demonstrates improved value compared to the existing standard of care (i.e., DOACs). This may be accomplished in several ways: (a) an improved safety profile, which may translate to less decrement in quality of life from bleeding events; (b) improved clinical effectiveness with additional stroke reduction, which would improve quality of life and possibly survival; and (c) comparable or lower price than DOACs, which is unlikely due to the impacts on return on investment. Recently, an oral factor Xia inhibitor has shown promise in a phase 2 dose finding study; the PACIFIC-AF (Safety of the oral factor XIa inhibitor asundexian compared with apixaban in patients with atrial fibrillation) trial recently showed that asundexian had a two-thirds reduction in bleeding risk of apixaban in patients with AF and stroke risk based on CHA2DS2-VASc score risk (63). Work is ongoing to confirm these findings in Phase III trials.



Stroke prevention in atrial fibrillation: left atrial appendage occlusion

Left atrial appendage occlusion has been proposed as a non-pharmacologic strategy for stroke prevention in AF. The majority of clinical data supporting left atrial appendage closure comes from two seminal trials, PREVAIL (Evaluation of the WATCHMAN LAA Closure Device in Patients With Atrial Fibrillation Versus Long Term Warfarin Therapy) and PROTECT-AF (WATCHMAN Left Atrial Appendage System for Embolic Protection in Patients With Atrial Fibrillation) (64, 65). In patient-level meta-analysis that pooled the five-year outcome data from both trials, there were significant reductions in hemorrhagic stroke, cardiovascular death, all-cause death and post-procedure bleeding with LAA closure compared to warfarin anticoagulation (66).

However, there are ongoing concerns regarding the effectiveness of LAA closure regarding ischemic stroke and systemic embolism prevention. That is, the rate of ischemic stroke and systemic embolism was numerically higher with LAAO compared to warfarin in the meta-analysis, albeit these results were not statistically significant (hazard ratio 1.71; p = 0.080). Additionally, the PREVAIL trial failed to demonstrate non-inferiority of their coprimary composite endpoint of stroke, systemic embolism, or cardiovascular/unexplained death (65).

Nevertheless, an advantage to health economics methods is the ability to quantify the uncertainty in estimates of projected benefit, costs, and cost-effectiveness. Using probabilistic sensitivity analysis, each model input incorporates the surrounding confidence interval. Each time the economic model is executed, a single estimated ICER is generated by sampling inputs from their respective distributions rather than using mean parameter value. The model is then repeated many times (e.g., 1,000 or 10,000 simulations) to estimate the probability that the ICER meets benchmarks for cost-effectiveness (Figure 2).
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FIGURE 2
Incremental cost-effectiveness plane for comparing ablation with drug therapy for the entire CABANA cohort (catheter ablation vs. Antiarrhythmic Drug Therapy for Atrial Fibrillation; N = 2204; A) and the heart failure subgroup with New York Heart Association class ≥II symptoms (n = 778; B). Estimates of incremental costs and quality-adjusted life-years (QALYs) are shown (1 blue circle for each of 5,000 bootstrap samples). Quadrant I represents scenarios where ablation is more costly and less effective, Quadrant II represents scenarios where ablation is more costly and effective, Quadrant III represents scenarios where ablation is less costly and less effective, and Quadrant IV represents scenarios where ablation is less costly and more effective. The willingness-to-pay thresholds of $50,000 and $100,000 per QALY gained are represented as the slope of the green and red lines, respectively. Scenarios that fall below these willingness-to-pay-thresholds are considered economically attractive. (Reproduced from Circulation. 2022;146:535–547 with permission).


Applying probabilistic sensitivity analyses in the cost-effectiveness analysis of the pooled PREVAIL and PROTECT AF trials, Reddy and colleagues found that LAAO was economically attractive compared to warfarin in the US setting with an estimated ICER of $48,674 per QALY by year 7 post implant, and cost-savings by year 10 (67). In the probabilistic sensitivity analysis with 10,000 simulations, the probability of LAAO cost-effectiveness was 98% when compared to warfarin.

One important caveat is that majority of these LAAO cost-effectiveness studies rely on clinical effectiveness data that compare a single LAAO device, Watchman (Boston Scientific) to warfarin. There is limited generalizability to other LAAO devices, such as the Amplatzer Amulet (Abbott), due to differences in upfront device costs, complications, and long-term effectiveness. Additionally, with improved safety profile of DOACs relative to warfarin, the relative advantage of LAAOs on bleeding risk becomes less certain (68). One analysis in the Canadian context suggested that DOACs were more cost-effective than LAAO occlusion with apixaban dominating dabigatran, LAA occlusion and rivaroxaban (69). However, there is limited data on the comparative efficacy of DOACs vs. LAAO to inform the inputs of current modelling studies, limiting their application to health policy decision making.

Future cost-effectiveness studies will benefit from upcoming clinical trials comparing LAAO to DOACs including CATALYST (Clinical Trial of Atrial Fibrillation Patients Comparing Left Atrial Appendage Occlusion Therapy to Non-vitamin K Antagonist Oral Anticoagulants; ClinicalTrials.gov NCT04226547), CHAMPION-AF (WATCHMAN FLX Versus NOAC for Embolic Protection in in the Management of Patients With Non-Valvular Atrial Fibrillation; ClinicalTrials.gov NCT04394546), and Occlusion-AF (Left Atrial Appendage Occlusion Versus Novel Oral Anticoagulation for Stroke Prevention in Atrial Fibrillation; ClinicalTrials.gov NCT03642509).



Implantable-cardioverter defibrillators and cardiac resynchronization therapy

Sudden cardiac death is estimated to account for up to 20% of global mortality, and prevention and treatment of sudden cardiac death remains a significant public health challenge (70). In the 1990s, ICDs emerged as a disruptive technology for prevention of sudden death. ICDs were initially used in a relatively limited setting for secondary prevention among patients who had been resuscitated from malignant ventricular arrhythmias. However, the majority of sudden cardiac deaths are sustained among patients without prior episodes of sustained VT or ventricular fibrillation (70).

The evidence for ICD use in primary prevention populations (i.e., patients at risk for sudden death, but no history of sustained ventricular arrhythmias) were largely informed by two large randomized trials, SCD-HeFT (Sudden Cardiac Death in Heart Failure Trial) and MADIT II (Multicenter Automatic Defibrillator Implantation Trial II), which showed substantial improvements in all-cause survival with the ICD therapy (71, 72). These expanded indications for ICDs posed a challenged to health policymakers due to the opportunity cost associated with offering ICD implantation in a larger pool of eligibility patients (73, 74). An estimated 100,000 patients receive an ICD annually in the United States (75), although this number is an underestimate of the eligible population; <50% of the eligible individuals actually receive an ICD (76, 77). Although the reasons are multifactorial and complex, the low ICD uptake was initially thought in part due to the high cost of ICDs and anticipated economic burden on healthcare budgets (73). In the 2000s, US acquisition prices for the device alone ranged from $22,000 to $52,000 (reported in 2022 USD) (73)—not including the human and infrastructural resources required to implant the device and follow up patients in the long-term (78).

High-quality cost-effectiveness analyses of ICDs conducted in a variety of geographic settings estimate ICERs comparable with other well-accepted therapies despite high lifetime costs associated with ICD therapy (Table 4) (79–82). A notable feature of these cost-effectiveness studies is that the majority of lifetime costs occur upfront at the time of ICD implantation, while benefits take years to accrue. The influence of delayed clinical benefit is best demonstrated in the economic sub-study of the SCD-HeFT trial. Mark et al. found that primary prevention ICD was economically attractive compared to amiodarone (ICER of $38,389 per LY gained), but this finding was dependent on survival past the five-year follow-up of the SCD-HeFT trial. Indeed, at 5 years post-implantation, the ICER for primary prevention ICD was $127,503/LY. This later fell to $88,657/LY at 8 years of follow-up (79). Current best practice guidelines for economic evaluation recommend choosing a time horizon where all relevant costs and benefits are captured (87). In the case of primary prevention ICD implantation, these benefits are expected to accrue over a patient's lifetime, in which case a lifetime horizon or follow up is appropriate.


TABLE 4 Selected economic evaluations of implantable cardioverter defibrillator and cardiac resynchronization therapy devices.
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Following the development of CRT systems, there were similar concerns among healthcare administrators regarding increasing costs of medical technology as a proportion of healthcare spending (88). These financial concerns, such as budget limitations and differences in reimbursement, may in part explain higher CRT implantation rates in the US compared to Europe, and the variation among European countries themselves (88). Nevertheless, the use of CRT plus an ICD among patients with severe LV systolic dysfunction and evidence of dyssynchrony [i.e., left bundle branch block (LBBB)] is cost-effective beyond ICD therapy alone. That is, the addition of a coronary sinus lead provides additional mortality and morbidity benefits, as well as improved quality of life, for additional costs within conventional thresholds for healthcare value (85, 86). For example, Mealing and colleagues performed a complex decision analytic model from the perspective of the United Kingdom National Health System comparing ICDs, CRT-pacemakers and CRT-defibrillators (CRT-D) informed by pooled individual patient data from 13 randomized clinical trials (89). Among patients with EF ≤35% and LBBB, CRT-D was considered cost-effective compared to ICD therapy alone at a willingness to pay threshold of £30,000 per QALY gained. However, with more severe heart failure symptoms [i.e., New York Heart Association (NYHA) class III or IV], CRT-P was also considered cost-effective relative to either CRT-D therapy or ICD/medical therapy alone.

There are several factors that may influence the cost-effectiveness of device therapy therapy in the contemporary context. For example, the cost of an CRT ± ICD has decreased with free market competition (90) and improved technology, specifically improved battery life has reduced the frequency of generator replacements (91). However, efficiencies gained through lower incremental costs are tempered by possible attenuation of clinical benefit in among subgroups of candidate patients due to the evolution in prerequisite guideline-directed medical therapy. For example, the absolute risk, and thereby the absolute risk reduction in mortality conferred by ICD therapy, is decreased with improvements in medical therapy for left ventricular dysfunction. An analysis of randomized clinical trials enrolling patients with heart failure and reduced ejection fraction between 1995 and 2014 showed there was a 44% decline in the rate of sudden death over time (92). Furthermore, the benefit of primary prevention ICDs among patients with non-ischemic etiology has become more controversial upon publication of the DANISH (Danish Study to Assess the Efficacy of ICDs in Patients with Non-ischemic Systolic Heart Failure on Mortality) trial, which found no benefit to ICD therapy compared to standard medical therapy in patients with an EF less than 35% and no coronary disease (HR: 0.87; 95% CI: 0.68–1.12) (93). Compared to previous trials which also enrolled patients with non-ischemic cardiomyopathy (94), DANISH enrolled a patient cohort from a decade later, who were optimized on more contemporary medical therapy (i.e., higher use of mineralocorticoid antagonists) and who had a higher proportion of CRT device use (93).

In summary, the value proposition of medical devices is not static. Updated cost-effectiveness analyses are necessary to account for changing conditions that influence the value of a given therapy. In the case of an ICD, future cost-effectiveness analysis should account for decreased ICD acquisition costs, decreased costs from less frequent generator replacements with improved ICD battery technology, contemporary device programming, and the influence of the current guideline-directed medical therapies on baseline sudden cardiac death risk. Furthermore, economic studies are required to evaluate newer, more expensive ICD technology, such as subcutaneous ICDs, compared to the current standard of transvenous ICDs.

Similar to ICDs, there may be a shift in the value proposition of CRTs. The relatively recent development of physiologic pacing techniques, such as His bundle or left bundle branch area pacing, offers the potential for similar resynchronization benefits to CRTs for decreased implantation costs (95, 96). Large clinical trials are currently underway assessing the clinical effectiveness of traditional CRT to physiologic pacing, such as the Left vs. Left trial (Cardiac Resynchronization Therapy Using His/Left Bundle Pacing vs. Left Ventricular Epicardial Pacing in Patients with Heart Failure; ClinicalTrials.gov NCT05650658), which aim to enroll 2,139 participants to compare His or Left bundle branch area pacing vs. biventricular pacing in patients with heart failure due to left ventricular systolic dysfunction (EF ≤50%) and with either a wide QRS (≥130 ms) or >40% pacing optimized on guideline-directed medical therapy.



Catheter ablation for ventricular tachycardia in the setting of structural heart disease

Multiple randomized clinical trials have shown that catheter ablation is an important treatment for VT particularly in the context of ischemic cardiomyopathy. A recent meta-analysis of nine trials comparing ablation to antiarrhythmic therapy in patients with structural heart disease and VT concluded that ablation reduced the risk of VT recurrence and ICD therapies, but had no effect on heart failure hospitalization, cardiovascular mortality or all-cause mortality (97).

VT catheter ablation can be a time intensive and complex procedure associated with substantial upfront costs. Unlike catheter ablation for AF, foci causing VT in the context of cardiomyopathy can be endocardial or epicardial, and in many different anatomical locations. Substrate mapping is often long and requires highly specialized operators and equipment. Thus, a focus on cost-effectiveness is of increasing importance for this procedure to assess the relative balance between upfront costs, variable effect on patient outcomes (i.e., improved quality of life, reduced ICD shocks but no difference in mortality), and downstream cost reduction from decreased medical resource use associated with recurrent VT events and ICD shocks (98).

There is very limited data on the cost-effectiveness of VT ablation in cardiomyopathy (Table 5). One cost effectiveness analysis conducted from the UK perspective compared VT catheter ablation to anti-arrhythmic therapy among patients with ischemic cardiomyopathy and an ICD (100). The study found that catheter ablation was unlike to be cost-effective with an estimated ICER of £144,150 per quality-adjusted life-year gained, over a 5-year time horizon, which falls outside the UK's willingness to pay thresholds for value in healthcare. Consistent with the available clinical trials at the time, the benefit of ablation was driven by small gains in quality of life, but not mortality. However, a limitation noted by the authors was the lack of robust trial data reporting quality of life; only three of six trials that informed the analysis infrequently measured health-related quality of life (100).


TABLE 5 Selected economic evaluations of catheter ablation for ventricular tachycardia in the setting of structural heart disease.
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A trial-based economic evaluation was conducted alongside the VANISH (Ventricular Tachycardia Ablation vs. Escalated Antiarrhythmic Drug Therapy in Ischemic Heart Disease) trial, which is currently the largest trial comparing escalation of anti-arrhythmic therapy (with either amiodarone or mexiletine) to VT ablation in patients with ICDs and ischemic cardiomyopathy who failed initial anti-arrhythmic therapy (102). VANISH found that ablation was more effective at reducing the incidence of the primary composite endpoint of VT storm, death or ICD shock (HR: 0.72, 95% CI: 0.58–0.98), although there was no difference in all-cause death compared to escalated anti-arrhythmic therapy.

The economic analysis was notable for several reasons. In addition to prospective collection of health resource use to inform the economic analysis, VANISH also systematically collected health-related quality of life. From the perspective of the Canadian healthcare system, catheter ablation was economically attractive compared to antiarrhythmic therapy with an estimated ICER of $34,057 (2015 CAD) per QALY gained (99). However, the finding of cost-effectiveness varied based on the findings of a pre-specified subgroup analysis that demonstrated an interaction between baseline antiarrhythmic drug prior to trial enrollment (i.e., amiodarone or sotalol) and the primary clinical composite endpoint (102). That is, for patients who had VT refractory to amiodarone therapy, catheter ablation “dominated” escalated therapy by providing additional QALYs and a cost-savings of $769 (95% CI: −$27,092 to $35,330) over a 3-year time horizon. For sotalol-refractory VT, there was no difference in QALYs and increased total costs with ablation (99).

The well-conducted, trial-based economic evaluation of VANISH provides evidence for cost-effectiveness of ablation in drug-refractory VT particularly among the subgroup of patients with ischemic cardiomyopathy and amiodarone-refractory VT. However, there is limited data to extrapolate these economic findings to the broader patient population with VT. That is, the cost-effectiveness of VT ablation among patients with non-ischemic cardiomyopathy is unknown. Furthermore, in the context of recent trials demonstrating the effectiveness of earlier VT ablation (103–105), cost-effectiveness studies are still required to assess the value proposition of VT ablation in patients naïve to antiarrhythmic therapy. Finally, there is limited data regarding the value proposition of less complex VT ablation for other indications such as those without structural heart disease (i.e., outflow tract VT ablation, Belhassen VT), other cardiomyopathies such as arrhythmogenic cardiomyopathy, and bundle branch re-entry VT.




Limitations of cost-effectiveness analysis

While cost-effectiveness analyses are useful tools to facilitate health policy decisions, these methods only consider costs and clinical effectiveness as key factors that inform the decision-making process. In reality, health decisions are more nuanced and influenced by additional factors (Figure 3). For example, even if adopting a new therapy is deemed cost-effective, it may not be fiscally sustainable for a given health system's finite budget due to associated opportunity costs (i.e., if a particularly large number of people are eligible for a therapy and absolute cost become exceedingly high and requiring reallocation of resources). This is especially germane to health systems which are publicly financed and those with a global budget approach to resource allocation. In addition, when considered on a global health scale, other considerations may dominate the value equation.
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FIGURE 3
Considerations that may influence health policy decisions in addition to cost-effectiveness.


Societal values also are key aspects in the decision-making process. Immediately life-saving interventions (i.e., rule of rescue) and treatments for vulnerable groups (e.g., children) may be more influential than costs and clinical effectiveness alone, where there may be greater weight placed on these societal values over cost-effectiveness (106, 107). For example, an alternate funding model and process of appraisal was established for oncology therapies in England in 2010 with an update in 2016 (108). The purpose of a separate funding and appraisal mechanism was to provide patients more timely access to promising cancer therapies that would be potentially rejected on basis of conventional cost-effectiveness (108). Additionally, treatments should also be distributed equally throughout society with fair access for vulnerable and marginalized populations (109). As therapeutic options continue to expand for a number of diseases in the context of limited healthcare resources, funding decisions will continue to become increasingly complex and difficult. More comprehensive methodologies, such as multi-criteria decision analysis, are starting to gain traction among health technology agencies to help inform health decisions that take into account these additional considerations of affordability, equity, access, and other societal values (110, 111).



Conclusion

Cardiac electrophysiology encompasses many growing technologies with important clinical applications. Many of these applications will come at a cost for increased clinical benefit. Decisions about whether or not to fund these therapies within a constrained health care budget is challenging. Cost-effectiveness analyses inform health policy decisions through the exploration of the complex relationship between costs and clinical outcomes. These analyses also assess directly the clinical benefits accrued over time from the adoption of a new technology and compare those apparent benefits to the known additional costs. In this way, an estimation of an individual intervention's value is presented for the consideration of health care policymakers. The role of formal economic evaluation is increasingly important as the rate of innovation in both drug and device development outpaces available health care expenditure. Tailored adoption of novel device and drug technology on the basis of their societal value will help facilitate a fiscally sustainable health care system.
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Aims: Diagnosis of Long QT syndrome (LQTS) is based on prolongation of the QT interval corrected for heart rate (QTc) on surface ECG and genotyping. However, up to 25% of genotype positive patients have a normal QTc interval. We recently showed that individualized QT interval (QTi) derived from 24 h holter data and defined as the QT value at the intersection of an RR interval of 1,000 ms with the linear regression line fitted through QT-RR data points of each individual patient was superior over QTc to predict mutation status in LQTS families. This study aimed to confirm the diagnostic value of QTi, fine-tune its cut-off value and evaluate intra-individual variability in patients with LQTS.



Methods: From the Telemetric and Holter ECG Warehouse, 201 recordings from control individuals and 393 recordings from 254 LQTS patients were analysed. Cut-off values were obtained from ROC curves and validated against an in house LQTS and control cohort.



Results: ROC curves indicated very good discrimination between controls and LQTS patients with QTi, both in females (AUC 0.96) and males (AUC 0.97). Using a gender dependent cut-off of 445 ms in females and 430 ms in males, a sensitivity of 88% and specificity of 96% were achieved, which was confirmed in the validation cohort. No significant intra-individual variability in QTi was observed in 76 LQTS patients for whom at least two holter recordings were available (483 ± 36 ms vs. 489 ± 42 ms, p = 0.11).



Conclusions: This study confirms our initial findings and supports the use of QTi in the evaluation of LQTS families. Using the novel gender dependent cut-off values, a high diagnostic accuracy was achieved.



KEYWORDS
individualized QT correction, QTI, long QT syndrome, holter, LQTS





Introduction

Long QT syndrome (LQTS) is a genetic electrical heart disease associated with an increased risk of ventricular arrhythmia and sudden death (1). The disease is characterized by increased action potential duration due to changes in ion currents of which a decrease in repolarizing potassium current or an increase in inward sodium current are the main examples. This increase in action potential duration is reflected by an increase in the QT interval on the surface ECG. However, about 25% of LQTS mutation carriers appear to have a normal QT interval corrected for heart rate (QTc) on their resting ECG (2). Therefore, methods have been developed to unmask these concealed LQTS patients, like the effect of adrenergic stimulation and withdrawal on the QT interval during adrenaline infusion, exercise or brisk standing (3–5). However, other issues in the measurement of the QT interval (6), its circadian variability (7) and artificial QT correction for heart rate (8) all play a role in misdiagnosis of the syndrome (9). In acquired long QT syndrome, the superiority of an individualized QT correction using multiple ECG recordings over generalized QT correction formulae has been established in the past decade (8, 10). To overcome the aforementioned issues with the QTc interval and in analogy with individualized QT correction in drug induced LQTS, we recently evaluated individualized QT interval (QTi) in congenital LQTS. QTi is based upon the patients’ own QT rate dependence derived from 24 h holter recordings and eliminates the need for QT correction (11). QTi was defined as the QT interval at the intersection of an RR interval of 1,000 ms with the linear regression line fitted through QT-RR data points of each individual patient (Figure 1). We showed that QTi with a gender independent cut-off of 445 ms was superior over QT corrected for heart rate by Bazett's formula from a standard 12 lead ECG to identify mutation carriers in families with LQTS. However, these data were derived from a relatively small LQTS cohort (N = 69) necessitating confirmation in a larger cohort. Therefore, we performed this follow-up study to ratify our findings in an independent cohort, to finetune the cut-off value of QTi and to evaluate whether QT measured at different RR intervals (than 1,000 ms) would have any additional diagnostic value.


[image: Figure 1]
FIGURE 1
Illustration of the methodology of individualized QT correction (QTi). Templates of 30 s of ECG of a 24 h holter recording are plotted on a QT-RR data plot (figure insets show examples of such a template). Linear regression of this data set results in an individual correction formula (QTi = α × RR + β). QTi was defined as the QT value at the intersection of an RR interval of 1,000 ms with the linear regression curve, as is illustrated in the different panels by the arrows. (Panel A) shows a plot of a LQT1 patient with a borderline increased QT rate dependence (factor α). (Panel B) illustrates a plot of a LQT2 patient with increased QT rate dependence. (Panel C) shows a plot of a LQT3 patient with increased QT rate dependence and a large distribution of data points across the spectrum of RR intervals.




Methods


Patient selection

Holter recordings were obtained from the Telemetric and Holter ECG Warehouse (THEW) of the university of Rochester, NY (12). The first database (E-HOL-03-0480-013) is a French LQTS database. The database consists of 480 two or three channel 24 h holter recordings from 307 individual LQTS patients with Jervell Lange Nielsen syndrome (JLNS), long QT syndrome type 1 (LQT1), long QT syndrome type 2 (LQT2) or long QT syndrome type 3 (LQT3). Some limited phenotypical data is available including age, gender, symptomatology, treatment and the specific mutation. Since this database dates back from the beginning era of genotyping for LQTS, all genetic variants were re-assessed using the recent ACMG-AMP criteria (13). This was mainly done to prevent mislabelling of individuals with a benign genetic variant as definite LQTS based solely on genetic information. Only holter recordings from patients with a pathogenic or likely pathogenic variant were retained. Holter recordings from patients with JLNS or from patients carrying compound mutations were excluded because of obvious QT prolongation. Mutations were categorized according to their effect on the amino acid sequence and according to their topological location (details in Supplementary Data).

The second database (E-HOL-03-0202-003) consists of three channel 24 h holter recordings from 202 healthy individuals from the Intercity Digital Electrocardiogram Alliance (IDEAL). Strict criteria had to be fulfilled in order to be eligible for this study including no history of cardiovascular or other chronic disorders, normal clinical examination, normal resting ECG and no drug therapy.

Finally, novel cut-off values for QTi were validated in our previously described in-house cohort of LQTS patients (11).



Holter measurements

If multiple holter recordings were available per patient, the first recording was chosen for the main analysis and the second holter was chosen for evaluation of intra-individual variability. The measurements were performed blinded for patient status. A detailed description of the methodology of the measurement of QTi was published previously (11). In short, the holter recordings were analysed by means of the commercially available QT analysis module in “Synescope” Holter software (Microport, Shanghai, China). The 24 h recordings were converted into 2,880 mean complex waveforms (templates) obtained at 30 s intervals. Based on the mean waveform, the software calculates the end of the T wave by determining the intersection between the maximum decreasing tangent of the final upslope or downslope of the T-wave and the isoelectric line (defined as voltage at QRS onset). The QT intervals (Y axis) were plotted against the mean RR intervals of the preceding 30 s of ECG (X axis). Subsequently linear regression of the QT-RR scatterplot was automatically performed by the software to create an individualized QT correction formula (QTi = α × RR + β) where α denotes a factor known as QT-RR slope that reflects QT rate dependence. QTi was defined as the QT interval obtained at the intersection with the linear regression line at an RR interval of 1,000 ms (Figure 1). A Pearson correlation coefficient of the linear regression was automatically calculated. Recordings with less than 4 h of useful registration were excluded.



Statistics

All continuous variables are expressed as mean ± standard deviation and categorical variables as number (percentage). LQTS patients and control individuals were compared using two-sided Student t-test for continuous variables and chi square test for categorical variables. Comparison of continuous variables between multiple groups was done using one-way ANOVA with Tukey's post hoc testing. ROC curves were constructed to determine ideal cut-off values in males and females, to evaluate the performance of QTi at different RR intervals and to evaluate a cut-off for QT-RR slope. Comparison between ROC curves was done with the method of DeLong in MedCalc 12.7 (MedCalc Software, Ostend, Belgium). Comparison of QTi and QT-RR slope in patients with a repeat holter was done with a paired T-test. A p-value below 0.05 was considered statistically significant. Data were analysed with SPSS 28.0 (SPSS Inc., Chicago, Illinois, USA). Graphics were created with SPSS 28.0 or Graphpad Prism 6.0 (Graphpad, San Diego, California, USA).




Results


Patient cohort

In total, 682 24 h holter recordings were available from the 2 consulted databases. The flowchart in Figure 2 illustrates reasons for excluding holter recordings and final numbers of recordings per LQTS subtype and controls. The analysis could not be performed in only 11 out of 605 eligible recordings (1.8%). Reasons for this were absence of T waves in 4 recordings probably due to faulty digitalization of the signal, wrong QRS annotation in 3 recordings, extremely low T wave amplitude in 2 recordings and extreme QT prolongation in all templates in 2 recordings (QT > 700 ms is automatically filtered out by the software). Detailed information on the different mutations is summarized in Supplementary Material Table S1. Control patients were older compared to LQTS patients, while gender was similar (Table 1). Syncope was frequent in LQTS patients (37%), but not different between the LQTS subgroups (Table 2). Ventricular arrhythmia like torsades de pointes (TdP) and cardiac arrest only occurred in 5 (2%) LQTS patients.
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FIGURE 2
Study overview. Flowchart illustrating reasons for excluding holter recordings, total number of included holter recordings per LQTS subtype and control individuals. JLNS, Jervell Lange Nielsen syndrome.



TABLE 1 Demographic characteristics and holter variables in controls and LQTS patients.
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TABLE 2 Demographic characteristics and holter variables in LQTS subtypes.
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Cut off value for QTi and test performance

The main results of the holter measurements of control individuals and LQTS patients according to gender are summarized in Table 3. The mean QTi in control individuals between males (N = 102) and females (N = 99) differed 19 ± 3 ms (390 ± 19 ms vs. 409 ± 21 ms, p < 0.001), demonstrating that a gender dependent cut-off is preferred. The ROC curves indicated that the optimal cut-off value for QTi was 430 ms in males and 445 ms in females (Figure 3). Using these cut-off criteria in the total population, a sensitivity of 88%, specificity of 96%, diagnostic accuracy of 91%, positive likelihood ratio of 22 and negative likelihood ratio of 0.13 were achieved. Compared to these cut-offs, using the gender independent cut-off of 445 ms, a sensitivity of 83%, specificity of 98%, diagnostic accuracy of 90%, positive likelihood ration of 42 and negative likelihood ratio of 0.17 were achieved.


[image: Figure 3]
FIGURE 3
Receiver operator characteristics (ROC) curves of males (left panel) and females (right panel). The area under the curve (AUC) and diagnostic test results with different cut-offs are shown in the tables. 95% CI = 95% confidence interval; Sens, Sensitivity; Spec, Specificity; Acc, Accuracy; +LR, positive likelihood ratio; −LR, negative likelihood ratio.



TABLE 3 LQTS vs. controls in males and females.
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QTi at different RR intervals

We evaluated whether assessment of individualized corrected QT interval at a different RR interval is preferred over QTi at 1,000 ms. Therefore, QT at an RR interval of 600, 700, 800, 900, 1,100, 1,200, 1,300 and 1,400 ms was calculated using the patients’ specific QT-RR linear regression formula (Supplementary Material Table S2). The ROC curves obtained using these QT values were compared with the standard QTi at an RR interval of 1,000 ms. Both in males and females, none of the QTi values resulted in a significant better AUC compared to conventional QTi at an RR interval of 1,000 ms (Supplementary Material Figure S1). In LQT1, QTi measured at 900 ms in both genders (p = 0.01 in females and males) and 800 ms in males (p = 0.046) had a significantly higher AUC compared to QTi at 1,000 ms (Supplementary Material Figure S2). In contrast, in LQT2 none of the QTi values measured at a different RR interval resulted in a higher AUC compared to QTi at 1,000 ms in both genders (Supplementary Material Figure S3). QTi measured at RR interval of 600 ms was significantly longer in LQT1 compared to LQT2, while QTi measured at 900 ms or at slower heart rates was longer in LQT2 compared to LQT1. Finally, 16.1% of LQTS patients and 16.4% of control individuals did not reach a maximum RR interval of 1,000 ms during their 24 h holter recording. There was no difference in QTi between patients who reached this threshold and those who did not in both the LQTS and control groups.



Comparison of genotypes

QTi was more prolonged in LQT2 and LQT3 compared to LQT1 (Table 2). The test results for the 3 different genotypes are summarized in Table 4. In LQT1, the sensitivity was lower (85%) compared to LQT2 (94%) and LQT3 (92%). Therefore, we evaluated whether the degree of functional defect in LQT1 mutations influenced QT prolongation. QTi in 76 patients carrying a mutation with a dominant negative effect on IKs function was comparable to QTi from 47 patients carrying a non-dominant negative mutation (464 ± 31 ms vs. 457 ± 31 ms; p = 0.25). Since only 4 patients with a mutation causing haplo-insufficiency and 4 with a mutation causing trafficking deficiency were included, no separate analysis was performed with these functional defects. No differences in QTi dependent on the type of mutation or topological location of the mutation were identified (Supplementary Material Table S3).


TABLE 4 Test results in different genotypes.

[image: Table 4]



Intra-individual variability

In 76 LQTS patients, at least one repeat holter was available. There was no difference in QTi (483 ± 36 ms vs. 489 ± 42 ms, p = 0.11) and QT-RR slope (0.234 ± 0.092 vs. 0.245 ± 0.104, p = 0.27) between first and second measurement respectively. Using the proposed cut-off values, the sensitivity of the test was 92% using the first holter recording and 90% using the second holter recording. There was an increase of patients treated with beta blockers from 39% at first holter recording to 79% at follow-up holter recording. In 34 patients who were started on beta blocker therapy, there was no effect upon QTi (483 ± 28 vs. 487 ± 37, p = 0.55) or QT-RR slope (0.201 ± 0.077 vs. 0.210 ± 0.086; p = 0.62).



QT rate dependence

In control individuals, QT rate dependence was higher in females compared to males (0.189 ± 0.048 vs. 0.147 ± 0.031; p < 0.001). QT rate dependence was similar in LQT1 and controls, while it was increased in LQT2 and LQT3 (Figure 4). In LQT1, QT-RR slope remained significantly higher in females compared to males (0.193 ± 0.079 vs. 0.162 ± 0.059; p = 0.006). This was not the case in LQT2, where the QT rate dependence was similar in females and males (0.273 ± 0.083 vs. 0.279 ± 0.083; p = 0.74). There was no difference according to type of mutation (missense, truncating or splice site) in LQT1 and LQT2. In LQT1, C-loop mutations had a lower QT-RR slope compared to mutations located in the C-terminus (Supplementary Material Table S3). In LQT2, there was no difference dependent upon the location of the mutation. ROC analysis showed that QT-RR slope values ≥ 0.25 had a specificity of 95% (sensitivity 31%) to predict LQTS while a slope ≥ 0.30 had a specificity of 99% (sensitivity 16%).
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FIGURE 4
Qt rate dependence in LQTS subtypes. QT rate dependence was increased in LQT2 and LQT3 patients compared to LQT1 patients and control individuals. QT rate dependence was similar in LQT1 and controls.




QTi novel cut-offs in validation cohort

Finally, we evaluated the novel proposed cut-off values of QTi in the cohort we described previously including 69 LQTS patients and 55 controls and used that cohort as a validation cohort (11). This resulted in only one reclassification of a male control patient with a false positive result using these novel cut-offs. In this validation cohort the diagnostic test results showed a sensitivity of 90%, specificity of 93%, positive likelihood ratio of 12, negative likelihood ratio of 0.11 and diagnostic accuracy of 91%. These numbers are very similar to those obtained in the derivation cohort here described.



QTi in risk stratification for sudden death

Low numbers of patients with cardiac arrest or documented TdP precluded an analysis to identify risk markers for cardiac arrhythmia in this cohort. However, in symptomatic patients composed of patients with cardiac arrest, TdP and syncope (N = 98) QTi was significantly more prolonged compared to asymptomatic LQTS patients (480 ± 36 ms vs. 464 ± 34 ms; p < 0.001). There was no difference between both groups regarding QT-RR slope (0.211 ± 0.099 vs. 0.220 ± 0.085; p = 0.44).




Discussion

Evaluation of QTi in this large cohort (254 LQTS patients and 201 control individuals) indicated that gender specific cut-off values are preferred. Based on the ROC curves, we propose a cut-off of 430 ms in males and 445 ms in females. Using these cut-offs, we achieved a high diagnostic accuracy of 91% in the total population (91% in males and 92% in females), which was confirmed in our validation cohort of previously published LQTS patients. Furthermore, repeat holter recordings in 76 LQTS patients resulted in very similar values of QTi demonstrating replication of the findings and low intra-individual variability. The sensitivity of the test was somewhat lower in LQT1 patients, not related to the magnitude of the functional defect of the specific mutations. Similar reduced sensitivities in LQT1 have been observed with the brisk standing test, but not with the exercise test (4, 5). Also, QTi was not different in mutation carriers according to their effect on the amino acid sequence (missense or truncating) or location of the mutation.

Evaluation of QTi at RR intervals different from conventional 1,000 ms showed that starting from an unknown genotype, QTi at 1,000 ms was non-inferior to QT interval at any other RR interval. This was also true for patients with LQT2, but in LQT1 QTi measured at an RR interval of 900 ms in both genders and 800 ms in males performed significantly better to discriminate between genotype positive patients and controls compared to QTi at 1,000 ms. Therefore, it might be interesting to look at QTi values at faster heart rates in family members of LQT1 patients. This is also reflected in the fact that at fast heart rates (RR 600 ms) QTi was longer in LQT1 compared to LQT2, while at slow heart rates (from 60 BPM on) QTi was longer in LQT2 compared to LQT1.

Diagnostic accuracy of LQTS using a standard QTc derived from resting ECG is insufficient (2). However, since patients with so-called concealed LQTS (carrying a LQTS mutation with normal QTc at resting ECG) are nonetheless at increased risk of cardiac events, it is essential to quickly identify these at risk individuals. Several methods have been proposed to do so. Most of these rely on the pathologic prolongation of the QT interval in response to adrenergic stimulation. These include the adrenaline challenge, exercise test and the brisk standing test (3–5). Multiple potential advantages of using QTi derived from 24 h holter recordings are evident and might overcome issues that complicate correct diagnosis in LQTS.

First, it is common practice to correct the QT interval at a given heart rate to the QT interval you expect to have at an RR interval of 1,000 ms (60 BPM). This “corrected” value is also the value that is used to diagnose, and risk stratify LQTS. QT correction for heart rate is traditionally done using Bazett's formula (QTc = QT/RR^(1/2)) (14). This is problematic since it is well known that this formula overcorrects both at fast and slow heart rates because it assumes a non-physiological QT rate dependence (15). Indeed, this formula and other generalized formulae, are derived from QT-RR behaviour from small (Bazett's formula is based on the study of only 39 individuals) or larger groups (Framingham formula is based on over 5,000 individuals) of normal individuals (14, 16). However, it was shown that the QT-RR relationship exhibits important intersubject variability obscuring the use of a generalized formula (17). This intersubject variability is even more pronounced in LQTS, because the disease is characterized by altered QT rate dependence, especially in patients with LQT2 and LQT3 as was shown previously (18) and which is also evident from our data. Furthermore, the intrasubject stability of the QT-RR relation was reported to be high (17), which is also evident in our data since there was no difference in QT-RR slope in 76 LQTS patients with repeat recordings. The use of corrected QT calculation based on the patient's own QT-RR profile therefore is preferred over any generalized formula, like we showed previously for Bazett's formula (11).

Second, a standard ECG only evaluates 10 s of ECG. This is problematic since the QT interval has an important circadian variability (19). This was recently shown again in an elegant study by the group of Couderc, who plotted QTc on a 24 h clock (7). This variability is due to changes in heart rate, electrolyte disturbances, and autonomic modulation. Therefore, inclusion of 24 h of ECG recording in the evaluation of the QT interval will result in a more correct assessment of the QT interval.

Third, it is an easy to perform test that can already be calculated from implemented QT-RR modules in different commercial available holter software packages like those from Microport (Synescope as was used in this study) and GE (MARS).

Finally, a test with high diagnostic accuracy can aid in genetic variant interpretation. Indeed, classification of novel genetic variants often relies upon co-segregation analysis. Increasing the ability to correctly classify variant carriers or non-carriers as clinically affected by the disease increases the likelihood of classifying a genetic variant as either benign if co-segregation does not fit or (likely) pathogenic if sufficient numbers of gene carriers are affected (20).



Study limitations

This study focused on patients and families with LQTS. The prevalence of the disease in these cohorts was 56%. Therefore, the diagnostic test results can only be used in the setting of familial LQTS. Since there is an overlap of QT between healthy individuals at the extreme end of the normal spectrum and LQTS patients, caution should be used when applying the proposed normal values to the general population.

There were only 13 patients with LQT3 included in the study. This precluded a detailed analysis of QTi and QT-RR slope in LQT3 patients. Likewise, only 5 LQTS patients in this cohort had a documented TdP or cardiac arrest. Since the low numbers, no evaluation of patients with these endpoints was performed.

Conventional 10 s ECG's were not available in the THEW database. Therefore, direct comparison of conventional QTc with QTi was not possible in this cohort. However our previous data already showed superiority of QTi over QTc (11).

Finally, QT-RR curvatures are subject specific and might be curvilinear rather than linear (21). In this study, calculation of QTi was based on linear regression of QT-RR data because of software limitations.



Conclusions

Individualized QT interval (QTi) appeared to be a test with a very high diagnostic accuracy in a large cohort of LQTS mutation carriers. We propose modified cut-off values of 430 ms in males and 445 ms in females. Compared to traditional QT correction with generalized formulas like Bazett's formula that estimate or predict the QT interval at a heart rate of 60 BPM, QTi is a definite measurement that cancels out the need for QT correction. Our findings further demonstrate that QTi is a reliable tool to diagnose LQTS.
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Background: Sutureless and rapid-deployment valves are bioprostheses anchoring within the aortic annulus with few sutures, and they act as a hybrid of conventional surgical and transcatheter valves under aortic valve replacement. Considering that the 3F Enable valve is now off-market, the only two sutureless and rapid-deployment valves available on the world marketplace are the Perceval and Intuity valves. However, a direct comparison of the function of these two valves eludes researchers.



Purpose: Against this background, we performed this systematic review and meta-analysis comparing the intraoperative performance and early clinical outcomes between the Perceval valve and the Intuity valve under sutureless and rapid-deployment aortic valve replacement.



Methods: We systematically searched electronic databases through PubMed/MEDLINE, OvidWeb, Web of Science, and Cochrane Central Register of Controlled Trials (from the establishment of the database to November 17, 2022, without language restriction) for studies comparing the sutureless valve (the Perceval) and the rapid-deployment valve (the Intuity) under aortic valve replacement. Our primary outcomes were early mortality and postoperative transvalvular pressure gradients. The secondary outcomes were defined to include aortic cross-clamp and cardiopulmonary bypass time, paravalvular leak (any paravalvular leak, moderate-to-severe paravalvular leak) after aortic valve replacement, need for pacemaker implantation, postoperative neurological events (stroke), and intensive care unit stay.



Results: This meta-analysis included ten non-randomized trials with 3,526 patients enrolled (sutureless group = 1,772 and rapid-deployment group = 1,754). Quality assessments were performed, with the mean scores of the studies reading 6.90 (SD = 0.99) out of 9 according to the Newcastle–Ottawa Scale. Compared with rapid-deployment aortic valve replacement, sutureless aortic valve replacement was associated with higher mean and peak transvalvular pressure gradients postoperatively. In contrast, aortic cross-clamp and cardiopulmonary time were needed less in sutureless aortic valve replacement vs. rapid-deployment aortic valve replacement. There was no evidence of significant publication bias observed by the funnel plot and Egger's test.



Conclusions: For postoperative hemodynamics, sutureless aortic valve replacement was associated with increased mean and peak transvalvular pressure gradients compared with rapid-deployment aortic valve replacement. In sharp contrast, sutureless aortic valve replacement significantly reduced the amount of time needed for fixing the aortic cross-clamp and the cardiopulmonary bypass procedure.



Systematic Review Registration: https://www.crd.york.ac.uk/prospero/, identifier CRD42022343884.
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Introduction

Aortic stenosis (AS) will become one of the most common valvular heart diseases as the population ages and life expectancy increases (1). Surgical aortic valve replacement (SAVR) is always considered the golden standard for treating AS (2). However, considering the high surgical risks involved, more than 30% of patients with severely symptomatic AS do not undergo surgery in clinical practice. Transcatheter aortic valve implantation (TAVI) has become an effective alternative established for the purpose of providing less-invasive treatment. Nevertheless, a crucial limitation of TAVI is that it is almost impossible to remove all native valve cusps or a degenerated prosthesis (3–6).

Recently, sutureless and rapid-deployment valves have emerged as prospective substitutes for typical valves (2). These valves are biological prostheses anchoring within the aortic annulus with at most three sutures (7, 8). With sufficient radial force to allow annular implantation without sutures in a sutureless valve and the rapid-deployment valve system providing an innovative extended balloon structure requiring only three sutures for fast deployment, these valves facilitate minimally invasive surgery and complex intervention in annulus decalcification and degenerated valve removal. Evidence from the Sutureless and Rapid-Deployment Aortic Valve Replacement International Registry (SURD-IR) enrolling more than 4,500 patients suggests that SURD-AVR is a secure and efficacious substitute for the conventional aortic valve replacement procedure (7, 9, 10).

Three sutureless and rapid-deployment prosthesis valves have received CONFORMITE EUROPEENNE (CE) market approval: the Perceval S, the Intuity, and the 3f Enable. , The 3f Enable valve was recalled in 2014 most probably because of elevated migration risks (8). Sutureless valve Perceval and rapid-deployment valve Intuity are the only two representatives of valves in SURD-AVR, both of which function well in sutureless and rapid-deployment aortic implantation by reducing aortic cross-clamp and cardiopulmonary bypass time and delivering excellent hemodynamic results (10, 11). At the same time, a previous study demonstrated that SURD-AVR was associated with an increased rate of pacemaker implantation postoperatively compared with SAVR (12). However, there are limited published data directly comparing both promising devices, and most of these data are only observational and retrospective studies rather than randomized controlled trials or only small sample studies riddled with deficiencies.

In this study, we performed a systematic review and meta-analysis to evaluate the intraoperative performance and early clinical outcomes between the sutureless and the rapid-deployment aortic valve replacement methods.



Methods


Data source and search strategy

We searched Pubmed/Medline, Ovidweb, Web of Science, and the Cochrane Central Register of Controlled Trials (CENTRAL) for relevant articles, from the date of establishment of the database to November 17, 2022, in all languages, using a combination of main terms and MeSH terms such as “aortic valve[MeSH terms]” or “heart valve prosthesis[MeSH terms]” or “aortic valve replacement” or “aortic valve implantation” and “sutureless” or “Perceval” and “rapid deployment” or “Intuity”. Next, we performed a search for additional sources of information for the literature supplement, including Google Scholar and abstracts/presentations from major international cardiovascular-relevant conferences. Finally, the reference lists of relevant works of literature were also checked for the supplement. The complete retrieval strategy is presented in Supplementary Table S1.



Study selection and data extraction

Two investigators (CW and YX) independently performed the study selection on the basis of predetermined selection criteria. Any discrepancy among the investigators was resolved by a third investigator (JH). After removing duplicates, we performed selection through two levels: the title and abstract of each searched study were screened for relevance as part of the first level, and a full-text analysis of the remaining studies was done for inclusion as the second level. Studies were considered eligible for inclusion in our systematic review and meta-analysis if they fulfilled the following criteria: (1) enrolled patients undergoing aortic valve replacement and who used both sutureless and rapid-deployment valves; (2) those who reported at least one primary outcome, defined as early mortality (30-day all-cause mortality and in-hospital mortality) and postoperative transvalvular pressure gradients (mean/peak); (3) the sample size of each group should be more than 10; (4) there should be no duplicated population figures across studies. Without any restrictions as full texts, abstract reports from important conferences that met the inclusion criteria were also considered in our study.

Using standardized data collection sheets that recorded essential items, we extracted the following data from each included study: study characteristics [publication characteristics (authors, publication year), study era, study country, study design, statistical analysis adjustment, study population], patient characteristics [age, sex, body surface area, body mass index, EuroScoreII, surgical approach (proportion of the minimally invasive approach), proportion of isolated AVR], and outcomes (primary outcomes: early mortality, transvalvular pressure gradients; secondary outcomes: aortic cross-clamp time, cardiopulmonary bypass time, paravalvular leak, pacemaker implantation, stroke, ICU stay). Data extraction was performed by two investigators (CW and YX), and discrepancies were resolved by a third investigator (JH).



Quality assessment

We assessed the overall study quality using NEWCASTLE-OTTAWA SCALE (NOS) for observational studies (13), based on the three domains: selection of participators, comparability between study groups, and outcomes. Each study in this rating system (with a maximum of 9 stars) can receive up to 1 star for each numbered entry in the Selection and Outcome categories and up to 2 stars for the majority of entries in the Comparability category. A score of 9 stars received in the study indicates a low risk of bias, and a study that receives 8 or 7 stars is assessed as having a moderate risk of bias. In contrast, an assigned score of 6 or less indicates a high risk of bias.



Outcomes

The primary outcomes of interest in the study were early mortality and transvalvular pressure gradients of the aortic valve after AVR. Early mortality was defined as 30-day all-cause mortality and in-hospital mortality. Transvalvular pressure gradients included mean transvalvular pressure gradients and peak transvalvular pressure gradients. The secondary outcomes of interest included ACC and CPB time, paravalvular leak (any paravalvular leak, moderate-to-severe paravalvular leak) after AVR, the need for pacemaker implantation, postoperative neurological events (stroke), and ICU stay.



Statistical analysis

For continuous outcomes (transvalvular pressure gradients, aortic cross-clamp time, cardiopulmonary bypass time, and ICU stay), results were presented as the mean difference (MD) with a 95% confidence interval (CI) using an Inverse Variance fixed effect model, followed by real events, significance for effect estimate (p-value), I2 statistic, and Q statistic. We estimated the mean values and standard deviations using the formula if studies reported only the median and interquartile/overall range (14). The results of dichotomous outcomes (early mortality, paravalvular leak, pacemaker implantation, and stroke) were presented as the odds ratio (OR) with a 95% confidence interval (CI) using the Mantel–Haenszel fixed effect model. Total events, significance for effect estimate (p-value), I2 statistic, and Q statistic were also presented in pooling. When a moderate-to-high heterogeneity was discovered in the trial, the random effects model with the Inverse Variance or Mantel–Haenszel method was used in continuous or dichotomous outcomes, respectively. Operative time, including the aortic cross-clamp time and cardiopulmonary time, were pooled and presented in minutes, whereas ICU stay was presented in days. The magnitude of the statistical heterogeneity between studies was assessed using the Higgins I2 test, with rates of 25%, 50%, and 75% being indicative of low, moderate, and high heterogeneity, respectively (15). Furthermore, Cochran's Q statistic was used to assess the heterogeneity between the studies. We performed the leave-one-out sensitivity analysis to explore potential sources of heterogeneity by removing individual studies each time. Subgroup analysis was also performed to further stratify outcomes. We visually assessed potential publication bias by considering the asymmetry in the funnel plots of the effect size of each estimate against the standard error. A formal calculation of the possibility of publication bias was done by using Egger's test, which defines publication bias as significant if p < 0.1 (16). All study analyses were performed using Stata 16.0 (StataCorp LLC) and Review Manager Version 5.4.1 (The Cochrane Collaboration).




Results


Study search

Our initial systematic electronic literature yielded 1,015 articles. After removing 374 duplicates, 771 articles were screened at the title/abstract level. Among these articles, 743 publications were excluded, which did not fulfill the selection criteria based on the title and abstract. With 28 articles remaining and assessed for eligibility, 10 publications were deemed eligible and included in the meta-analysis (Figure 1) (11, 17–25).


[image: Figure 1]
FIGURE 1
Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram.




Study characteristics and patient populations

The included 10 studies, nine full-text studies and one abstract with integral statistical reports, were all non-randomized studies (NRSs). Because there were three studies from the same registry, another two were used only to report supplementary data (19, 21). All studies covered 3,526 patients (sutureless group = 1,772 and rapid-deployment group = 1,754). Among these studies, propensity score matching was used in five studies (11, 17, 20, 24, 25), whereas in one study, the multivariable analysis method was used for determining early mortality in risk factor analysis (Table 1) (21). A larger proportion of male patients were enrolled in the rapid-deployment group. The mean age of patients in all studies ranged from 70 to 83 years, with most of them in their 70s (Table 2). Six studies reported about the body surface area in each group, with the rapid-deployment group having a statistically significant higher index (11, 18, 21, 22, 24, 25). One study reported data by dividing isolated AVR patients and combined AVR patients into two separate cohorts, which led us to perform a statistical analysis of these cohorts (25). All studies provided data on early mortality or transvalvular pressure gradients as primary outcomes, whereas specific secondary outcomes were unavailable in every study.


TABLE 1 Study characteristics.
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TABLE 2 Patient characteristics.
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Quality assessment

The methodological quality of each study varied, and the mean scores of the studies were 6.90 (SD = 0.99) out of 9 according to the Newcastle–Ottawa Scale (NOS), representing the included studies as moderate-to-high quality. A detailed quality assessment is presented in Supplementary Table S2.



Early mortality

All included studies reported early mortality, defined as 30-day all-cause mortality in five studies (11, 17, 18, 22, 24) and in-hospital mortality in another three studies (20, 23, 25), respectively. Effect sizes were expressed by ORs, whereas ORs were not calculated in one study because the early mortality in both groups was 0 (18). The calculated overall early mortality rate was 2.3%, being 2.5% in patients receiving Perceval valve implantation and 2.1% in those who underwent Intuity valve implantation (p = 0.31). The SU group showed no statistically significant difference in early mortality rates compared with the RD group (8 studies and 3,526 patients, OR: 1.26; 95% CI: 0.81–1.96; p = 0.31; I2 = 0%, Figure 2). No significant publication bias was observed, which was assessed by considering the asymmetry in the funnel plot visually and formally by using Egger's regression test (p = 0.5190, Supplementary Figure S5A). Finally, a sensitivity analysis was used to examine the influence of each study on the OR by excluding one individual study at one time. The exclusion of each study did not significantly change the pooled OR, and the estimates for each case were within the overall 95% confidence interval.
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FIGURE 2
Odds ratio (OR) of early mortality in sutureless (SU) versus rapid-deployment (RD) aortic valve replacement. Overall pooled analysis from patients is shown. Compared with the RD group, the SU group is not associated with a significantly higher risk of early mortality (OR: 1.26; 95% CI: 0.81–1.96; p = 0.31; I2 = 0%). M–H, Mantel–Haenszel; CI, confidence interval.




Transvalvular pressure gradients


Mean transvalvular pressure gradients

Overall, the patients' mean transvalvular pressure gradients were presented in seven studies (11, 17, 20, 22–25), and five studies reported the mean transvalvular pressure gradients in each size of both valve types (11, 19, 22–24). The pooled analysis from seven studies covering 3,483 patients demonstrated that the SU group was associated with statistically significant higher mean transvalvular pressure gradients in patients overall, compared with the RD group (MD: 2.93; 95% CI: 2.19–3.67; p < 0.00001; I2 = 65%, Figure 3A). Next, we performed subgroup analyses by matching the sizes of the Perceval and Intuity valves to further explore the relationship between valve size and transvalvular pressure gradients and make a hierarchical contrast between the two types of valves. Subgroup 1 compared SU with RD valve sizes under radical matching by small with 21 mm, medium with 23 mm, large with 25 mm, and extralarge with 27 mm, whereas subgroup 2 compared SU with RD valve sizes under conservative matching by small with 19 mm, medium with 21 mm, large with 23 mm, and extralarge with 25 mm. Subgroup analyses demonstrated that under radical matching of valve size, the SU group was still associated with statistically significant higher mean transvalvular pressure gradients in each size-matching compared with the RD group (MD: 3.57; 95% CI: 3.20–3.94; p < 0.00001; I2 = 26%, Figure 3B). However, under conservative matching of valve size, it presented a lower mean transvalvular pressure gradient in the S SU valve than the 19 mm RD valve, but it was still significantly higher in the M, L, and XL SU valves than in the 21, 23, and 25 mm RD valves, respectively (MD: 1.68; 95% CI: 0.77–2.58; p = 0.0003; I2 = 74%, Figure 3C). No significant publication bias was observed in patients overall, which was assessed by considering the asymmetry in the funnel plot visually and formally by using Egger's regression test (p = 0.5879, Supplementary Figure S5B).
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FIGURE 3
Mean difference (MD) of mean transvalvular pressure gradients (mmHg) in sutureless (SU) versus rapid-deployment (RD) aortic valve replacement. Overall pooled analyses from patients (A), subgroup 1 (B) and subgroup 2 (C) are shown. Subgroup 1 matches SU with RD valve sizes as small with 21 mm, medium with 23 mm, large with 25 mm, and extralarge with 27 mm, and subgroup 2 matches SU with RD valve sizes as small with 19 mm, medium with 21 mm, large with 23 mm, and extralarge with 25 mm. Compared with the RD group, the SU group is associated with a significantly higher mean transvalvular pressure gradient in patients overall (MD: 2.93; 95% CI: 2.19–3.67; p < 0.00001; I2 = 65%), subgroup 1 (MD: 3.57; 95% CI: 3.20–3.94; p < 0.00001; I2 = 26%) and subgroup 2 (MD: 1.68; 95% CI: 0.77–2.58; p = 0.0003; I2 = 74%). SD, standard deviation; IV, inverse-variance; CI, confidence interval.




Peak transvalvular pressure gradients

For peak transvalvular pressure gradients, statistical analyses demonstrated the same tendency as the mean transvalvular pressure gradients. Five studies and 3,201 patients were covered in an overall pooled analysis (11, 22–25), which demonstrated that the SU group was associated with statistically significant higher peak transvalvular pressure gradients in patients overall, compared with the RD group (MD: 5.11; 95% CI: 4.45–5.78; p < 0.00001; I2 = 47%, Figure 4A). Subgroup analyses were also performed by small with 21 mm, medium with 23 mm, large with 25 mm, and extralarge with 27 mm as radical matching and small with 19 mm, medium with 21 mm, large with 23 mm, and extralarge with 25 mm as conservative matching. For radical matching, the SU group was associated with statistically significant higher peak transvalvular pressure gradients in each size-matching compared with the RD group (MD: 6.00; 95% CI: 5.34–6.65; p < 0.00001; I2 = 0%, Figure 4B). For conservative matching, the peak pressure gradients in the SU group were still significantly higher in the M, L, and XL SU valves than in the 21, 23, and 25 mm RD valves (MD: 2.86; 95% CI: 1.18–4.55; p = 0.0008; I2 = 82%, Figure 4C). No significant publication bias was observed in patients overall, which was assessed by taking into account the asymmetry in the funnel plot visually and formally by using Egger's regression test (p = 0.8425, Supplementary Figure S5C).
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FIGURE 4
Mean difference (MD) of peak transvalvular pressure gradients (mmHg) in sutureless (SU) versus rapid-deployment (RD) aortic valve replacement. Overall pooled analyses from patients (A), subgroup 1 (B), and subgroup 2 (C) are shown. Subgroup 1 matches SU with RD valve sizes as small with 21 mm, medium with 23 mm, large with 25 mm, and extralarge with 27 mm. Subgroup 2 matches SU with RD valve sizes as small with 19 mm, medium with 21 mm, large with 23 mm, and extralarge with 25 mm. Compared with the RD group, the SU group is associated with significantly higher peak transvalvular pressure gradients in patients overall (MD: 5.11; 95% CI: 4.45–5.78; p < 0.00001; I2 = 47%), subgroup 1 (MD: 6.00; 95% CI: 5.34–6.65; p < 0.00001; I2 = 0%) and subgroup 2 (MD: 2.86; 95% CI: 1.18–4.55; p = 0.0008; I2 = 82%). SD, standard deviation; IV, inverse-variance; CI, confidence interval.





Secondary outcomes

For secondary outcome studies, extracted estimates were reported in the supplementary material. Overall pooled analyses from isolated AVR patients, combined AVR patients, and AVR patients demonstrated that, compared with the RD group, the SU group was associated with a significantly less aortic cross-clamp time (MD: −10.12; 95% CI: −13.90 to −6.33; p < 0.00001; I2 = 94%, Figure 5A), and similarly, with a significantly less cardiopulmonary bypass time (MD: −11.63; 95% CI: −17.14 to −6.13; p < 0.0001; I2 = 94%, Figure 5B). There were no statistically significant differences between the SU group and the RD group for any paravalvular leak (OR: 1.95; 95% CI: 1.01–3.77; p = 0.05; I2 = 75%, Supplementary Figure S1A), paravalvular leak (moderate to severe) (OR: 1.07; 95% CI: 0.61–1.87; p = 0.82; I2 = 0%, Supplementary Figure S1B), pacemaker implantation (OR: 1.16; 95% CI: 0.92–1.47; p = 0.20; I2 = 0%, Supplementary Figure S2), stroke (OR: 1.07; 95% CI: 0.70–1.64; p = 0.75; I2 = 0%, Supplementary Figure S3), and intensive care unit (ICU) stay (MD: −0.03; 95%CI: −0.37 to 0.31; p = 0.87; I2 = 75%, Supplementary Figure S4). A visual assessment of the symmetry of the funnel plots suggested that there was no significant publication bias, and a formal assessment by using Egger's test confirmed this point (Supplementary Figure S5).
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FIGURE 5
Mean difference (MD) of aortic cross-clamp (ACC) (A) and cardiopulmonary bypass (CPB) (B) times in sutureless (SU) versus rapid-deployment (RD) aortic valve replacement (AVR). Overall pooled analyses from isolated AVR patients, combined AVR patients, and AVR patients are shown. Compared with the RD group, the SU group is associated with a significantly less aortic cross-clamp time (MD: −10.12; 95% CI: −13.90 to −6.33; p < 0.00001; I2 = 94%), and similarly, with a significantly less cardiopulmonary bypass time (MD: −11.63; 95% CI: −17.14 to −6.13; p < 0.0001; I2 = 94%). SD, standard deviation; IV, inverse-variance; CI, confidence interval.





Discussion

In this study, we conducted a meta-analysis covering 10 non-randomized trials and 3,526 patients, highlighting two key findings. First, compared with the RD group, the SU group was associated with statistically significant higher mean and peak transvalvular pressure gradients of the aortic valve. Second, the SU group was associated with an overall decrease of ACC and CPB times for 10.12 min and 11.63 min, respectively, compared with the RD group. In terms of early mortality, paravalvular leak, moderate-to-severe paravalvular leak, pacemaker implantation, stroke, or ICU stay, data analysis revealed commonalities between the two groups.

Our honest opinion is that selecting the appropriate valve for a defined patient based on the information revealed in our study remains a challenging proposition. Although our study revealed that the two valves displayed varied hemodynamic and intraoperative performances, this did not translate into different clinical outcomes for patients. However, there is still a lack of medium- to long-term follow-up and comprehensive data to determine critical outcomes in terms of survival and major adverse cardiac and cerebral events. Therefore, it is important to have risk predictors that impact the long-term prognosis for the two valves when analyzing the advantages and disadvantages of each valve, with implications to guide clinicians in their selection.

It has been proved that SURD-AVR possesses a better hemodynamic function compared with SAVR (25). The following interpretations, according to several investigations, could account for this satisfactory observation: (1) the non-pledged sutures may contribute to a huger laminar flow; (2) as the thin stent allows the leaflets to move freely without being firmly bound to bulky stents, the Perceval valve result in the pressure gradients drops; (3) seated below the annulus, the skirt frame of the stent of the Intuity valve has a flared configuration in the left ventricular outflow, which may play a role in active constriction limitation in the left ventricular outflow tract (LVOT) (25–29).

Our meta-analysis performed using both radical and conservative matching revealed that when compared with the Intuity valve, the Perceval valve had statistically significant higher mean transvalvular pressure gradients across all patients and subgroup analyses.

Theoretically, in terms of valve structure, as the Intuity valve has the valve annulus stent covered by a polyester sealing cloth (8, 30), the Perceval valve could offer a larger effective outflow orifice area, leading to its better hemodynamic performance. Nevertheless, this hypothesis is in stark contrast to our meta-analysis observation, which should be highlighted purposely. A previous study reported this theory-contradicted finding (31). If the stent in the Perceval valve undergoes compression or deformation after the prosthesis implantation procedure, it could indicate oversizing relative to the annulus or procedural misoperation by the surgeon, potentially resulting in a high gradient. This grossly oversized prosthesis mismatched with the patient tends to spring back, causing incomplete valve opening and contact loss from the annulus, which possibly results in high paravalvular leakage, besides an increase in the pressure gradients. Several published studies reported that Perceval valve rebounds were observed in clinical implantation and laboratories (32, 33). This feasible explanation for cracking the paradox of valve-pressure gradients is consistent with the trend of paravalvular leak in our meta-analysis results (SU group: 184 in 1,530; RD group: 96 in 1,542. OR: 1.95; 95% CI: 1.01–3.77; p = 0.05; I2 = 75%). Strikingly, another theoretical possibility was proposed by Campbell D. Flynn et al. to the effect that the Intuity valve that has better pressure gradients focuses on the valve skirt (34). The subannular balloon-expanded valve skirt in the Intuity valve is proposedly attributed to the recognized excellent transvalvular pressure gradients in the RD group, in which the LVOT is enlarged, promoting an increase in blood flow through the valve annulus (35, 36). Although the expandable frame skirt in the Intuity valve may enlarge the LVOT, it is certain that the stent located at the leaflet attachment margin narrows the orifice area. To sum up, our study was more inclined to conclude that the incomplete valve opening in the Perceval valve caused a higher gradient and showed a higher tendency toward paravalvular leak, for which further studies should confirm the potential mechanism.

Furthermore, it is necessary to highlight that the difference in valve gradient between these two groups (MD = 2.93 mmHg in mean aortic pressure gradients; MD = 5.11 mmHg in peak aortic pressure gradients) did not translate into differences in early clinical outcomes. In the meantime, the hemodynamic performance of the two valves needs to be further followed up and explored. Only then will it be possible to show the impact of the difference in transvalvular pressure gradients on the long-term prognosis of patients who received SU and RD-AVR. Notably, patients with smaller aortic annuli who undergo aortic valve replacement often exhibit higher transvalvular pressure gradients, and the presence of a small aortic annulus may augment the risk of patient–prosthesis mismatch (37, 38). Hence, it is plausible that the Intuity valve may offer superior postoperative benefits to patients with a small aortic annulus.

In our study, overall pooled analyses from isolated AVR patients, combined AVR patients, and AVR patients demonstrated that, compared with the RD group, the SU group was associated with significantly less aortic cross-clamp time (MD: −10.12; 95% CI: −13.90 to −6.33; p < 0.00001; I2 = 94%). We suspected that this discrepancy arose because of these two valves possessing distinct suture structures. The Perceval valve is a bovine pericardium prosthesis attached to the automated anchor used for stabilization and a fastened implantation site. When the valve is placed down to the annulus, three intercommissural sutures are used for guiding, which will be removed after valve deployment is completed (8, 39). In addition, the Perceval valve with a collapsed design may maximize visualization and simplify implantation (25). In contrast, three braided, non-pledged sutures are placed at the bottom of every valve sinus using a figure-of-eight or horizontal mattress technique without removal if the Intuity valve is selected for use in the AVR. Once annular seating is verified, the balloon will be inserted through the holder, and the stent will be deployed by inflating it to the appropriate level of pressure with saline for 10 s (40). Therefore, the Perceval valve is the only one that precisely matches the definition of “sutureless” during operation. Because of these structural and procedural differences with the Perceval valve, some opponents have argued that the Intuity valve cannot strictly be labeled as a “rapid-deployment” valve (30). However, it was noted that the magnitude assessment showed high heterogeneity, with subgroup analysis and leave-one-out sensitivity analysis being inefficient for elimination.

Postoperative mortality and morbidity are strongly associated with the duration of both ACC and CPB. A previously published study has indicated that ACC time is a critical and independent risk predictor of severe cardiovascular morbidities, with the risk increasing by 1.4% for each additional minute of ACC time (41). Kenji Lino et al. also revealed that ACC time serves as an independent risk predictor of postoperative morbidity for aortic valve replacement, with a prolonged ACC duration significantly increasing the rates of renal failure, gastrointestinal complications, pneumonia, and multiorgan failure (42). In addition, a study conducted in China has reported that CPB time is independently linked to an increased risk of acute kidney injury following surgery for acute DeBakey Type I aortic dissection (43). Therefore, for high-risk patients undergoing AVR, reducing the ACC and CPB times may confer substantial advantages in using the Perceval valve, particularly for patients with pre-existing organ damage and infections or for those undergoing redo surgery (44, 45).

Two meta-analyses (30, 34) anchored on the comparison of the sutureless and rapid-deployment aortic valves in SURD-AVR had been published before our study was done. Nevertheless, two aspects (paravalvular leak and pacemaker implantation) of our analysis presented negative results, showing slight differences with the conclusions of the two previous studies. Published studies may be responsible for causing discrepancies at different times, discrepancies in inclusion criteria, and differences in the exact definition of study outcomes. However, it is noteworthy and distinctive that compared with other studies to date, our study covers the largest period, the largest number of patients, the most significant number of included studies, all types of early clinical results, and the use of two valve size gradient matching methods, to enable a comprehensive and objective comparative analysis.

There are several limitations in our analysis that merit a scrupulous consideration. First, we included only 10 studies overall; also, we did not include any RCT. Although propensity score matching was performed in more than half of the included studies to equalize confounders in non-randomized studies similar to randomization, there is no denying the potential selection bias of our investigators. Second, SURD-IR and Germany are the majority contributors to the patient data source that we collected in the study, which means a more homogeneous region and race limit the generalizability of analysis results. Third, because follow-up was patchy across studies, there is a need for comparing the efficacy and durability of the two valves in the medium and long term. Fourth, the results of ACC and CPB times showed high heterogeneity. Even though we performed leave-one-out sensitivity analysis and subgroup analysis, we still could not well locate and reduce the source of heterogeneity. Fifth, although we performed subgroup analysis by valve size to ensure precise matching, no clear distinction could be perceived between Perceval S (Livanova PLC, London, UK) and Perceval S (Sorin Group, Saluggia, Italy) in the results of pooled estimates reported in our study. Last, potential publication bias cannot be definitively ruled out, even though both Egger's test and the funnel plots suggest no potential publication bias.



Conclusion

Although further trials and reviews are required for making a more detailed and deterministic comparison between the valves in SURD-AVR, particularly clinical outcomes in the medium and long term in practice, our findings lend support to the notion that sutureless aortic valve replacement is associated with significantly higher postoperative mean and peak transvalvular pressure gradients of the aortic valve compared with rapid-deployment aortic valve replacement in overall and subgroup analyses. Sutureless aortic valve replacement provided visible benefits to patients in terms of intraoperative performance as there was a significant reduction in ACC and CPB times compared with rapid-deployment aortic valve replacement. We also discussed the role of different risk predictors to guide valve selection. In conclusion, clinical decision-making should necessitate thoughtful valve selection for all patients prior to SURD-AVR, and in this context, it can be said that both Perceval and Intuity valves are rising stars in the bioprosthesis firmament, complementing each other very well.
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Background: Left ventricular hypertrophy (LVH) is the most frequent cardiac complication among end-stage kidney disease (ESKD) patients, which has been identified as predictive of adverse outcomes. Emerging evidence has suggested that immune system is implicated in the development of cardiac hypertrophy in multiple diseases. We applied machine learning models to exploring the relation between immune status and LVH in ESKD patients.



Methods: A cohort of 506 eligible patients undergoing immune status assessment and standard echocardiography simultaneously in our center were retrospectively analyzed. The association between immune parameters and the occurrence of LVH were evaluated through univariate and multivariate logistic analysis. To develop a predictive model, we utilized four distinct modeling approaches: support vector machine (SVM), logistic regression (LR), multi-layer perceptron (MLP), and random forest (RF).



Results: In comparison to the non-LVH group, ESKD patients with LVH exhibited significantly impaired immune function, as indicated by lower cell counts of CD3+ T cells, CD4+ T cells, CD8+ T cells, and B cells. Additionally, multivariable Cox regression analysis revealed that a decrease in CD3+ T cell count was an independent risk factor for LVH, while a decrease in NK cell count was associated with the severity of LVH. The RF model demonstrated superior performance, with an average area under the curve (AUC) of 0.942.



Conclusion: Our findings indicate a strong association between immune parameters and LVH in ESKD patients. Moreover, the RF model exhibits excellent predictive ability in identifying ESKD patients at risk of developing LVH. Based on these results, immunomodulation may represent a promising approach for preventing and treating this disease.



KEYWORDS
immune state, ESKD, LVH, machine learning, immune function monitoring





Background

End-stage kidney disease (ESKD) is a growing global health concern (1). Left ventricular hypertrophy (LVH) is the most common cardiac abnormality and an adverse prognostic indicator for clinical cardiovascular outcomes including morbidity and mortality in ESKD patients (2–5). Although numerous studies have revealed that hypertension, fluid overload, oxidative stress and chronic inflammation directly or indirectly impinge upon cardiac hypertrophy and remodeling in ESKD patients (4, 6, 7), the pathogenesis of LVH is complicated and not fully understood yet. Emerging evidence suggests that involvement of immune system is associated with the development and progression of cardiac hypertrophy and remodeling (8–10). Furthermore, impaired immune function has been described in ESKD patients, attributed to factors such as uremia and lymphocyte apoptosis (11, 12). Therefore, immune cells may play critical roles in LVH, potentially providing a novel therapeutic target for prevention and treatment.

Immune function monitoring is a simple and effective to reflect the immune status, including the proportion and cell counts of circulating immune cell subsets. Recent studies have demonstrated that circulating immune cell subsets (T, B, NK cells) are associated with cardiac hypertrophy and remodeling in various pathological conditions. For instance, in pressure overload-induced cardiac hypertrophy, CD4+ T cells including Th1 and Th17 cells play dominant roles in the process with different subsets exerting diverse influences (9, 10). In animal models of uremic cardiomyopathy, systemic accumulation of proinflammatory T cells has been shown to cause cardiac hypertrophy and remodeling (13). In ischemic cardiomyopathy animal model, regulatory T-lymphocytes dysfunction is tightly linked to adverse cardiac remodeling (14, 15). B lymphocytes have been found to be associated with cardiac hypertrophy and remodeling in ESKD patients (16). Additionally, the activation of NK cell plays critical roles in cardiac remodeling after myocardial infarction (17). Nevertheless, analyzing single immunological indicator may not be sufficient to capture the full picture of immune status.

Machine Learning (ML) is a powerful tool that can identify patterns in large sets of data to generate predictive models with greater precision. Traditional statistical methods may be limited in their ability to capture the complexities of large datasets, particularly those with high dimensionality or nonlinear relationships. In our study, we have chosen to employ a machine-learning-based approach due to the inherent complexity of the immune system and the need to analyze a large number of variables simultaneously (18). The identification of biomarkers associated with immune function requires the integration of multiple variables and the exploration of complex relationships between them, which are ideally suited to machine learning methods. Our previous investigations have demonstrated that applying ML models is conducive to improving prognosis of renal transplantation recipients with infective complications and acute-on-chronic liver failure patients following liver transplantation (19, 20). Therefore, the application of ML may help us better understand the association of immune cells and cardiac hypertrophy and remodeling in ESKD.

In this study, we retrospectively analyzed the immune monitoring results of ESKD patients in our center and applied ML models to explore the association between these results and LVH in ESKD patients.



Methods


Study design and population

The retrospective, case–control study recruited 825 ESKD patients were recruited from the Transplantation Center, The Third Xiangya Hospital, Central South University between July 1, 2019, and December 31, 2021. The patients who underwent immune status assessment and standard echocardiography simultaneously were included in the study. The exclusion criteria included: (1) history of solid organ transplantation; (2) history of infection within a week; (3) history of malignant tumor. The study was reviewed and approved by the Institutional Review Board of Third Xiangya Hospital, Central South University (No. 22255).



Definition of LVH and its severity

Experienced physicians assessed left ventricular internal diameter (LVID), ventricular septal thickness (VST), posterior wall thickness (PWT) and left ventricular end diastolic diameter (LVEDD) from echocardiography M-mode tracings. From these measurements, left ventricular mass (LVM) was calculated using the formula 0.8 × 1.04 × [(LVID + VST + PWT)3–LVEDD3] + 0.6. The LVM index (LVMI) was then determined as the ratio of LVM to body surface area. The presence of left ventricular hypertrophy (LVH) was determined based on an LVMI greater than 115 g/m2 in men and greater than 95 g/m2 in women. Based on the LVMI, the severity of LVH was classified as mild, moderate, or severe. Mild LVH was defined as an LVMI between 96 and 108 g/m2 for women and between 116 and 131 g/m2 for men. Moderate LVH was defined as an LVMI between 109 and 121 g/m2 for women and between 132 and 148 g/m2 for men. Severe LVH was defined as an LVMI greater than 121 g/m2 for women and greater than 148 g/m2 for men (21).



Immune monitoring panel

The assessment of immune status was carried out using BD Multitest 6-color TBNK reagent with BD Trucount tubes, in order to determine the percentages and absolute counts of various circulating immune cell subsets, namely CD4+ T cells, CD8+ T cells, CD19+ B cells and NK cells. The assay protocol was carried out in accordance with the manufacturer's instructions (BD Biosciences, USA). Anticoagulant whole blood (50 µl) was introduced into BD TruCOUNT Tubes (BD Biosciences), followed by the addition of a monoclonal antibody mixture (20 µl). After incubation in the dark for 15 min, the cells were analyzed using the BD FACSCanto clinical software (BD Biosciences, San Jose, CA).



Model building

To investigate the association between the immune status and LVH in ESKD patients, we employed four ML classifiers, namely, SVM, LR, MLP, and RF. The ML models were trained using fivefold cross-validation with Python programming language (version 3.6) and Scikit-learn package (version 0.22) (19). To evaluate their performance, k-fold cross-validation (with k = 5) was applied to 532 patients. The patients were randomly divided into five subgroups, with one subgroup used for validation and the remaining four for derivation. The appropriate hyperparameters were selected, and the average area under the curve (AUC) was computed through five independent runs. The final algorithms were developed using the full dataset of the eligible group. The RF model, which included ten trees, was trained on a diverse portion of the database and predictions were obtained through majority voting.



Statistical analysis

Continuous data were presented as mean ± standard deviation (SD) and compared using appropriate tests such as Student's t-test, Welch's t-test, or the Mann–Whitney U test. Categorical data were compared using Pearson's chi-squared (χ2) test or Fisher's exact test, as appropriate. The associations between immune status and LVH and its severity were analyzed using univariate, multivariate, and multiple ordinal logistic regression analysis. The performance of the models was evaluated by calculating the AUC of the receiver operating characteristic (ROC) curve and The ROC curves were compared using the DeLong test. The statistical analysis was conducted using SPSS version 22.0 (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 9.0, and a P-value of <0.05 was considered statistically significant.




Results


Patient characteristics

In our center, a total of 532 patients with ERSD underwent immune status assessment and standard echocardiography from July 2019 to December 2021. After excluding 26 patients, 506 patients were enrolled for data analysis. According to American Society of Echocardiography (ASE) criteria, 258 patients of them were classified into the LVH subgroup. We further subdivided the LVH subgroup into mild (n = 74), moderate (n = 60), and severe (n = 125) LVH subgroups based on LVMI. The study flow and criteria are depicted in Figure 1.


[image: Figure 1]
FIGURE 1
The study flow and exclusion criteria. 506 ESKD patients with immune monitoring panel and standard echocardiography simultaneously were enrolled. Based on the definition for LVH, patients were classified into either the LVH group or non-LVH group. The LVH group was further subdivided into three subgroups based on the severity of LVH: mild (n = 74), moderate (n = 60), and severe (n = 125). ESKD, end-stage kidney disease; LVMI, Left ventricular mass index; LVH, left ventricular hypertrophy.


Table 1 summarized the clinical characteristics of the LVH and non-LVH groups. The LVH group exhibited lower hemoglobin, white blood cell counts, neutrophil counts, and lymphocyte counts than the non-LVH group (P = 0.001, all). Additionally, the LVH group had longer dialysis time (P = 0.007), as well as higher systolic (P = 0.002) and diastolic (P < 0.001) blood pressure. The use of ACEI (angiotensin converting enzyme inhibitions) or ARB (angiotensin receptor blockers) was also more prevalent in the LVH group (P < 0.001). As expected, the LVH group had higher LVID (5.29 ± 0.62 vs. 4.61 ± 0.52), VST (1.26 ± 0.20 vs. 1.05 ± 0.18), PWT (1.20 ± 0.22 vs. 0.98 ± 0.15), LVM (241.90 ± 62.18 vs. 147.23 ± 35.69), and LVH (145.41 ± 31.81 vs. 87.43 ± 16.69) than the non-LVH group (P < 0.001, all) consistent with the definition of LVH. However, there was no statistical difference in age, sex, body mass index (BMI), diabetes, hemodialysis and antihypertensive drug use between the two groups.


TABLE 1 Clinical characteristics of the LVH and Non-LVH group in ESKD patients.
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Immune status in LVH patients with ERSD

Table 2 and Figure 2 revealed that the LVH group exhibited a poorer immune profile compared to the non-LVH group, as evidenced by significantly lower cell counts of CD3+ T cells (933.57 ± 376.47 vs. 1,079.20 ± 455.72), CD4+ T cells (537.65 ± 223.13 vs. 623.37 ± 276.50), CD8+ T cells (355.35 ± 175.65 vs. 402.75 ± 203.38), and B cells (140.24 ± 95.47 vs. 158.92 ± 101.44). However, the cell counts of NK cells and the percentages of each subset did not differ significantly between the two groups. It was worth noting that the CD4/CD8 ratio, a known immune biomarker, did not show a significant difference (P = 0.43) between the LVH and non-LVH groups.
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FIGURE 2
The proportion and cell counts of circulating immune cells in the LVH and Non-LVH group in ESKD patients. ESKD, end-stage kidney disease; LVH: left ventricular hypertrophy. ∗∗∗∗ means P < 0.001, ∗∗ means P < 0.05, and ∗ means P < 0.1.



TABLE 2 Immune monitoring panel of the LVH and Non-LVH group in ERSD patients.
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Risk factors for LVH in ERSD patients

To identify the risk factors of LVH in ERSD patients, logistic analysis was performed using the results of immune parameters. As presented in Table 3, univariate logistic analysis revealed that lower cell counts of CD3+ T cells (unadjusted OR 0.999; 95% CI 0.990–1.000; P < 0.001), CD8+ T cells (unadjusted OR 0.996; 95% CI 0.995–0.998; P = 0.006), CD4+ T cells (unadjusted OR 0.999; 95% CI 0.998–0.999; P < 0.001) and B cells (unadjusted OR 0.998; 95% CI 0.996–1.000; P < 0.001) were significantly associated with LVH in ERSD patients. Multivariate analysis further revealed that lower cell counts of CD3+ T cells (unadjusted OR 0.995; 95% CI 0.991–1.000; P = 0.031) were independent risk factors for LVH in ERSD patients.


TABLE 3 Univariate and multivariate odds ratios for LVH diagnosis in ERSD patients.
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Immune status related with the severity of LVH in ERSD patients

The results of the immune parameters were compared across three LVH subgroups. Statistical differences were observed in the cell counts of each subset, while there were no significant differences in the percentages of each subset and the CD4/CD8 ratio (Table 4). Figure 3 presents the comparisons between each pair of subgroups, indicating that there were statistically significant differences in the cell counts of each subset between the mild and severe groups (P < 0.05). The moderate group had higher cell counts of NK cells but lower cell counts of B cells compared to the severe group, with both differences being statistically significant (P < 0.05).
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FIGURE 3
The proportion and cell counts of circulating immune cells among the mild, moderate and severe LVH group in ESKD patients. ESKD, end-stage kidney disease; LVH, left ventricular hypertrophy. ∗∗∗∗ means P < 0.001, ∗∗ means P < 0.05, and ∗ means P < 0.1.



TABLE 4 Immune monitoring panel in ERSD patients with different severity of LVH.
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The lymphocyte subset was divided into higher and lower groups based on the median cell count values in ERSD patients with LVH. The stacked bar chart in Figure 4 shows the LVH subgroup percentages for each group. Compared to the higher groups, the lower groups had a lower frequency of mild LVH and a higher frequency of severe LVH. A significant Chi-square test demonstrated that the distribution of LVH subgroups varied in the higher and lower groups of CD3+ T cells, CD4+ T cells, and NK cells (P < 0.05).
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FIGURE 4
Column stacking chart of the proportion of the LVH severity in the higher or lower group of lymphocyte count. LVH, left ventricular hypertrophy. ∗∗∗∗ means P < 0.001, ∗∗ means P < 0.05, and ∗ means P < 0.1.


The lymphocyte subset was divided into the higher and lower group by median values of cell counts in ERSD patients with LVH. The percentages of the LVH subgroup (mild, moderate and severe) were plotted in Figure 4 as stacked bar charts. Compared with the higher groups, the lower groups had respectively lower frequency of perpetration for the mild LVH and the higher for the severe LVH. A significant Chi-square test showed that the distribution of LVH subgroup frequencies varied in the higher and lower group of CD3+ T cells, CD4+ T cells and NK cells (P < 0.05).

To identify the risk factors of the severity of LVH, logistic regressions was performed with the cell counts of each subset, which showed statistically significant differences as presented in Table 5. The multiple ordinal logistic regressions revealed that lower cell counts of NK cells (unadjusted OR 0.997; 95% CI −0.005 – −0.001; P = 0.003) were independent risk factors for the severity of LVH among ERSD patients.


TABLE 5 Multiple ordinal logistic regression for the LVH severity in ERSD patients.

[image: Table 5]



Machine learning models based on immune monitoring

Four ML models, namely SVM, LR, MLP, and RF, were trained and compared to enhance the predictive performance. The receiver operating characteristic curves' area under the curve (AUROC) was evaluated for each model, resulting in AUROCs of 0.68, 0.62, 0.52, and 0.94 for SVM, LR, MLP, and RF, respectively (as shown in Figure 5). The DeLong test showed a significant difference in the AUC value of the RF model compared with other ML models (P < 0.001, all). The RF model demonstrated the best performance among the ML models. The final RF model's result was derived from a majority vote by ten trees, and one tree of the final algorithm was displayed in Figure 6.
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FIGURE 5
The ROC curves and average AUC of the machine learning models. K-fold cross validation (k = 5) was used to estimate and compare the performance of different machine learning models. After five rounds of training/validation rotation, the average AUC was calculated. (A) The support vector machine (SVM) model. (B) The logistic regression (LR) model. (C) The multi-layer perceptron (MLP) model. (D) The random forest (RF) model. ROC curve, receiver operating characteristic curve; AUC, area under the curve.
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FIGURE 6
A one-tree example of random forest (RF) model. A total of ten trees were developed and one of them was shown in the figure. The final result was obtained through majority voting from ten trees.





Discussion

This study successfully investigated the relationship between immune status and LVH in ESKD patients. Poor immune function was observed in ESKD patients with LVH, as evidenced by decreased CD3+ T cell, CD8+ T cell, CD4+ T cell, and CD19+ B cell counts. Moreover, the study found that the number of CD3+ T cells was an independent risk factor for LVH in ESKD patients, while the number of NK cells was an independent risk factor for the severity of LVH. Using the results of the immune parameters, the RF model was able to accurately identify ESKD patients at risk of LVH. These findings might pave the way for promising therapeutic options for adverse cardiac hypertrophy and remodeling.

ESKD patients have a high risk of developing LVH, with a reported prevalence of 46.4%–65% (6, 22), which is consistent with the findings of our study (51.0%). The prevalence and severity of LVH tend to increase with the deterioration of chronic kidney disease (CKD) stages (4). During ESKD, oxidative stress and inflammation are constantly present and are considered to be closely involved in the pathogenesis of LVH. They can activate and recruit circulating lymphocytes and inflammatory myeloid cells to sites of inflammation by overproducing cytokines and increasing pro-inflammatory and oxidative stress mediators (23). This may explain the significant decrease in circulating immune cells observed in ESKD patients with LVH in our study. Furthermore, reduced renal function is closely related to dysfunctional immune system, which has a substantial impact on the development and severity of LVH in ESKD patients (24).

Circulating and heart-inﬁltrating T cell subsets played a pivotal role in the pathogenesis of adverse cardiac remodeling. T lymphocytes could be divided into CD8+ T cells and CD4+ T cells according to their function and molecular phenotype. In our study on ESKD patients, we found that the numbers of circulating T cell subsets, including CD3+ T cells, CD8+ T cells, and CD4+ T cells, were negatively correlated with the occurrence and severity of LVH. The decrease of circulating T cell subsets was considered to be closely related to adverse cardiac remodeling. Previous studies have shown that a decrease in circulating CD4+ or CD8+ T cells is closely associated with LVH in children with CKD and HIV patients (13, 25). Additionally, hypertensive patients with LVH have been shown to have an increased percentage of Th17 cells (9). In a study of mouse models with heart failure, CD4+ Foxp3+ Tregs were found to expand robustly in the heart and circulation for adverse cardiac remodeling, resulting in the suppression of circulating CD4+ T cells and systemic inflammation (14). Conversely, increased cardiac T cell infiltration has been reported in hypertrophic cardiac tissues. Numerous reports have indicated that heart-infiltrating Treg cells are negative modulators that alleviate pressure overload-induced cardiac hypertrophy and remodeling, while infiltrating Th1 and Th17 cells mainly promote the pathological development (10). NKT cells are a unique subset of T lymphocytes with properties of both T and NK cells, displaying a broad range of immune effector functions. In mice, the majority of NKT cells are invariant natural killer T (iNKT) cells, capable of recognizing lipids presented on CD1d molecules. iNKT cells modulate tissue inflammation through the secretion of diverse cytokines, growth factors, and chemokines (26, 27). iNKT cells have been shown to exhibit cardioprotective effects in murine models of myocardial infarction and hypertensive cardiac disease by reducing left ventricular remodeling through the production of anti-inflammatory cytokines like IL-4 and IL-10 (26, 28). Thus, activating NKT cells may offer a promising therapeutic strategy for hypertensive cardiac disease.

B cell subsets might play a role in the pathogenesis of cardiac remodeling in ESKD patients. Specifically, our study showed that ESKD patients with lower B cell counts were at higher risk of LVH and LVH patients with lower B cells counts have higher risk of developing severe LVH. Furthermore, in clinical settings, peripheral B lymphocyte levels were found to be negatively correlated with left ventricular mass (LVM), and patients with higher levels of B cells exhibited better heart function and a lower risk of all-cause mortality (16). Interestingly, in a mouse model of heart failure, the absence of B cells was found to result in less hypertrophy and better preservation of left ventricular function (29). In addition, a study found that the depletion of B cells by rituximab could inhibit pressure overload-induced cardiac remodeling and dysfunction in mice (30). Despite these findings, the role of B cell subsets in regulating cardiac remodeling remains controversial, and further research is needed to explore the association between B cell subsets and cardiac remodeling.

NK cell subsets might contribute to the improvement of cardiac remodeling in ESKD patients. As key players in the innate immune system and immune regulation, NK cells have a significant impact on disease severity. Specifically, our results showed that ESKD patients who developed left ventricular hypertrophy (LVH) with lower NK cell counts were at a higher risk of severe LVH. Peripheral NK cell numbers could decrease due to cytotoxic activity and infiltration in affected tissues, which could exacerbate or improve disease severity. Studies showed that a reduction in circulating NK cells could contribute to the worsening of cardiac remodeling after myocardial infarction (17). Furthermore, research had demonstrated that the crosstalk between natural killer cells and allogeneic human cardiac-derived stem/progenitor cells were beneficial for reducing inflammation and ameliorating adverse cardiac remodeling (31, 32).

Our study investigated the association between immune cell subsets and incident LVH in a cohort of patients. We found that immune dysfunction, as measured by peripheral CD4+ T cells, CD8+ T cells, CD19+ B cells, and NK cells, was associated with a higher risk of LVH. However, our findings differ slightly from prior studies investigating the association between immune cell subsets and cardiac hypertrophy and remodeling. Several possible explanations may account for these differences. Firstly, the composition and role of immune cell subsets may vary significantly during different stages of myocardial hypertrophy and remodeling. Most clinical and animal studies have focused on altered immune function during the acute phase of the disease, unlike the chronic phase investigated in our study. Secondly, circulating immune cells may not accurately reflect the immune status of cardiac tissue, which differs from tissue-infiltrating immune cells. Finally, the decline of specific immune cells in the circulation may be associated with their more effective migration into heart tissue due to cell differentiation and migration. The exact mechanism underlying these differences remains unclear and requires further investigation.

Our study demonstrates the utility of machine learning algorithms in identifying the association between immune cells and LVH in ESKD patients. Furthermore, these algorithms enable personalized medicine by predicting disease outcomes based on an individual's unique immune cell profile. This approach can improve the efficacy and efficiency of treatment by tailoring it to the individual patient. Overall, our study highlights the efficacy of machine learning-based approaches for analyzing complex immune system datasets and their potential to identify novel biomarkers and advance personalized medicine.

Our study had several limitations that need to be acknowledged. Firstly, this was a retrospective review of a single-center experience, and therefore, the generalizability of our findings may be limited. Future studies with large, multicenter prospective designs are needed to confirm our results. Secondly, we only investigated the numbers and proportions of peripheral immune cells, but their cytokine profiles or antigen specificities, which are crucial for assessing the function of each immune cell's role in LVH pathogenesis, were not examined. Therefore, further studies are needed to explore the functional characteristics of these immune cells. Moreover, changes in peripheral lymphocyte subsets may not accurately reflect their changes in heart tissue due to the difficulty of obtaining heart biopsy samples for LVH. Finally, our study did not assess the impact of therapeutic interventions on immune cell subsets in ESKD patients with LVH. Despite these limitations, our study provides valuable preliminary insights into peripheral lymphocyte subsets in ESKD patients with LVH and can help guide further research in this field.



Conclusion

Our study employed machine learning models to investigate the relation between immune status and LVH in ESKD patients. Our results demonstrated that the RF model was the most effective in identifying patients at risk of LVH. With the emergence of big data, analyzing multiple parameters has become an effective approach to comprehensively understand complex diseases. Identifying the underlying pathways of this finding could offer potential targets for immunomodulatory therapy to prevent and treat LVH in ESKD patients at high risk.
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Objectives: Evidence of the relationship between android fat mass and gynoid fat mass with the mortality prediction is still limited. Current study analyzed the NHANES database to investigate the relationship between android fat mass, gynoid fat mass and CVD, with all-cause mortality.



Method: The study subjects were NHANES participants over 20 years old, two indicators of regional body composition, android fat and gynoid fat were measured by Dual Energy x-ray Absorptiometry (DEXA). The other various covariates data obtained from the NHANES questionnaire and laboratory measurements, including age, gender, education, race/ethnicity, uric acid, total serum cholesterol, albumin, Vitamin C, folate, alcohol drinking, smoking status, history of diabetes, and hypertension. Mortality status was ascertained from a linked mortality file prepared by the National Center for Health Statistics. The study population was divided quartiles based on the distribution of android fat mass and gynoid fat mass. The relationship between these two indicators with cardiovascular and all-cause mortality was investigated by using Cox regression. The covariates age, gender, smoking status, drinking status, history of diabetes, and history of hypertension were stratified.



Results: In the fully adjusted model, Q3 had the lowest HR in android fat mass and gynoid fat mass. When examining the relationship between android fat mass and CVD mortality, current smokers and drinkers had the lowest CVD risk in Q2 [smoking: 0.21 (0.08, 0.52), drinking: 0.14 (0.04, 0.50)]. In diabetic patients, compared with Q1, other groups with increased android fat mass can significantly reduce the risk of CVD [Q4: 0.17 (0.04, 0.75), Q3: 0.18 (0.03, 1.09), Q2: 0.27 (0.09, 0.83)]. In ≥60 years old and female, the greater the gynoid fat mass, the smaller the HR of all-cause mortality [Q4 for ≥60 years old: 0.57 (0.33, 0.96), Q4 for female: 0.37 (0.23, 0.58)]. People <60 years old had a lower risk of all-cause mortality with gynoid fat mass in Q3 than those ≥60 years old [<60 years: 0.50 (0.27, 0.91), ≥60 years: 0.65 (0.45, 0.95)]. Among subjects without hypertension, the group with the largest android fat mass had the lowest risk of CVD mortality, and the group with the largest gynoid fat mass had the lowest risk of all-cause mortality [Android fat mass: 0.36 (0.16, 0.81), gynoid fat mass: 0.57 (0.39, 0.85)].



Conclusion: Moderate android fat mass and gynoid fat mass (Q3) had the most protective effect. Smokers and drinkers need to control their body fat. Being too thin is harmful to people with diabetes. Increased gynoid fat mass is a protective factor for all-cause mortality in older adults and females. Young people's gynoid fat mass is more protective in the moderate range than older people's. If no high blood pressure exists, people with more android and gynoid fat mass have a lower risk of CVD or all-cause mortality.
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Introduction

Obesity is associated with dyslipidemia, impaired glucose tolerance, and arterial hypertension, making it a significant risk factor for cardiovascular and metabolic diseases (1). Central obesity is associated with a higher risk of CVD (2). Even when there are no signs or symptoms of widespread obesity, excessive central adiposity is linked to metabolic abnormalities that raise the risk of CVD and diabetes (3). The association between abdominal fat accumulation and CVD appears to be more significant regarding the location of fat accumulation. Among the various metrics used to measure abdominal fat, using more accurate site-specific body fat measurements may provide a better understanding of the role of abdominal fat accumulation in CVD (4), and may also be used to predict CVD mortality.

The predictive power of various local obesity indicators for mortality has been validated (5, 6). Among them, men tend to accumulate adipose tissue in the abdominal region (Android fat mass distribution pattern) (7, 8). Android fat stores are mainly around the trunk/abdominal area (called “central” fat stores) or the upper body. Due to this distribution, those who exhibit excessive android fat patterns will portray an “apple” shaped appearance with a waist much larger than the hips. Android fat mass measures abdominal fat, including subcutaneous and visceral fat, and it has been confirmed to be a significant predictor of adverse cardiovascular events (9). Android fat mass was also associated with rheumatic diseases, metabolic syndrome, and diabetes (10, 11), suggesting that android fat mass is associated with a higher level of all-cause mortality.

On the other hand, some people tend to accumulate adipose tissue in the femoral-hip region (Gynoid fat mass distribution pattern) (7, 8) and are characterized by the accumulation of excess fat around the buttocks, hips, and thigh area. Due to this distribution, people may have a “pear” shaped appearance where the hips and buttocks fat is much larger than the waist. This type of distribution is typical in women (the term “gynoid” is associated with the female form). Gynecologic fat is stored “subcutaneously” under the skin and above the muscles. However, the results are controversial. Some studies have shown that gynoid fat mass, like android fat mass, was associated with increased cardiovascular risk (12–14) and various disease risks (15, 16). It may also raise the burden on heart failure patients (17). However, a study reported that, android fat mass distribution is a risk factor for CVD, but gynoid fat mass distribution pattern is not, according to Kyoung-Bok Min et al. (18). Some studies showed there was a potential protective effect of gynoid fat mass on CVD and mortality (15, 19–21).

There is few study using android fat mass and gynoid fat mass simultaneously to assess CVD and all-cause mortality, most previous studies focused on the risk of android fat mass and gynoid fat mass on cardiovascular events (12, 13). Our study will enrich the theory between android fat mass, gynoid fat mass and CVD mortality risk, and explore the association between android fat mass, gynoid fat mass and all-cause mortality. In addition, because of the standardized collection process and huge data volume of the NHANES database, it will be of great help to evaluate the relationship between android fat mass, gynoid fat mass and CVD and all-cause mortality. This study investigates the relationship between regional body fat [defined as android fat mass and gynoid fat mass in dual-energy x-ray absorptiometry (DXA)] and cardiovascular and all-cause mortality. We hypothesize that accurate measurement of site-specific body fat are the major predictors of cardiovascular and all-cause mortality.



Methods


Study subjects

The National Health and Nutrition Examination Survey (NHANES) is a population-based cohort study that collected data on adults and children's health and nutrition in the United States. The NHANES program began in the early 1960s as a series of surveys on different populations with various health and nutrition measures. The survey examines a nationally representative sample of approximately 5,000 people each year, randomly selected through a statistical process using U.S. Census information. NHANES defines baseline as the initial assessment of a participant's health status and risk factors at the beginning of the survey cycle. Follow-up refers to subsequent assessments conducted to track changes in health status and risk factors over time. NHANES is an ongoing, independent, nationally representative cross-sectional survey of non-institutionalized USA civilian populations conducted every 2 years. Interviews and physical tests are combined in this study, which is unique. The database includes demographic data, dietary, examination, laboratory, questionnaire, and limited access data (22).

We analyzed 20,470 participants data in the NHANES database 2003-2007, excluding those under 20 years old, missing information on android fat mass, gynoid fat mass, mortality, and the final included 6,631 subjects (Figure 1).


[image: Figure 1]
FIGURE 1
Study participant flowchart.




Exposure measurement

The International Society for Clinical Densitometry recommends Dual Energy x-ray Absorptiometry (DEXA) for measuring abdominal adiposity. DEXA's ability to accurately and precisely measure body fat mass in various body compartments has been well validated (23).

In NHANES, the android area is roughly the area around the waist between the mid-point of the lumbar spine and the top of the pelvis, and the gynoid area lies roughly between the head of the femur and mid-thigh. Whole-body DXA scans were obtained according to the manufacturer's recommended procedure on a QDR 4500A fan-beam densitometer. Certified radiology technologists administered the DXA examinations in the mobile examination center. All subjects were changed into paper gowns and were asked to remove all jewelry and other personal items that might interfere with the DXA examination. DXA exams were reviewed and analyzed by the UCSF Radiology Bone Densitometry Team using industry-standard techniques (24). All examinations were analyzed using Hologic Discovery software version 12.1 with default configuration, and the DXA instrument was calibrated as proposed by Schoeller et al. (25). The Hologic APEX software was used to define the android and gynoid regions in the scan analysis. Longitudinal monitoring was conducted through the daily spine phantom scans as required by the manufacturer, 3 times weekly whole-body slim-line phantom scans, and weekly air scans correct any scanner-related changes in participant data.



Covariate assessment

Current study's covariates included age, gender, education, race/ethnicity, uric acid, total serum cholesterol, albumin, Vitamin C, folate, alcohol drinking, smoking status, history of diabetes, and hypertension. These data were collected from personal interviews, physical examinations, laboratory tests, nutritional assessments, and DNA repositories in the National Health and Nutrition Examination Survey (NHANES). Information on age, gender, race/ethnicity, education, drinking status and smoking status was self-reported by participants of NHANES via standardized questionnaires. Age was divided into three stages: <40, 40–60 and ≥60 years old. Race/ethnicity was defined as non-Hispanic white, non-Hispanic black, Mexican American and others. Education was classified as lower than high school, high school and higher than high school. Drinking status was categorized as none, moderate drinking (0.1–27.9 g/day for men and 0.1–13.9 g/day for women) and heavy drinking (more than 27.9 g/day for men and more than 13.9 g/day for women) (26). Average daily alcohol consumption derived from the alcohol use questionnaire was: [(quantity × frequency)/365.25]. Smoking status was classified as none smoker, a former smoker and a current smoker based on two inquiries: “Have you smoked at least 100 cigarettes in life and do you smoke cigarettes now?” (27). Laboratory data included uric acid, serum total cholesterol, albumin, vitamin C, and folate. Participants were invited to a Mobile Examination Center (MEC), where trained medical professionals collected blood samples. The blood sampling procedure involved drawing blood from a vein in the participant's arm using a needle and syringe. The blood sample was then sent to a laboratory for analysis. The results of the blood marker test were then added to the NHANES database along with other data collected during the exam. Beckman Synchron LX20 was used to measure serum uric acid levels by colorimetry; an enzymatic method was used to measure serum total cholesterol levels; albumin was measured by solid-phase fluorescent immunoassay; vitamin C was measured electrochemically by isocratic high-performance liquid chromatography at 650 mV, and serum folate was measured by Quantaphase II radiometry.



Mortality data

Mortality status was ascertained from a linked mortality file prepared by the National Center for Health Statistics that contains a probabilistic match between NHANES and National Death Index (NDI) records; the follow-up time of this study was calculated from the examination date of NHANES 2003–2006 until the last known alive or censored date up to December 31, 2019. The mortality rate can accurately match each participant and be calculated as the number of deaths per unit of time (e.g., per year) among a specific population (e.g., by age group, race/ethnicity, or other demographic characteristics). Deaths from CVD were defined as deaths caused by cardiac diseases (codes I00–I09, I11, I13, I20–I51) or cerebrovascular diseases (codes I60–I69) (28). Meanwhile, we used sample weights to calculate estimates representing the U.S. civilian noninstitutionalized population or subpopulation. “PROC SURVEYREG” were used in computing descriptive and regression analyses.



Statistical analysis

We quadrifid the participants according to android fat mass (Q1: <1,487.40 g, Q2: 1,487.40–2,208.79 g, Q3: 2,208.80–3,036.09 g, and Q4: ≥3,036.10 g) and gynoid fat mass (Q1: <3,116.20 g, Q2: 3,116.20–4,053.39 g, Q3: 4,053.40–5,235.79 g, and Q4: ≥5,235.80 g). The characteristics of the study population were expressed as frequencies and percentages, as well as averages and standard deviations. ANOVA for continuous variables and chi-square test for categorical variables were used to test hypotheses about the baseline features of the population with 4 levels of android fat mass and gynoid fat mass.

The hazard ratios and 95 percent confidence intervals between android fat mass, gynoid fat mass with CVD, and all-cause mortality were evaluated using a weighted Cox proportional risk regression model adjusted for various covariates. In model 1, we adjusted for age. In model 2, further adjusted gender, race/ethnicity, education level, alcohol status, and smoking status. In model 3, further added uric acid, total serum cholesterol, albumin, Vitamin C, and folate. Model 4 was a fully adjusted multivariate model using all the covariates from model 3 and a history of hypertension and diabetes.

In at least one model, age, gender, smoking status, drinking status, history of diabetes, and hypertension showed significant deviation from proportional risks (P < 0.05). Consequently, Cox regression analyses were stratified according to these factors, facilitating the computation of distinct hazard ratios within each stratum. SAS software version 9.4 (SAS Institute, Cary, North Carolina) was used to analyze the data, and a Two-sided P value <0.05 was considered statistically significant.




Results


Characteristics of the subjects

Android fat mass quantiles: Q1: <1,487.40 g; Q2: 1,487.40–2,208.79 g; Q3: 2,208.80–3,036.09 g; Q4: ≥3,036.10 g, and gynoid fat mass quartiles: Q1: <3,116.20 g; Q2: 3,116.20–4,053.39 g; Q3: 4,053.40–5,235.79 g; Q4: ≥5,235.80 g.

Throughout the 10.41 person-years of follow-up in this study (median follow-up 10.83 years; maximum follow-up 13.08 years), 882 deaths occurred, including 205 deaths from CVD. As shown in Table 1, the distribution of age, gender, race/ethnicity, education, smoking status, drinking status, total serum cholesterol, albumin, Vitamin C, folate, history of diabetes and hypertension for android fat mass and gynoid fat mass were statistically significant (P < 0.05) in the analysis of baseline characteristics. Participants with the highest android fat mass and gynoid fat mass were more likely to be 40–60 years old, female, non-Hispanic black, had a higher education level, never smoked, never drank alcohol, and had no history of diabetes and hypertension. The smallest android fat mass group had the lowest Uric acid, Serum total cholesterol, Folate and the highest Albumin and Vitamin C, while the smallest gynoid fat mass group had the lowest Uric acid, Serum total cholesterol, Folate, Vitamin C and the highest Albumin.


TABLE 1 Baseline demographic characteristics of the study population, according to android fat mass and gynoid fat mass.
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Android fat mass, gynoid fat mass, and CVD, all-cause mortality

Table 2 shows the associations between android fat mass, gynoid fat mass, CVD, and all-cause mortality. In the fully adjusted model, the multivariable HRs (95% CIs) of all-cause mortality were 0.80 (0.61–1.04) in Q2, 0.62 (0.46–0.82) in Q3 and 0.64 (0.49–0.83) in Q4 for android fat mass (P trend = 0.0019), and 0.77 (0.61–0.97) in Q2, 0.60 (0.46–0.79) in Q3 and 0.61 (0.42–0.88) in Q4 for gynoid fat mass (P trend = 0.0134), respectively. The association between android fat mass and gynoid fat mass and CVD mortality was non-significant. We found that Q3 in android fat mass and gynoid fat mass had the smallest risk of all-cause mortality.


TABLE 2 Associations of android fat mass and gynoid fat mass with cardiovascular and all-cause mortality in U.S. adults aged at least 20 years.
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After that, we did a stratified analysis based on age, gender, smoking, alcohol, diabetes history, and hypertension history in Figure 2. When examining the relationship between android fat mass and CVD mortality, current smokers and current drinkers had the lowest CVD risk in Q2 [smoking: 0.21 (0.08, 0.52), drinking: 0.14 (0.04, 0.50)]. In diabetic patients, compared with Q1, other groups with increased android fat mass can significantly reduce the risk of CVD [Q4: 0.17 (0.04, 0.75), Q3: 0.18 (0.03, 1.09), Q2: 0.27 (0.09, 0.83)]. In ≥60 years old and female, the greater the gynoid fat mass, the smaller the HR of all-cause mortality [Q4 for ≥60 years old: 0.57 (0.33, 0.96), Q4 for female: 0.37 (0.23, 0.58)]. People <60 years old had a lower risk of all-cause mortality with gynoid fat mass in Q3 than those ≥60 years old [<60 years: 0.50 (0.27, 0.91), ≥60 years: 0.65 (0.45, 0.95)]. Among those without hypertension, the group with the largest android fat mass had the lowest risk of CVD mortality, and the group with the largest gynoid fat mass had the lowest risk of all-cause mortality [android fat mass: 0.36 (0.16, 0.81), gynoid fat mass: 0.57 (0.39, 0.85)].
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FIGURE 2
(A,B) Associations of android fat mass and gynoid fat mass with CVD and all-cause mortality Among different groups. Hazard ratios were adjusted for age, sex, race/ethnicity, education, alcohol, smoking, uric acid, serum total cholesterol, albumin, vitamin C, folate (RBC). History of Hypertension and history of diabetes. CVD, cardiovascular disease.





Discussion

In this large cohort study of the nationally-representative US population, android fat mass and gynoid fat mass were associated with risks of CVD and all-cause mortality. For older women, gynoid fat mass is a protective factor for all-cause mortality, when gynoid fat mass falls within the Q2–Q3 range, it exerts a more substantial protective effect on non-elderly individuals. Smokers and drinkers need to control their android fat mass to reduce CVD mortality, and being too thin can increase the risk of CVD mortality in diabetics. The non-hypertensive population with greater android fat mass and gynoid fat mass has a lower risk of CVD and all-cause mortality.

Obesity is a public health issue in high-income countries (29). Previous studies have shown that the amount of fat in the population has increased over the previous two decades, with the increase in younger age groups and women requiring special attention (30, 31). Obesity is measured by an increase in the number of adipocytes and excess fat stored in adipocytes. Body fat is mainly distributed in two main areas of the body. Therefore, it is often divided into subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) (32). The latest research on android and gynoid fat mass represents a novel and intriguing direction, as android fat distribution describes the distribution of body fat tissue, primarily around the trunk and upper body, in regions such as the abdomen, chest, shoulders, and back of the neck. This pattern may result in an “apple” body shape or central obesity, with visceral adipose tissue being predominant (33). Excess visceral tissue increases susceptibility to a variety of metabolic diseases, including impaired glucose and lipid metabolism, insulin resistance (34, 35), colon cancer (36), breast cancer (37), and prostate cancer (38), as well as more extended hospital, stays more infectious and non-infectious complications, and higher in-hospital mortality (39). Gynoid fat mass is body fat that grows around the buttocks, chest, and thighs (40) and is primarily used to give nutrients to the offspring. It is also known as “reproductive fat” because it contains long-chain polyunsaturated fatty acids (PUFA), which are necessary for fetal development (33). Android and gynoid fat mass tissues have different cellular properties, with the android type having larger adipose (hypertrophic) cells and the gynoid type having more adipocytes (hyperplasia) (41). These discrepancies could explain their differing roles in lowering or raising mortality.

Compared to those in the lowest group, individuals with the highest android fat mass had increased albumin and vitamin C, and reduced serum total cholesterol and folate. Previous research on albumin and adiposity is limited. However, one study found a negative relationship between blood glycated albumin and body fat (42), similar to our findings, but the mechanism is unknown. Plasma vitamin C concentrations have been shown to correlate inversely with body mass index (BMI), percent body fat, and waist circumference (43). A positive relationship between serum total cholesterol and body fat has been reported (44). Folic acid is involved in the body's fatty acid metabolism (45), and several previous studies have found lower serum folate concentrations in individuals with higher body fat (45–47), contrary to our findings. However, one study found a positive association between obesity and erythrocyte folate (48).

It is well known that too little and too much body fat are risk factor (49). Its protective U-shaped effect is similar to BMI. In our study with Q1 as a control, the risk of mortality was reduced in all other groups with increased fat mass, which shows the protective effect of body fat (50), the ability to store and supply energy, improve the efficiency of sugar utilization, conserve protein, protect and insulating impact, and promoting the absorption of fat-soluble vitamins have been widely demonstrated (51–53). Q3 had the lowest HR of the three groups. When fat mass increased, the risk of both CVD and all-cause mortality decreased, then increased, which is consistent with earlier research. Excess fat mass is linked to an increased risk of mortality, according to Anja M Sedlmeier (54), who found a J-shaped association between the two; notably, there are also some studies pointing to a monotonic positive association between adiposity and mortality, and a wealth of studies have now demonstrated associations of various shapes, with one review indicating that adiposity was linked to mortality in either a positive monotonic or J-shaped relationship (55). In addition, a similar study focused on the impact of muscle and body fat on mortality. The same database found that specific subgroups with low fat had the lowest risk of death (50). Regarding the physiological function of android and gynoid fat mass, android-obese individuals have higher hematocrit, red blood cell count, and blood viscosity than gynoid-obese individuals. They are, therefore, more prone to CVD (56). However, compared to android fat, the ratio of gynoid fat to total fat amount is negatively associated with risk factors for CVD (14). Furthermore, both android and gynoid fat are important risk factors for CVD in children, particularly boys (12). Although it appears that android fat is a risk factor for CVD, different groups have reached different findings about whether the effects of gynoid fat are favorable or negative. In light of our findings, one possible explanation for why increased android and gynoid fat confers a lower risk of cardiovascular mortality was that the value of Q1 in our subgroup was too low and represents a relatively undernourished group, implying that any increase in fat mass would result in some reduction in cardiovascular risk and all-cause mortality. However the risk was lowest in Q3.

Among a stratified analysis of android fat mass and CVD mortality, it was discovered that current smokers and current drinkers have the lowest CVD risk in Q2, indicating that smokers and drinkers need to control their android fat mass at a small level because smoking, excessive alcohol consumption, and obesity are all risk factors for CVD death (57–59), combining smoking or alcohol abuse with obesity significantly increases CVD mortality (60, 61). Android fat mass represents central obesity, and individuals with central obesity have a higher risk of CVD death than those with general obesity (62); the risk of CVD death in current smokers or drinkers increases as android fat mass increases. We also found that compared to Q1, other diabetic patients with greater android fat mass can significantly reduce the risk of CVD. On the one hand, previous research has demonstrated that android fat mass functions as a mediator in metabolic syndrome (63), which could explain why diabetic individuals with higher fat mass have a lower risk of CVD death. On the other hand, too little fat mass can harm people with diabetes. Body fat regulates insulin sensitivity and glucose metabolism (64). Insulin resistance, a critical factor in developing of type 2 diabetes, is often associated with excess fat accumulation in the body (65). However, having too little body fat can also lead to insulin resistance and impaired glucose metabolism, especially in people with type 1 diabetes (66, 67). In addition, low body fat levels can lead to other health problems, such as nutrient deficiencies, compromised immune function, and decreased bone density (68).

In stratified analysis, increased gynoid fat mass reduced the risk of all-cause mortality in women and the elderly. This may be due to the close relationship between gynoid fat mass and estrogen (69); estrogen has a significant effect on cardiovascular protection (70) and body metabolism (71), and the characteristic part of gynoid fat mass: buttocks fat deposition was thought to be associated with better lipid and blood glucose levels (72). In a systematic review, increases in hip and thigh circumference were associated with a reduced risk of death, with the effect being more pronounced in women (73). Gynoid fat mass-type fat accumulation was inversely associated with CVD and type 2 diabetes (74); our findings confirm that discrete fat depots exert health effects uniquely, and that modest increases in gynoid fat mass may be more beneficial to female health. Also, research has demonstrated that gynoid fat mass protects older adults (75, 76); the reason may be that gynoid fat mass reduces the cardiovascular risk (14), improves glucose metabolism (77), and is associated with reduced injury from falls (76, 78). Furthermore, we found that the protective effect of gynoid fat mass decreased in the Q3 group from non-elderly to elderly. This may be due to hormonal changes that redistribute body fat from the hips and thighs to the abdomen (79), increased total body fat and decreased muscle mass due to decreased muscle mass and physical activity in older adults (80), and these factors reduce the protective effect of appropriate gynoid fat mass.

Last but not least, among those without hypertension, those with large android fat mass and gynoid fat mass had a smaller risk of CVD and all-cause mortality. A previous study confirmed that systolic blood pressure was positively correlated with visceral robotic fat (81). Studies prove that abdominal (android) fat mass was associated with high blood pressure. This was thought to be because the fat cells in this area release hormones and other substances that can affect blood pressure regulation (82). Excess weight can also contribute to high blood pressure, and clinical trials have shown a reduction in CVD mortality after lowering blood pressure (83). Excess regional fat appeared to be a risk factor for CVD and all-cause mortality in hypertensive populations. Because the health damage caused by larger android fat mass and gynoid fat mass overrides the health protection, especially the accumulation of visceral fat, leading to insulin resistance, elevated blood sugar levels, high blood pressure and dyslipidemia, atherosclerosis, all of which are risk factors for CVD (84, 85). But our study may show that the overall protective effect of large android fat mass and gynoid fat mass outweighs the risk in the non-hypertensive population, however, it was essential to note that the relationship between body fat distribution and health outcomes is complex and may be influenced by other factors such as age, sex, and lifestyle habits.



Strengths and limitations

Based on the US NHANES database with a large population sample and established assessment methodologies, this study combined the effects of android and gynoid fat mass on CVD and all-cause mortality. However, there are a few flaws things to be aware of: (1) The time frame needs to be longer, and the follow-up years need to be longer. The NHANES database only investigated android fat mass and gynoid fat mass simultaneously and continuously during 2003–2007, which needs more context for the current study; (2) The index is too simple, and a new idea has been proposed in recent years: the obesity paradox, which states that people who are overweight or obese live longer, but our study does not define obesity criteria. Only fat mass was measured rather than a ratio, and the collected data are only absolute values, making it impossible to analyze an individual's fatness appropriately. Other studies have examined indicators, including the fat mass index (kg/m2), relative fat mass (RFM), and fat/lean ratio. Others have begun to look at the influence of the android/gynoid ratio on mortality; (3) The results of stratified analysis for diabetes differ from those of previous research. If our study could be divided into type 1 and type 2 diabetes, the results might have been better.



Conclusion

The effects of android and gynoid fat mass on CVD and all-cause mortality in an adult population were investigated in this study. It was found that moderate android fat mass and gynoid fat mass (Q3) had the most potent protective effect. Smokers and drinkers need to control their body fat. Being too thin is harmful to the health of people with diabetes. Increased gynoid fat mass is a protective factor for all-cause mortality in older adults and females. Young people's gynoid fat mass is more protective in the moderate range than older people's. If no high blood pressure exists, people with more android and gynoid fat mass have a lower risk of CVD or all-cause mortality.
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Case report: Acute pericarditis following hepatic microwave ablation for liver metastasis
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Hepatic microwave ablation (MWA) is a growing treatment modality in the field of primary and secondary liver cancer. One potential side effect is thermal damage to adjacent structures, including the pericardium if the hepatic lesion is located near the diaphragm. Hemorrhagic cardiac tamponade is known to be a rare but potentially life-threatening complication. Here we present the first case of cardiac complication following MWA treatment in a 55-year-old man who presented with late cardiac tamponade. Adequate and timely management is essential, and clinicians should be fully aware of the need to perform early transthoracic echocardiography to detect signs of pericardial effusion when cardiac involvement is suspected.
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Introduction

In the management of focal liver cancer, new approaches with reduced invasiveness have been developed, and image-guided thermal ablation is rapidly gaining acceptance in official therapeutic guidelines (1). Among them, microwave ablation (MWA) has been introduced, which is reported to be a safe procedure with no mortality and a low rate of major complications. On the other hand, the reported rate of cardiac complications with radiofrequency ablation (RFA) is 0.4% (2). Even though the needle temperature reached with MWA is higher than with RFA, no major cardiac complications following MWA have been reported so far, including in a large multicenter trial (3). We report the first case of cardiac complication following MWA, in the form of a late cardiac tamponade, which should raise the awareness regarding potential cardiac complications of MWA. Case Report: a 55-year-old man was admitted for hypotension and tachycardia to our emergency department. The patient had a history of colorectal adenocarcinoma with liver metastases in segment II (Figure 1, Panel A) and segment VII, treated with percutaneous MWA (Figure 1, Panel B) (1). The patient complained of short-term chest pain just after the MWA treatment, with spontaneous resolution. The ECG showed normal sinus rhythm and no signs of cardiac involvement were noted on clinical examination at discharge. A follow-up liver MRI obtained one month later showed a satisfactory treatment area and mild, asymptomatic pericardial effusion in a patient still asymptomatic for cardiac involvement. Thirty-four days later, the patient came to our attention because of progressive dyspnea and left shoulder pain. At physical examination, sinus tachycardia (HR 110 bpm) was present with a blood pressure of 100/60 mmHg. No signs of heart failure were present, and the rest of the physical examination was unremarkable. Blood test analysis showed a slightly elevated inflammatory marker (CRP 23 ng/L, upper limit 10 mg/L) and normal leucocyte count, compatible with the history of cancer. No sign of infection was present and renal function was normal (serum creatinine 87 umol/L). A chest x-ray showed signs of pleural effusion and an enlarged, globular shaped heart shadow suggestive of increasing pericardial effusion (Figure 1, Panel D). Transthoracic echocardiography confirmed the presence of a 6 cm circumferential pericardial effusion with compression of right chambers. Urgent pericardiocentesis was performed with resolution of symptoms, and 600 ml of serous fluid was drained; cytology showed no malignant cells. Due to the persistence of chest pain and dyspnea during the following days, a cardiac magnetic resonance (CMR) was performed. A relapse of pericardial effusion measuring 3.4 cm with the presence of fibrin was noted in steady-state free precession cine imaging (Figure 1, Panel E). On phase-sensitive late gadolinium enhancement (LGE) images acquired 10 min after intravenous injection of 0.2 mmol/kg of a gadolinium-chelate contrast medium (Gadobutrol, Gadovist, Bayer Healthcare, Berlin, Germany), diffuse and marked enhancement of the pericardium was found (Figure 1, Panel F and G). The pericardium was thickened (6 mm) with early signs of ventricular interdependence in real-time cine imaging (Figure 1, Panel H), consistent with a pattern of initial constriction. Due to the relapse of pericardial effusion, a collegial discussion determined that a pericardial window was necessary, which led to the complete drainage of the pericardial effusion. During the surgical intervention, another 500 ml of serous liquid was drained. The pericardium appeared visually thickened and fibrotic, in particular along the inferior wall of the left ventricle, close to the diaphragm. The patient was then treated with Non-Steroid Anti-Inflammatory Drugs (NSAIDs, ibuprofen 800 mg/day) and colchicine 1 mg/day for one month without recurrence. At 3 months follow-up a CMR was performed after NSAID withdrawal, and no signs of pericardial effusion or constrictive pericarditis were found.


[image: Figure 1]
FIGURE 1
Panel A: MR of the abdomen showing a liver metastasis in the VII segment (arrowed) Panel B: MR of the abdomen showing a liver metastasis in the II segment (arrowed) Panel C: Steady-state free precession cine of a short axsis at mid-ventricular lever imaging showing the pericardial effusion Panel D,E: T1 weighted inversion recovery gradient echo image showing pericardial thickening (6 mm) and circonferential pericardial effusion. Panel F: Real time cine showing the initial shift of the interventricular septum (arrowed).




Discussion

Percutaneous RFA and MWA procedures have gained considerable importance in the field of liver tumor treatment, mainly due to their minimally invasive nature and the few risks associated with them (2). Cardiac complications following thermal ablation are rare but can lead to high morbidity and mortality. The low incidence of cardiac complications has been attributed to the highly perfused nature of myocardium, causing marked convective heat loss (heat sink effect), protecting tissue from thermal injury. Additionally, the continuous motion of the beating heart results in only intermittent and brief exposure to the heat, and the continuous movement of the diaphragm sliding over the fixed liver capsule could dissipate heat as well (4). Self-limited pericardial effusion may sometimes occur in clinical practice after MWA procedures, but no data in the literature determined its real incidence. As for now, only cases of hemorrhagic cardiac tamponade following RFA have been described, and these usually become apparent immediately after the procedure (3, 5). Theoretically, adjacent tissues may be damaged with MWA as well as with RFA, but despite the higher needle temperature used during MWA, no cases of cardiac complications have been reported so far, including in multicentric studies (4, 6). MWA has other advantages; to cover a large ablation zone, MWA requires the insertion of a single antenna, whereas two electrodes are needed to achieve the same coverage with RFA, which likely increases the risk of organ perforation and bleeding. Despite this, the case of life-threatening MWA complication we report calls for attention to care teams. Depending on the positioning of the MWA antenna, planning a follow-up visit to assess the presence of pericardial effusion might be appropriate. In summary, we presented a unique complication of late pericarditis complicated by cardiac tamponade following MWA treatment of a liver tumor in segment II. Thermal ablation procedures may damage adjacent tissue, and interventional radiologists should be aware of this complication even when using MWA instead of RFA. Since such side-effects can lead to life-threatening complications, careful follow-up of pericardial effusion is desirable. Prompt and appropriate medical treatment is essential and whenever cardiac involvement is suspected, clinicians should proceed to serial transthoracic echocardiography to rapidly detect signs of pericardial effusion and cardiac tamponade.
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Trends in surgical aortic valve replacement in pre- and post-transcatheter aortic valve replacement eras at a structural heart center
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Background: The advent of transcatheter aortic valve replacement (TAVR) has directly impacted the lifelong management of patients with aortic valve disease. The U.S. Food and Drug Administration has approved TAVR for all surgical risk: prohibitive (2011), high (2012), intermediate (2016), and low (2019). Since then, TAVR volumes are increasing and surgical aortic valve replacements (SAVR) are decreasing. This study sought to evaluate trends in isolated SAVR in the pre- and post-TAVR eras.



Methods: From January 2000 to June 2020, 3,861 isolated SAVRs were performed at a single academic quaternary care institution which participated in the early trials of TAVR beginning in 2007. A formal structural heart center was established in 2012 when TAVR became commercially available. Patients were divided into the pre-TAVR era (2000–2011, n = 2,426) and post-TAVR era (2012–2020, n = 1,435). Data from the institutional Society of Thoracic Surgeons National Database was analyzed.



Results: The median age was 66 years, similar between groups. The post-TAVR group had a statistically higher rate of diabetes, hypertension, dyslipidemia, heart failure, more reoperative SAVR, and lower STS Predicted Risk of Mortality (PROM) (2.0% vs. 2.5%, p < 0.0001). There were more urgent/emergent/salvage SAVRs (38% vs. 24%) and fewer elective SAVRs (63% vs. 76%), (p < 0.0001) in the post-TAVR group. More bioprosthetic valves were implanted in the post-TAVR group (85% vs. 74%, p < 0.0001). Larger aortic valves were implanted (25 vs. 23 mm, p < 0.0001) and more annular enlargements were performed (5.9% vs. 1.6%, p < 0.0001) in the post-TAVR era. Postoperatively, the post-TAVR group had less blood product transfusion (49% vs. 58%, p < 0.0001), renal failure (1.4% vs. 4.3%, p < 0.0001), pneumonia (2.3% vs. 3.8%, p = 0.01), shorter lengths of stay, and lower in-hospital mortality (1.5% vs. 3.3%, p = 0.0007).



Conclusion: The approval of TAVR changed the landscape of aortic valve disease management. At a quaternary academic cardiac surgery center with a well-established structural heart program, patients undergoing isolated SAVR in the post-TAVR era had lower STS PROM, more implantation of bioprosthetic valves, utilization of larger valves, annular enlargement, and lower in-hospital mortality. Isolated SAVR continues to be performed in the TAVR era with excellent outcomes. SAVR remains an essential tool in the lifetime management of aortic valve disease.
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aortic valve, surgical aortic valve replacement, transcatheter aortic replacement, bioprosthetic aortic valve, aortic stenosis (AS), aortic insufficiency (AI), annular enlargement, short-term outcomes





Introduction

Aortic valve replacement remains one of the most commonly performed cardiac procedures; however, over the past decade there has been a shift in the management of aortic valve disease with the introduction of transcatheter aortic valve replacement (TAVR). TAVR was first approved and implemented in Europe, receiving Conformitè Europèenne (CE) Mark approval in 2007. However, it was not until November 2011 that TAVR was approved by the U.S. Food and Drug Administration (FDA) for use in patients with severe symptomatic aortic stenosis at prohibitive surgical risk and then in 2012 for patients considered high-risk for surgical aortic valve replacement (SAVR). Since 2019, TAVR has been approved for use in the United States for patients with severe symptomatic aortic stenosis at all levels of surgical risk (1). Although the overall volume of aortic valve replacements has increased since the approval of TAVR, stemming from dramatic expansion of TAVRs (13,723 total in 2011–2013 to 72,991 in 2019) (2), the annual number of SAVRs performed has decreased. Annual TAVR procedures now exceed all forms of SAVR (2, 3). These drastic changes in SAVR practice pattern have been associated with changes in patient population, surgical technique, and outcomes. However, the magnitude of these changes in contemporary SAVR remain underreported, especially at a practice-level. This study sought to examine trends in isolated SAVR and compare isolated SAVR in the pre-TAVR era (2000–2011) and the post-TAVR era (2012–2020). Clearer understanding of these trends may help to position SAVR more accurately as a key lifetime valve management therapy in cardiac surgery and structural heart practices.



Materials and methods


Study population

This retrospective review identified all adult (≥18 years) patients who underwent isolated SAVR at a single academic quaternary care institution from January 2000 to June 2020. Our institution participated in the investigational use of TAVR beginning in 2007 and established a structural heart center in 2012 when TAVR was approved for commercial use in the US. Of 3,861 isolated SAVRs, 63% (2,426/3,861) were performed in the pre-TAVR era (2000–2011) and 37% (1,435/3,861) were performed in the post-TAVR era (2012–2020). Aortic root replacements were excluded. Data were obtained from our institutional Society of Thoracic Surgeons (STS) Adult Cardiac Surgery Database and included pre-operative, operative, and post-operative data. Investigators utilized medical record review to supplement data collection. Since all data were deidentified, patient consent was waived by the institutional review board.



Statistical analysis

Initial analysis provided descriptive information on the demographic, clinical, and surgical characteristics. Categorical variables were reported as count (percentage) and continuous variables were summarized by median (lower quartile, upper quartile). Categorical comparisons between pre- and post-TAVR groups were performed using chi-square tests or fisher exact tests as appropriate. Continuous data were compared using t-test or Wilcoxon rank sum tests as appropriate. Logistic regression was used to assess risk factors for in-hospital mortality adjusting for group, age, sex, renal failure on dialysis, prior stroke, prior myocardial infarction (MI), heart failure, cardiogenic shock, and prior cardiac surgery. All statistical calculations were performed using SAS 9.4 (SAS Institute, Cary, NC) and were considered significant at p < 0.05.




Results


Demographics and preoperative data

The median age of the entire cohort was 66 years and was similar between groups. Males comprised a majority (62%) of the cohort. The post-TAVR group had more diabetes (30% vs. 26%, p = 0.01), hypertension (86% vs. 77%, p < 0.0001), dyslipidemia (82% vs. 60%, p < 0.0001), heart failure (78% vs. 52%, p < 0.0001), and pervious cardiac interventions (34% vs. 31%, p = 0.02) compared to the pre-TAVR group. Reoperative aortic valve surgery was more common in the post-TAVR group, both previous aortic valve repair (2.1% vs. 1.0%, p = 0.007) and replacement (5.3% vs. 3.9%, p = 0.04). Regarding operative indication, preoperatively 80% of cases had aortic stenosis (AS) and 78% had some degree of aortic insufficiency (AI). Twenty percent of the entire cohort had moderate-to-severe AI without AS. In the post-TAVR era, there was an increasing percentage of patients with isolated moderate-to-severe AI undergoing isolated SAVR (from 11% in the 2012 to 44% in 2020) (Figure 1). The post-TAVR group had lower STS Predicted Risks of Mortality (PROM) (2.0% vs. 2.5%, p < 0.0001) (Table 1, Figure 2).


[image: Figure 1]
FIGURE 1
The proportion of patients undergoing isolated surgical aortic valve replacement (SAVR) for isolated aortic insufficiency (AI) increased in the post-TAVR era from 11% of isolated SAVRs in 2011 to 44% of isolated SAVRs in 2020.
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FIGURE 2
The society of thoracic surgeons (STS) predicted risk of mortality (PROM) of patients undergoing isolated SAVR decreased in the post-TAVR era. Low risk (blue) = STS PROM ≤3%; Intermediate risk (orange) = 3%< STS PROM ≤8%; High risk (gray) = 8%< STS PROM ≤15%; Extreme risk (yellow) = STS PROM >15%.



TABLE 1 Demographics.
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Operative data

The number of SAVRs decreased in the post-TAVR era (Figure 3A) and decreased as the number of TAVRs at our institution increased (Figure 3B). Seventy-one percent of cases were elective SAVRs. The post-TAVR era had more urgent (36% vs. 23%), emergent (1.4% vs. 1.1%), salvage (0.1% vs. 0%) and less elective SAVRs (63% vs. 76%) than the pre-TAVR group (p < 0.0001). Eighty-one percent of patients underwent AVR via a full sternotomy; however, the post-TAVR era had more minimally invasive AVRs compared to the pre-TAVR era (19% vs. 15%, p = 0.005). SAVR was a redo-cardiac surgery in 17% of cases and was similar between pre- and post-TAVR groups (16% vs. 18%, p = 0.12). Among the reoperations, 55% (348/635) were prior valves, consisting mainly of prior aortic valves with 5 TAVR explants. Cardiopulmonary bypass time was similar between pre- and post-TAVR groups (107 vs. 106 min, p = 0.55); however, the post-TAVR group had slightly longer aortic cross-clamp times (82 vs. 80 min, p = 0.01) compared to the pre-TAVR group. In the entire cohort, the majority of aortic valves implanted were bioprosthetic (78%) with a median valve size of 23 mm. During the post-TAVR era, more bioprosthetic valves (85% vs. 74%, p < 0.0001) and larger valves (25 vs. 23 mm, p < 0.0001) were implanted compared to the pre-TAVR era (Figure 4). Among the bioprosthetic valves, the majority of valves implanted were stented valves across both the pre- and post-TAVR groups (76% vs. 78%, p = 0.40). Although more bioprosthetic valves were implanted in the post-TAVR era, the growing trend of increased implantation of bioprosthetic valves preceded TAVR approval (Figure 5). Annular enlargement was more commonly performed in the post-TAVR era (5.9% vs. 1.6%, p < 0.0001) (Table 2).


[image: Figure 3]
FIGURE 3
(A) The number of isolated surgical aortic valve replacements (SAVRs) performed annually decreased since the advent of transcatheter aortic valve replacement (TAVR) in 2011. (B) Over the years since TAVR approval, the number of TAVRs has increased while the number of SAVRs has decreased. TAVRs now make up a majority (90% in 2020) of isolated aortic valve replacements (AVRs) at a single institution with a structural heart center.
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FIGURE 4
The median size of the surgical aortic valve implanted increased in the post-TAVR era (25 [23, 27] mm) compared to the pre-TAVR era (23 [21, 25] mm).
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FIGURE 5
Over the past two decades, utilization of bioprosthetic heart valves has increased while mechanical valves decreased; however, this trend pre-dated the TAVR era. Since 2018, mechanical valve use is on the rise.



TABLE 2 Operative data.

[image: Table 2]



Postoperative outcomes

The post-TAVR group received less blood product transfusion than the pre-TAVR group (49% vs. 58%, p < 0.0001). Among those requiring transfusion, the post-TAVR group required less packed red blood cells (2 [1, 4] vs. 2 [2, 4] units, p = 0.0002). The post-TAVR group had less postoperative renal failure (1.4% vs. 4.3%, p < 0.0001) but similar rates of renal failure requiring dialysis (1.3% vs. 2.1%, p = 0.08). The post-TAVR groups had less pneumonia (2.3% vs. 3.8%, p = 0.01) but longer time in the intensive care unit (48 vs. 40 h, p < 0.0001). Despite longer time in the ICU, the post-TAVR group had a shorter postoperative length of stay (6 [5, 8] vs. 6 [5, 9] days, p = 0.046). Mortality improved across the study period; the post-TAVR group had lower in-hospital mortality (1.5% vs. 3.3%, p = 0.0007) than the pre-TAVR group (Table 3).


TABLE 3 Postoperative outcomes.

[image: Table 3]

Logistic regression demonstrated age (OR = 1.04 [95% CI: 1.02, 1.06], p < 0.0001), prior stroke (OR = 2.06, [95% CI: 1.17, 3.62], p = 0.01), renal failure on dialysis (OR = 5.86, [95% CI: 3.18, 10.8], p < 0.0001), heart failure (OR = 3.06, [95% CI:1.73, 5.44] p = 0.0001), cardiogenic shock (OR = 7.47, [95% CI: 2.82, 19.8], p < 0.0001), and pre-TAVR era (OR = 2.74, [95% CI: 1.63, 4.61), p = 0.0001) as independent predictors of in-hospital mortality (Table 4). Thirty-day readmission was 11% and statistically similar between groups.


TABLE 4 Risk factors for in-hospital mortality.
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Discussion

At a high-volume quaternary cardiac surgery center with a well-established structural heart program, isolated SAVR cases/year have decreased in the post-TAVR era in a similar fashion to what has been reported nationally (Figure 6). Comparing the pre- and post-TAVR eras, patients undergoing isolated SAVR in the post-TAVR era had lower STS PROM, more implantation of bioprosthetic and larger valves with more annular enlargement procedures, and better postoperative outcomes including in-hospital mortality (1.5% vs. 3.3%). Across both eras, SAVR continues to be safe and associated with a low overall morbidity and mortality.


[image: Figure 6]
FIGURE 6
Since the approval of TAVR in 2011, the number of TAVRs have been increasing while SAVRs have been decreasing. This trend at a quaternary heart center is similar to that seen nationally.


Over the past decade, multiple randomized control trials have shown the safety and efficacy of TAVR with 30-day mortality ranging from 0.5% to 3.9% (4–9). Since 2011, TAVR volume has grown annually, exceeding all forms of SAVR in 2019 (72,991 vs. 57,626) (2). Concomitantly, the patient population undergoing SAVR has evolved. This study found that patients undergoing SAVR in the post-TAVR era had lower STS PROM compared to the pre-TAVR era with 71% of patients undergoing SAVR in the post-TAVR era having a STS PROM ≤3% and 92% ≤8%, similar to the statewide experience in Michigan (10). This change may signify appropriate risk stratification under a Heart Team model and was likely due to more high-risk patients undergoing SAVR in the pre-TAVR era who are now undergoing TAVR. In the post-TAVR group, 6.8% (98/1,435) of patients were high or extreme risk (STS PROM >8%). Among the 98 high or extreme risk surgical patients in the post-TAVR era, 34% (33/98) had endocarditis and thus were not candidates for TAVR. All patients were evaluated by a multidisciplinary heart team and underwent pre-procedure CT assessment for anatomic candidacy. Common reasons patients were declined for TAVR include risk of coronary occlusion due to low coronary ostia heights or sinus sequestration due to long leaflet height and low sinotubular junction height. Patients with small surgical valves and likely pre-existing patient-prosthesis mismatch would also be referred for surgery. In addition, VIV TAVR was approved in 2015 for only failed surgical bioprosthetic valves in patients deemed high risk for open surgery (11).

These findings were consistent with a Society of Thoracic Surgeons-American College of Cardiology Transcatheter Valve Therapy Registry review by Carroll et al. (2), where the median STS PROM of patients undergoing TAVR from 2011 to 2019 was 5.2% higher than those undergoing SAVR in the post-TAVR era in this study (2.0%). Over time the STS PROM of patients undergoing TAVR decreased, from 6.9% before 2014 to 4.4% in 2019 (2), likely attributable to the broadening of indications for TAVR to intermediate- and low-risk patients. Similarly, in-hospital mortality of patients undergoing TAVR decreased from 5.4% before 2014 to 1.3% in 2019 (2). Therefore, in the TAVR era, mortality following aortic valve replacement (TAVR and SAVR) has significantly improved, <2% overall [TAVR 2.0% (2) and in this study SAVR 1.5%]. This underscores the evolution of aortic valve disease management over the last decade- with higher risk patients appropriately undergoing TAVR and lower risk patients undergoing SAVR.

TAVR has not only altered the patient population undergoing SAVR but also the operation itself, specifically the incision as well as the type and size of valve to be implanted. With the increased patient interest in minimally invasive surgery over the years, new technologies, and transcatheter techniques cardiac surgery and aortic valve replacements have evolved. Although the majority of SAVRs remain to be done via sternotomy, less invasive techniques such as mini-sternotomy or mini-thoracotomy are being employed. In this study, the post-TAVR era saw an increase in minimally invasive SAVRs (19% vs. 15%, p = 0.005). Minimally invasive AVRs have been shown to decrease length of stay, but have similar mortality and long-term results (12). However, it is important to recognize that patients undergoing minimally invasive AVR have less comorbidities and comprise a select cohort of AVR patients.

Now, bioprosthetic valves are the most commonly implanted, more than 85% (13). Lifetime valve management strategies now demand balancing considerations including valve durability, risk of reoperation, risk of long-term anticoagulation, and with the approval of valve-in-valve (ViV) TAVR in 2015 the possibility of a ViV TAVR following SAVR. Other studies (13) have shown an increased utilization of bioprosthetic valves in the current era as does this study in which 85% of valves implanted in the post-TAVR era were bioprosthetic compared to 74%. Although similar to mechanical valves in terms of survival (14), bioprosthetic valves are limited by durability. Durability and freedom from structural valve deterioration depend on a variety of factors including the valve model, age at valve implant, severity of valvular disease, and cardiac remodeling, but on average most valves are expected to last 10–20 years (15, 16). Therefore, younger patients often require more than one aortic valve intervention. Multiple combinations exist utilizing SAVR and TAVR for younger patients, yet no consensus exists for an optimal strategy (17). Interestingly, in this study, following a steady decline in the use of mechanical valves, since 2018 there was an increase (Figure 5). The renewed use of mechanical valves may represent a shift away from very young patients receiving biologic valves with the promise of future ViV TAVR as we have learned more about the feasibility of this strategy. However, in the era of TAVR, SAVR remains a valuable first option with low risk of morbidity and mortality as demonstrated by decreased postoperative complications and low mortality rate in this study. ViV TAVR could be an option for younger patients who underwent prior SAVR with a bioprosthesis; however, the SAVR valve must be a large enough valve (optimally ≥25 mm) to facilitate future ViV TAVR (18, 19).

Implantation of an appropriately sized valve for the patient is imperative; the inner diameter of the prosthetic valve should match the patient's native annulus (basal ring) (20) and patient-prosthesis mismatch (PPM) during the initial SAVR and future ViV TAVR should be considered. Patient-prosthesis mismatch occurs when the effective orifice area (EOA) of the implanted prosthetic valve is too small for the patient's body size (21) and contributes to structural valve deterioration (22, 23), associated with worse long-term survival (24). Aalaei-Andabili et al. (25) found the incidence of PPM was almost double following SAVR compared to TAVR (54% vs. 29%, p < 0.001), especially among patients receiving a valve size ≤23 mm (SAVR, 65% vs. TAVR, 48%, p = 0.048). To avoid PPM in the initial SAVR operation, aortic annular/root enlargement can be performed; as evident in this study where more annular enlargement procedures were performed and the median valve size of implanted valves increased to 25 mm in the post-TAVR era. Notably our patient population had more obesity and larger body surface areas, thus placing the patients at a higher risk of PPM.

SAVR provides the opportunity to up-size the valve, particularly with newer aortic root enlargement techniques. For example, the Y incision and roof patch technique described by Yang et al. (26–29) which can increase the implanted valve by five valve sizes to provide patients optimize hemodynamics, longevity of the bioprosthesis, and a better platform for future ViV TAVR. Although aortic root enlargement has not been widely adopted, it is now more commonly performed in the TAVR era. In this study, root enlargement increased from 1.6% in the pre-TAVR era to 5.9% in the post-TAVR era and the median valve size implanted increased from 23 to 25 mm. However, our operative mortality decreased by 50% (1.5% from 3.3%) during this timeframe. Shih et al. (30) and Coutinho et al. (31) found that adding an aortic root enlargement procedure to a SAVR does not increase surgical risk, but this is not yet a consensus. In one multi-institutional study utilizing the STS database (32), there was an increased risk of renal failure and operative mortality with aortic root enlargement. However, in that study the annular enlargement group received statistically smaller valves than the no annular enlargement group (22.7 vs. 23.2 mm, p < 0.001) with fewer patients in the annular enlargement group receiving a valve ≥23 mm (55% vs. 64%); additionally, the groups were different comparing patients with a small annulus (19–21 mm) needing aortic root enlargement to patients with a large annulus (≤23 mm) not needing aortic root enlargement.

In the current post-TAVR era, shared decision making for lifetime aortic valve disease management will lead many patients to choose TAVR, although the long-term outcomes of TAVR remain unknown. TAVR is a good option for many, in particular those at high surgical risk or older patients with a shorter life expectancy. For younger patients with life expectancy >10 years, especially low risk patients, SAVR remains a reasonable option with decades of data to support durability. The recent ACC/AHA guidelines (33) recommend SAVR in patients ≥65 with AS while TAVR should be considered in patients >65 years of age. Utilizing aortic annular/root enlargement, SAVR not only can provide a much larger valve to avoid PPM but also can protect the native aortic root and could potentially decrease the incidence of complete heart block and need for permanent pacemaker during TAVR by constraining the TAVR valve in the SAVR valve (2, 34–36). TAVR in TAVR, also called redo-TAVR may be feasible, but there are concerns for prohibitive coronary obstruction and sinus sequestration with the excursion of the index TAVR leaflets (37–40). Alternatively, SAVR after TAVR has been associated with a high operative mortality, up to 20% (41, 42), which is much higher than redo SAVR (43, 44). In summary, in the post-TAVR era, both SAVR and TAVR can be considered for lifetime management in patients with aortic valve disease. The Heart Team approach remains crucial for appropriate patient selection. At a high-volume academic center, the Heart Team discussion regarding the management of aortic valve disease is patient-centered and while shared decision making is emphasized, SAVR is and will continue to be an excellent option with low risk of morbidity and mortality and the option of future ViV TAVR, especially in the younger patient.

There are considerations when interpreting the results of this study. This study is limited by the retrospective design and single-center experience. In addition, our institution is a quaternary care institution with a structural heart center and may not translate to all facilities. And finally, this study is based on STS data elements and therefore is limited by lack of granularity and of mid- and long-term data regarding re-interventions and survival.



Conclusion

Isolated SAVR in the post-TAVR era (2012–2020) can be performed with excellent postoperative outcomes and low mortality. SAVR continues to evolve as is evidenced by increased implantation of bioprosthetic valves as well as larger valves to enable future valve-in-valve TAVR. SAVR remains a critical component in the lifetime management of aortic valve disease.
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Background: Danlou tablets exert auxiliary advantages in treating coronary heart disease (CHD), but a summary of evidence-based proof is lacking. This study aims to systematically evaluate Danlou tablets in treating CHD from two aspects, including efficacy and safety.



Methods: By a thorough retrieval of the four English databases, namely, PubMed, The Cochrane Library, Embase, and Web of Science, and the four Chinese databases, namely, CNKI, Wanfang, VIP database, and China Biomedical Literature Service System, we found all randomized controlled trials (RCTs) related to Danlou tablets in treating CHD. The retrieval time was from the construction of the database to April 2022. We engaged two researchers to screen the studies, extract the required data, and assess the risk of bias. We then used RevMan5.3 and STATA.14 software to conduct a meta-analysis. The Grading of Recommendations Assessment, Development, and Evaluation (GRADE) was used to evaluate the quality of outcome indicators.



Results: Seventeen RCTs involving 1,588 patients were included. The meta-analysis results are displayed as follows: clinical treatment effect [risk ratio (RR) = 1.22, 95% confidence interval (CI): 1.16, 1.28, P < 0.00001], angina pectoris duration [MD = −0.2.15, 95% CI: −2.91, −1.04, P < 0.00001], angina pectoris frequency [standard mean difference (SMD) = −2.48, 95% CI: −3.42, −1.54, P < 0.00001], angina pectoris degree [SMD = −0.96, 95% CI: −1.39, −0.53, P < 0.0001], TC [MD = −0.71, 95% CI: −0.92, −0.51, P < 0.00001], TG [MD = −0.38, 95% CI: −0.53, −0.22, P < 0.00001], low-density lipoprotein cholesterol [MD = −0.64, 95% CI: −0.76, −0.51, P < 0.00001], high-density lipoprotein cholesterol [MD = 0.16, 95% CI: 0.11, 0.21, P < 0.00001], and adverse events [RR = 0.46, 95% CI: 0.24, 0.88, P = 0.02].



Conclusion: The current evidence suggests that the combination of Danlou tablets and Western medicine can enhance the efficacy of CHD and does not increase adverse events. However, because of the limited number and quality of the included studies, the results of our study should be treated with caution. Further large-scale RCTs are necessary to verify the benefits of this approach.
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1. Introduction

Cardiovascular and cerebrovascular diseases remain the dominant causes of death (1). Cardiovascular disease killed 17.9 million people worldwide in 2016, according to the World Health Organization, of which about 34% were due to coronary heart disease (CHD). An estimated 23.3 million cardiovascular deaths will occur in 2030 (2, 3). CHD seriously harms human health and aggravates the public health burden with its extremely high mortality (1). CHD is a heart disease caused by myocardial ischemia and hypoxia resulting from coronary atherosclerosis that causes lumen hardening, stenosis, or obstruction (4). CHD patients mainly present chest tightness, chest pain, angina pectoris, and other symptoms, which may cause sudden death in severe cases, significantly affecting patients' daily lives and even threatening their lives (5).

CHD is caused by a combination of personal constitution, genetic background, and environmental factors, and its symptoms involve multiple organs and tissues, eventually spreading to the whole body (6). In the development of the disease, different groups present different clinical characteristics due to differences in personal fitness, environment, genetic background, and other factors. Individualized therapy has become a future development trend in medicine (7). Traditional Chinese medicine (TCM) emphasizes individualized treatment, of which the TCM syndrome is the core of diagnosis and the key to treatment (6). According to the characteristics of various symptoms, CHD is mainly divided into blood stasis, phlegm turbidity, cold coagulation, qi deficiency, yin deficiency, and yang deficiency syndromes (8). For example, as a representative of Chinese patent medicine for blood stasis syndrome, Shexiang Baoxin pills can improve the curative effect of Western medicine in treating CHD according to evidence-based medical research (9) and are strongly recommended for treating CHD and angina pectoris in the prevention and treatment guidelines for CHD in China (10). Danlou tablets, a representative medicine of TCM in treating CHD with blood stasis and phlegm turbidity syndrome, have the effects of clearing qi, comforting the chest, relieving phlegm, dispersing the knot, invigorating blood circulation, and eliminating stasis (11). They can also significantly reduce atherosclerosis, ischemia, and reperfusion injury and improve myocardial dysfunction (12). Experimental studies have indicated that these tablets regulate oxidative stress, prevent inflammation, and reduce lipid deposition (13).

The results of a large-scale survey involving 5,284 patients with coronary disease displayed the top three TCM syndromes: blood stasis (79.3%), qi deficiency (56.5%), and phlegm turbidity (41.1%) (7). Compared with Shexiang Baoxin pills, Danlou tablets seem suitable for more CHD patients. However, in the Clinical Application Guidelines for the Treatment of CHD of Chinese Patent Medicine (2020), the recommended intensity of Danlou tablets in treating CHD is weak (14). Therefore, more high-quality clinical studies and standardized systematic reviews on Danlou tablets in treating coronary heart disease are needed. Some clinical studies on Danlou tablets in treating coronary heart disease have been published. However, the design methods, efficacy evaluation criteria, and treatment courses of different studies are different. Therefore, our systematic evaluation aims to provide evidence-based support for the guidance of clinical and scientific medical work by evaluating the effectiveness and safety of Danlou tablets in treating CHD.



2. Methods


2.1. Study registration

This study was conducted per the guidance of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (the checklist is shown in Supplementary Table S1). In addition, the protocol and registration information can be found at https://www.crd.york.ac.uk/prospero/#searchadvanced (registration number: CRD42021274916).



2.2. Inclusion criteria


	(1)Research type: Randomized controlled trials (RCTs) were included.

	(2)Diagnostic criteria: Patients diagnosed with CHD, which belongs to phlegm turbidity, blood stasis, or phlegm turbidity combined with blood stasis in TCM, were included. CHD diagnostic criteria refer to the nomenclature and criteria for the diagnosis of ischemic heart disease formulated by the WHO (15). The TCM syndrome diagnostic criteria refer to the Guiding Principles for Clinical Research of TCM New Drugs. There is no limit on nationality, race, age, gender, or disease duration.

	(3)Interventions: The treatment group was treated orally with Danlou tablets combined with Western medicine, and the control group was given the same Western medicine alone or combined with Danlou tablets as a placebo.

	(4)Outcome indicators: The outcomes are as follows:



(1) Primary outcomes: These involved clinical treatment effects. According to WHO criteria, the efficacy of CHD is divided into the following categories (5): Significantly effective: angina pectoris symptoms disappeared obviously and electrocardiogram (ECG) was normal; effective: angina pectoris symptoms improved to a certain extent and the ECG was improved; ineffective: angina symptoms were not relieved and the ECG was not changed. The clinical treatment effect represents the proportion of significantly and effectively effective patients to total patients.

(2) Secondary outcomes: These involved improvement of angina pectoris (including the frequency, duration, and pain degree of angina pectoris); it was defined as an improvement of angina pectoris only when the frequency, duration, and pain degree of angina pectoris were all improved. Angina frequency was defined as the number of angina attacks per day or week after treatment. The duration of angina pectoris was defined as the duration of each episode of angina pectoris after the end of treatment, measured in minutes. The degree of pain from angina should be evaluated as the angina score at the end of treatment. Blood lipid improvement [including total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C)] and the incidence of adverse events were also recorded.



2.3. Exclusion criteria


	(1)Studies without diagnostic criteria or with diagnostic criteria errors;

	(2)Studies without outcome indicators or with incorrect or incomplete data;

	(3)Studies including patients after percutaneous coronary intervention (PCI); and

	(4)Repetitive studies or studies with duplicate study data.





2.4. Search methods for identifying studies

The RCTs of Danlou tablets in treating CHD were comprehensively searched in Chinese and English databases from the database establishment to April 2021. Retrieval databases included PubMed, the Cochrane Library, CNKI, EMBASE, Web of Science, Wanfang, and VIP database. The search terms were “Danlou tablet,” “coronary diseases,” “coronary heart diseases,” “angina pectoris,” etc. Supplementary Table S2 shows the search strategy in PubMed.



2.5. Data collection and analysis


2.5.1. Data extraction and management

Two researchers (PL and RW) screened the literature back to back, referring to the criteria above, and then cross-checked. A third researcher (WM) discussed the results after cross checking for any disagreement. After confirming the final included studies, we carefully read the complete study and extracted the required data.

The extracted data included the following: (1) general information (first author, publication year, samples in each group, baseline information, course of disease); (2) treatment protocol (name, medication frequency, and treatment course of oral drugs in each group); (3) risk bias assessment factors in RCTs; and (4) outcome indicators.



2.5.2. Assessment of risk of bias

We assessed the risk bias according to the RCT risk assessment tool recommended by the Cochrane Collaboration Handbook. Two researchers (PL and RW) completed risk bias assessments for each study. After completion, they cross-checked the data, and discussion was required in case of differences. If no agreement could be reached, negotiation with a third researcher (WM) was performed, and a final consensus would be reached.



2.5.3. Data synthesis

RevMan5.3 software was used for data synthesis. The dichotomous variables were expressed as a relative risk ratio (RR); for continuous outcomes, the weighted mean difference (WMD) and standard mean difference (SMD) were used as effect sizes for consistency and inconsistency between measuring tools and measuring units, respectively. All were presented as 95% confidence intervals (CIs). We used χ2 and I2 values to determine the heterogeneity. P ≥ 0.1, I2 ≤ 50% indicated low heterogeneity, and we chose a fixed-effects model. P < 0.1, I2 > 50% indicated significant heterogeneity, and then the heterogeneity was analyzed. We used subgroup or sensitivity analysis to explore the origin of heterogeneity and then used a random-effects model for merging after excluding apparent clinical and methodological heterogeneity. As recommended in the Cochrane manual, one-by-one elimination would be used in the sensitivity analysis to test the stability of meta-analysis results of indicators. For the primary outcome indicators, the publication bias was qualitatively detected by a funnel plot, and the potential publication bias was quantitatively evaluated by Egger's and Begg's tests.



2.5.4. Evidence quality evaluation

Two researchers (PL and RW) graded the outcome indicators by the Grading of Recommendation, Development, and Evaluation (GRADE) (16). Similarly, after completing the assessment, the two researchers cross-checked with each other, discussed with the third researcher (WM) for any disagreement, and finally reached a consensus.





3. Results


3.1. Studies' characteristics

A total of 416 pieces of related literature were obtained after preliminary examination, and 163 were obtained after eliminating duplication, of which 126 were excluded after reading titles and abstracts, and 37 remained. The full text of 37 studies was read, and 20 articles were excluded. Finally, 17 studies were included. Among the 20 excluded articles, 11 included patients after PCI as intervention objects, 6 did not specify the TCM syndrome type, 2 did not conform to the intervention plan, and 1 did not have the required outcome indicators. Figure 1 depicts a flow diagram of the literature screening process.


[image: Figure 1]
FIGURE 1
Flow diagram.


The essential characteristics of the included studies are presented in Table 1. Patients in the treatment group took Danlou tablets combined with Western medicine, and patients in the control group took only Western medicine. The characteristics of the intervention measures are presented in Table 2.


TABLE 1 Basic characteristics of the included studies.
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TABLE 2 Characteristics of the intervention measures.
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3.2. Risk of bias assessment

Among the 17 RCTs, 10 (17–26) were randomly assigned by the random number table method and rated as low risk, while the rest (27–33) did not describe the method of random sequence generation and were rated as unclear; only one (20) used double-blind and placebo controls, and the use of blindness and allocation hiding was rated as low risk, while the rest (17–19, 21–33) did not mention the use of blindness and allocation hiding and were rated as unclear; none of the studies (17–33) reported outcome indicators with incomplete information, and none of them had a selective reporting; thus, their risk rating was evaluated as low. For other biases, all (17–33) were evaluated as unclear. The bias risk assessment results are presented in Table 3.


TABLE 3 Risk of bias summary.
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3.3. Outcome indicators


3.3.1. Clinical treatment effect

Fourteen RCTs (17–21, 24–26, 28–33), including 1,352 patients, reported the effectiveness of clinical treatment, and heterogeneity test results indicated no heterogeneity (P = 0.95, I2 = 0%). By using a fixed-effects model, meta-analysis results showed a better effect in the treatment group than in the control group [(RR = 1.22, 95% CI: 1.16, 1.28, P < 0.00001)] (P < 0.05, Table 4). Due to the difference in the daily dose of Danlou tablets among the patients, we divided them into three subgroups, <3, ≥3, and <4.5, ≥4.5 g, according to the daily dose. Heterogeneity test results indicated no significant heterogeneity of the three subgroups: <3 g (P = 0.99, I2 = 0%), ≥3 and <4.5 g (P = 0.25, I2 = 26%), and ≥4.5 g (P = 0.99, I2 = 0%). By using a fixed-effects model, the results are as follows: <3 g [(RR = 1.21, 95% CI: 1.10, 1.32, P < 0.0001)], ≥3 and <4.5 g [(RR = 1.24, 95% CI: 1.14, 1.35, P < 0.00001)], and ≥4.5 g [(RR = 1.20, 95% CI: 1.11, 1.30, P < 0.0001)], indicating a better effect in the treatment group than in the control group in three subgroups (Table 5).


TABLE 4 Meta-analysis of the effectiveness of clinical treatment.
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TABLE 5 Subgroup analysis of clinical treatment effects.
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3.3.2. Duration of angina pectoris

Ten RCTs (18–24, 26, 31, 33), including 836 patients, reported the angina pectoris duration, and the results of the heterogeneity test suggested significant heterogeneity (P < 0.00001, I2 = 96%). We explored the source of heterogeneity through sensitivity analysis. The exclusion of any study had no significant effect on the heterogeneity results, indicating that interstudy heterogeneity did not affect the results, so we used a random-effects model to combine them. Results displayed lower angina pectoris duration in the treatment group than that in the control group [(MD = −0.2.15, 95% CI: −2.91, −1.04, P < 0.00001), Table 6]. In terms of the treatment course, among all the included studies, the treatment course in Tang (19) was 180 days, while it was 28 or 30 days in other studies. After excluding Tang (19), I2 was found to be 96%, and the heterogeneity did not change significantly. We divided them into three subgroups, <3, ≥3 and <4.5, and ≥4.5 g (Table 7), according to the daily dose of the Danshen tablet. Results showed significant intergroup heterogeneity of the three subgroups: <3 g (P = 0.03, I2 = 79%), ≥3 and <4.5 g (P < 0.00001, I2 = 87%), and ≥4.5 g (P < 0.00001, I2 = 87%). Results from a random-effect model are as follows: <3 g [(MD = −3.60, 95% CI: −4.90, −2.30, P < 0.0001)], ≥3 and <4.5 g [(MD = −1.86, 95% CI: −2.45, −1.27, P < 0.00001)], and ≥4.5 g [(MD = −1.72, 95% CI: −4.17, 0.73, P = 0.17)], indicating lower angina pectoris duration in the treatment group than that in the control group when the daily dose of Danlou tablets was <4.5 g (P < 0.05). There was no difference when the daily dose of Danlou tablets was more significant than or equal to 4.5 g (P > 0.05).


TABLE 6 Meta-analysis of the duration of angina pectoris.
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TABLE 7 Subgroup analysis of the duration of angina pectoris.
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3.3.3. Frequency of angina pectoris

Ten RCTs (18–24, 26, 31, 33), including 836 patients, reported the frequency of angina pectoris, and the results of the heterogeneity test suggested significant heterogeneity (P < 0.00001, I2 = 96%). We explored the source of heterogeneity through sensitivity analysis. The exclusion of any study had no prominent effect on the heterogeneity results, indicating no effect of interstudy heterogeneity on the results, so we combined them through a random-effects model. Since the measurement units of angina pectoris frequency differed in different research centers, SMD was used as a valid indicator for meta-analysis. Results indicated lower angina pectoris frequency in the treatment group than in the control group [(SMD = −2.48, 95% CI: −3.42, −1.54, P < 0.00001), Table 8]. In terms of the treatment course, among all the included studies, the treatment course in Tang (19) was 180 days, while in other studies, it was 28 or 30 days. After excluding Tang (19), I2 was found to be 96%, and the heterogeneity did not change significantly. We divided them into three subgroups: <3, ≥3 and <4.5, and ≥4.5 g subgroups (Table 9) according to the daily dose of the Danshen tablet. Heterogeneity test results showed a loss of heterogeneity in the <3 g subgroup (P = 0.87, I2 = 0%) and significant heterogeneity in the ≥3 and <4.5 g subgroup (P < 0.00001, I2 = 97%) and in the ≥4.5 g subgroup (P < 0.00001, I2 = 96%). Meta-analysis results, through a random-effects model, revealed that: <3 g [(SMD = −2.75, 95% CI: −3.12, −2.38, P < 0.0001)], ≥3 and <4.5 g [(SMD = −2.50, 95% CI: −3.94, −1.07, P = 0.0006)], and ≥4.5 g [(SMD = −2.27, 95% CI: −4.88, 0.33, P = 0.09)], indicating lower angina pectoris frequency in the treatment group than the control group when the daily dose of Danlou tablets was <4.5 g (P < 0.05), and there was no difference when the daily dose of Danlou tablets was ≥4.5 g (P > 0.05).


TABLE 8 Meta-analysis of the frequency of angina pectoris.
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TABLE 9 Subgroup analysis of angina pectoris frequency.
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3.3.4. Degree of angina pectoris

Six RCTs (18–21, 25, 33), including 504 patients, reported the angina pectoris degree (P = 0.0001, I2 = 80%). We explored the source of heterogeneity through sensitivity analysis. The exclusion of any study had no significant effect on the heterogeneity results, indicating that interstudy heterogeneity did not affect the result; thus, we combined them through a random-effect model. Since the measurement units of the degree of angina pectoris differed in different research centers, SMD could be used as a valid indicator in meta-analysis. Results displayed a lower angina pectoris degree in the treatment group vs. the control group [(SMD = −0.96, 95% CI: −1.39, −0.53, P < 0.0001), Table 10].


TABLE 10 Meta-analysis of the degree of angina pectoris.
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3.3.5. Total cholesterol

Three RCTs (24, 28, 32) including 228 patients reported TC. No heterogeneity could be seen from the heterogeneity test results (P = 0.63, I2 = 0%). Through a fixed-effect model, the results displayed a lower TC for the treatment group than that for the control group [(MD = −0.71, 95% CI: −0.92, −0.51, P < 0.00001), Table 11].


TABLE 11 Meta-analysis of TC.
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3.3.6. Triglyceride

Three RCTs (24, 28, 32), including 228 patients, reported TG. No heterogeneity could be seen from the heterogeneity test results (P = 0.47, I2 = 0%). Through a fixed-effect model, the results displayed a lower TG for the treatment group than that for the control group [(MD = −0.38, 95% CI: −0.53, −0.22, P < 0.00001), Table 12].


TABLE 12 Meta-analysis of TG.
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3.3.7. Low-density lipoprotein cholesterol

Three RCTs (24, 28, 32), including 228 patients, reported LDL-C. No heterogeneity could be seen from the heterogeneity test results (P = 0.50, I2 = 0%). Through a fixed-effect model, the results displayed lower LDL-C for the treatment group than that for the control group [(MD = −0.64, 95% CI: −0.76, −0.51, P < 0.00001), Table 13].


TABLE 13 Meta-analysis of LDL-C.
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3.3.8. High-density lipoprotein cholesterol

Three RCTs (24, 28, 32), including 228 patients, reported HDL-C. No heterogeneity could be seen from the heterogeneity test results (P = 0.44, I2 = 0%). Through a fixed-effect model, results displayed higher HDL-C for the treatment group than that for the control group [(MD = 0.16, 95% CI: 0.11, 0.21, P < 0.00001), Table 14].


TABLE 14 Meta-analysis of HDL-C.
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3.3.9. Adverse events

Seven RCTs (19, 20, 24, 25, 27, 28, 30), including 538 patients, reported an adverse event rate, of which four RCTs (19, 20, 24, 28) showed no adverse events in any of the groups. Meta-analysis results of adverse events reported in the remaining three RCTs (25, 27, 30) are presented in Table 15, indicating fewer adverse events in the treatment group than those in the control group [(RR = 0.46, 95% CI: 0.24, 0.88, P = 0.02), Table 15]. The proportion of adverse events is shown in Table 16.


TABLE 15 Meta-analysis of adverse events.
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TABLE 16 Proportion of the adverse events.
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3.4. Subgroup analysis

We conducted a subgroup analysis based on the course of treatment (Table 17). In the case of the clinical treatment effect, we used a fixed-effect model, which showed greater efficacy than the control group in the subgroups of 28, 30, and 56 days. However, the 180-day subgroup showed no difference in efficacy between the treatment and control groups [28 days: (RR = 1.24, 95% CI: 1.16, 1.34, P < 0.00001); 30 days: (RR = 1.19, 95% CI: 1.11, 1.29, P < 0.00001); 56 days: (RR = 1.20, 95% CI: 1.06, 1.36, P = 0.0003); 180 days: (RR = 1.20, 95% CI: 0.99, 1.44, P = 0.06)]. In the case of the duration of angina pectoris, we used a random-effects model, which showed greater efficacy than that of the control group in the subgroups of 28 and 30 days, but the 180-day subgroup showed no difference in efficacy between the treatment and control groups [28 days: (MD = −1.69, 95% CI: −2.29, −1.09, P < 0.00001); 30 days: (MD = −3.69, 95% CI: −4.33, −3.05, P < 0.00001); 180 days: (MD = −0.40, 95% CI: −1.15, 0.35, P = 0.30)]. In the case of the frequency of angina pectoris, we used a random-effects model, and the results indicated that each subgroup showed greater efficacy than the control group [28 days: (SMD = −2.22, 95% CI: −3.43, −1.01, P = 0.0003); 30 days: (SMD = −3.59, 95% CI: −5.02, −2.16, P < 0.0001); 180 days: (SMD = −0.67, 95% CI: −1.31, −0.03, P = 0.04%)]. In the case of the degree of angina pectoris, we used a random-effect model. The results showed that the subgroups with 28 and 30 days of treatment showed greater efficacy than the control group. However, the 180-day subgroup showed no difference in efficacy between the treatment and control groups [28 days: (SMD = −0.84, 95% CI: −1.45, −0.22, P = 0.008); 30 days: (SMD = −1.42, 95% CI: −2.01, −0.83, P < 0.00001); 180 days: (SMD = −0.26, 95% CI: −0.89, 0.36, P = 0.41)].


TABLE 17 Subgroup analysis results.
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3.5. Sensitivity analysis

Through STATA.14 software, sensitivity analysis was conducted for all outcome indicators, including clinical treatment effect, improvement of angina pectoris (pain frequency, duration, and degree), blood lipid status (TC, TG, LDL-C, and HDL-C), and adverse events. Results showed no significant change in the size of the effect of the outcome indicators after excluding any study, indicating reliable and stable meta-analysis results (Figures 2–10).


[image: Figure 2]
FIGURE 2
Sensitivity analysis of the effectiveness of clinical treatment.
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FIGURE 3
Sensitivity analysis of the frequency of angina pectoris.
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FIGURE 4
Sensitivity analysis of the duration of angina pectoris.
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FIGURE 5
Sensitivity analysis of the degree of angina pectoris.
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FIGURE 6
Sensitivity analysis of TC.
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FIGURE 7
Sensitivity analysis of TG.
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FIGURE 8
Sensitivity analysis of LDL-C.
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FIGURE 9
Sensitivity analysis of HDL-C.
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FIGURE 10
Sensitivity analysis of adverse events.




3.6. Publication bias

A funnel plot detected publication bias in the primary outcome indicators. As shown in the figure, the asymmetric funnel plot indicated that publication bias might exist (Figure 11). Subsequently, Egger's and Begg's tests were used. Egger's test (P = 0.0726 > 0.05) suggested no publication bias, and Begg's test (P = 0.0487 < 0.05) suggested publication bias. To sum up, publication bias exists.


[image: Figure 11]
FIGURE 11
Funnel plot of clinical treatment effects.




3.7. Overall quality of evidence by GRADE

The available evidence was evaluated using the GRADE method. Clinical treatment effect, improvement of angina pectoris (duration, frequency, and degree), and incidence of adverse events were rated as “low.” The downgraded contents included the following: (1) some studies did not describe randomization, and only one study described participants, personnel, and outcome assessments; and (2) publication bias from a funnel plot test was shown. Improvement of blood lipids (TC, TG, LDL-C, and HDL-C) was rated as “very low,” and the downgraded contents included the following: (1) some studies did not describe randomization, and only one study described participants, personnel, and outcome assessments; (2) due to the small number of studies included and the wide confidence interval, the downgrade was carried out; and (3) publication bias from a funnel plot test was shown (Table 18).


TABLE 18 GRADE summary table of outcome indicator evidence quality.

[image: Table 18]




4. Discussion

The deposition of coronary artery lipids, the formation of atherosclerotic plaque, and disorders of lipid metabolism are involved in the pathogenesis of CHD. Therefore, while improving the myocardial blood supply, it is essential to regulate the concentration of blood lipids, enhance the cardiomyocyte's tolerance to ischemia, and improve the state of blood hypercoagulation (34). Guideline-recommended drugs such as aspirin, statins, angiotension converting enzyme inhibitors (ACEI)/angiotonin receptor blockers (ARBs), and β-blockers are widely used to prevent and treat CHD (35). However, the actual use situation and clinical efficacy are not optimistic (36, 37), related to individual patient differences, compliance, and adverse drug reactions (7, 38). Therefore, guideline-based standardized therapy should also consider individual patient differences, and seeking complementary or alternative therapies for CHD is necessary.

In the concept of TCM, CHD belongs to “Xiong bi” (chest obstruction) and “zhen xin tong” (absolute heart pain) and is the disease of intermingled deficiency and excess, with asthenia in origin and superficiality. The deficiency is dominated by qi deficiency, and the excess is dominated by blood stasis and phlegm turbidity (39, 40). Danlou tablets are composed of Danshen (Radix Salviae Miltiorrhiae), Gualou (Fructrs Trichosanthis), Gegen (Radix Puerariae), Chishao (Radix Paeoniae Rubra), Xiebai (Bulbus Allii Macrostemi), Chuanxiong (Rhizoma Chuanxiong), Yujin (Radix Curcumae), Zexie (Rhizoma Alismatis), Huangqi (Radix Astragali), and Gusuibu (Rhizoma Drynariae), which has the effect of relieving chest, dispelling phlegm, dispersing knot, and activating blood to remove stasis. Therefore, it plays a good role in treating CHD of blood stasis and phlegm turbidimetry syndromes (41). Experimental studies have fully exemplified that Danlou tablets can reduce myocardial ischemia and reperfusion injury (42), regulate procholesterol efflux, and perform anti-inflammation by activating the PPARα/ABCA1 signaling pathway; concurrently, the NF-κB signaling pathway is prevented, thereby playing its role in alleviating atherosclerosis (13). The main chemical components of Danlou tablets include flavonoids, tanshinones, protostane triterpenoids, and paeoniflorin (43), which have antioxidant, antiplatelet aggregation, and antithrombosis effects and are the main bioactive compounds used to treat cardiovascular diseases (6).

Our results indicated a better effect of Danlou tablets combined with Western medicine than Western medicine alone in treating CHD, mainly in improving the clinical treatment effect, reducing the angina pectoris attack frequency, shortening the angina pectoris attack duration, reducing the angina pectoris degree, reducing TC, TG, and LDL-C levels, and improving HDL-C levels. We evaluated the quality of evidence for outcome indicators using the GRADE method. The quality of evidence for clinical treatment effect, improvement of angina pectoris (duration, frequency, and degree), and incidence of adverse events were “Low.” The quality of evidence regarding the improvement of blood lipids (TC, TG, LDL-C, and HDL-C) was “very low.” Clinical treatment efficacy is a common index for evaluating the TCM curative effect, which can reflect the overall therapeutic effect. The results showed a better clinical treatment effect of Danlou tablets combined with Western medicine than in treating CHD alone. Subgroup analysis results showed that a high dose (≥4.5 g per day) or a low dose (<4.5 g per day) of Danlou tablets could improve the therapeutic effect. Combined with the effect size, the efficacy of a low dose was better than that of a high dose. It can be seen from the results of the meta-analysis that adding Danlou tablets to conventional Western medicine treatment could improve the frequency, duration, and pain degree of angina pectoris. Subgroup analysis results displayed no difference in the angina pectoris frequency and the duration between the two groups when the dose of Danlou tablets was ≥4.5 g per day (P > 0.05). Since the observation time of one study (19) was 6 months, much longer than that of the other studies, we suspected that the treatment course affected the difference between the two groups. However, when we excluded this study, the results did not change, and the sensitivity analysis showed that excluding any of the studies would not change the robustness of the results. We conducted a subgroup analysis based on the course of treatment to explore the effects of different treatments on the results. The results showed the worst outcome for 180 days of treatment, and even no difference in efficacy from the control group, which may be associated with two studies of 180 days in the high-dose group (≥4.5 g per day) (19, 32). Therefore, low-dose Danlou tablets may have a better effect on angina pectoris. Dyslipidemia is a significant critical risk factor for CHD, and prevention and reasonable control of dyslipidemia can significantly change the morbidity and mortality of cardiovascular diseases (44, 45). Meta-analysis results showed that Danlou tablets had positive efficacy in reducing TC, TG, and LDL-C levels and improving HDL-C levels. Despite the high homogeneity of the study results and robust results by sensitivity analysis, only three studies reported changes in blood lipids with a small sample size; therefore, more large clinical studies are required to confirm this conclusion. Adverse events are crucial indicators to evaluate the feasibility of treatment. Meta-analysis results showed no increase in the incidence of adverse events from Danlou tablets, but it was not clear whether Danlou tablets could reduce the adverse reactions caused by Western drugs because most of the studies reporting adverse reactions were conducted for a short period (6 months in one study, 8 weeks in one study, and 4 weeks in the others). Adverse events were observed in only three studies, so more long-term follow-up studies are needed to evaluate the impact of Danlou tablets on adverse events.

Heterogeneity analysis indicated that the results of the heterogeneity test in regard to the frequency, duration, and degree of angina pectoris showed significant heterogeneity; although subgroup analysis based on the dose of the Danshen tablet was performed, the heterogeneity was not eliminated. We also analyzed heterogeneity through the course of treatment. Since one of the included studies (19) had a course of 6 months and the remaining studies had a course of 28 or 30 days, heterogeneity remained the same when we excluded the study with a long course. Therefore, the dose and course of treatment of Danlou tablets may not be the primary sources of heterogeneity. Through a detailed comparison of the characteristics of the included studies, it was found that differences in Western medicine treatment options may have brought about more pronounced heterogeneity since the types and doses of Western oral medicine were not wholly the same among patients in all studies, and some studies did not report the name and dose of western medicine. In addition, there was also a specific difference in the patients' ages, which ranged from 48.88 ± 5.01 to 69.93 ± 2.04, with a large span. Despite the heterogeneity of some outcome indicators, sensitivity analysis showed that all meta-analysis results were robust.

Our meta-analysis had the following limitations: (1) The Western medicine treatment regimens in all the studies were not identical, and the age span of the patients in the study was large, which may increase clinical heterogeneity. (2) The blind method and concealment of distribution concealment were not reported in most studies, which may lead to a bias in the efficacy of Danlou tablets. (3) A small sample size was included in most studies conducted in just one clinical trial center.



5. Conclusion

The current evidence suggests that the combination of Danlou tablets and Western medicine can enhance the efficacy of CHD and does not increase adverse events. However, because of the limited number and quality of the included studies, the results of our study should be treated with caution. Further large-scale RCTs are necessary to verify the benefits of this approach.
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Intracoronary imaging-guided rotational atherectomy combined with intravascular lithotripsy in the treatment of severe coronary artery calcification—A case report
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Background: Severe coronary artery calcification increases the difficulty of percutaneous coronary intervention procedures and impairs stent expansion. Herein, we report a case of a patient who was successfully treated with rotational atherectomy using a stepped burr strategy combined with intravascular lithotripsy for plaque modification under intracoronary imaging.



Case summary: A 65 year-old woman presented to our hospital with recurrent chest pain evolving for 1 year. Coronary angiography showed approximately 80% stenosis of the proximal mid-left anterior descending artery. Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) revealed a 360° annular calcification. The calcification was rotablated with 1.5 and 1.75 burrs, and the lesion was undilatable with a 3.0 mm non-compliant balloon at 14 atm. Subsequently, the intravascular lithotripsy was reset for the modification of the calcified lesion. A shockwave balloon measuring 3.0 mm × 12 mm was delivered, and 40 pulses were performed at 6 atm. Intravascular imaging modalities (IVUS and OCT) revealed a circumferential calcified plaque with deep fractures. After post-balloon expansion followed by drug-eluting stent placement with a final stent expansion of 84%, there were no intraoperative complications and no major adverse cardiovascular events within 90 days postoperatively.



Conclusion: A combination of rotational atherectomy and intravascular lithotripsy may be an effective and complementary strategy for the treatment of severely calcified lesions that cannot be resolved using a single procedure. However, more clinical studies are required to clarify this finding.



KEYWORDS
severe coronary artery calcification, intravascular lithotripsy, rotational atherectomy, percutaneous coronary intervention, intracoronary imaging





1. Introduction

Severely calcified coronary lesions pose a specific challenge as balloon dilatation and stent placement can be difficult or even impossible, often leading to suboptimal stent expansion, which in turn is a major cause of stent restenosis and thrombosis. In 2020, the Society for Cardiovascular Angiography and Interventions published the procedure for calcification diagnosis and treatment, which suggested the use of rotational atherectomy (RA) and intravascular lithotripsy (IVL) in patients with severe calcification. However, at that time, IVL was not approved by the Food and Drug Agency (1). RA cannot disrupt the deep part of the calcified lesion, even if the size of the burr is upgraded. Nevertheless, IVL can be used to administer shock to the deep part of the calcified lesion and break it. The combination of these two techniques enables a more optimal endpoint for plaque modification. Herein, we report a case of a patient who was successfully treated with RA using a stepped burr strategy combined with IVL for plaque modification. We explored whether upgrading the rotational burr or applying IVL is the optimal treatment when the initial burr of RA cannot significantly modify the plaque.



2. Case description

A 65 year-old woman with no hypertension, diabetes, or smoking history was admitted to China-Japan Union Hospital of Jilin University for recurrent chest pain evolving for 1 year. On admission, electrocardiography showed ST hypoplasia and T wave inversion in leads V1-V6. Cardiac ultrasonography revealed an ejection fraction of 64% with no structural changes. Blood analysis showed the following findings: cTn I, 0.02 ng/ml; NT-proBNP, 104 pg/ml; CHOL, 2.94 mmol/L; HDL-C, 0.96 mmol/L; and LDL-C, 1.55 mmol/L. Coronary angiography showed approximately 80% stenosis in the proximal mid-segment of the left anterior descending (LAD) artery and approximately 60% stenosis in the opening of the left diagonal artery (Figure 1A). Intravascular ultrasound (Boston Scientific Corporation, Maple Grove, MN) revealed calcification of the anterior descending artery in a 360° loop with a minimum lumen area (MLA) of 2.23 mm2 (Figure 1A1). A 1.5 mm burr of 150,000 r/s was applied to rotablate the LAD artery calcification (Figure 1B), and dilatation (2.75*15 mm NCB, Boston Scientific) was performed at 14 atm (Figure 1B1). The lesion clearly showed a “dog-bone” image (Figure 1C). After a stepped burr strategy with a 1.75 mm burr of 150,000 r/s, 3.0 mm × 12 mm non-compliant balloon (Boston) dilatation was performed (14 atm), and the lumen was enlarged without calcification fracture (Figure 1C1). At this point, the MLA was 2.09 mm2 (Figures 1D, D1). The maximum thickness and length of the calcification were approximately 1.1 mm and 21 mm, and calcium burden is 101%. A 3.0 mm shockwave balloon (Shockwave Medical, lnc, Betsy Ross Drive Santa Clara, CA) was applied to the LAD artery lesion (Figure 1E) at 6 atm with 40 pulses from far to near. Optical coherence tomography (Abbott Vascular, Santa Clara, CA, USA) showed a maximum fracture depth of 0.98 mm and an MLA of 2.77 mm2 (Figure 1E1). Finally, a drug-eluting stent (Boston Scientific) measuring 2.75 mm × 32 mm was implanted smoothly with a minimum stent area (MSA) of 5.51 mm2 and stent expansion rate of 84% (Figure 1F1). No significant calcification was observed at the diagonal artery, and non-compliant balloon (Boston) dilatation without stent placement was performed. Longitudinal reconstruction images showed the entire percutaneous coronary intervention procedure (Figure 2). The patient achieved hemodynamic recanalization with no intraoperative adverse events and no major adverse cardiovascular event (MACE) at the 90 day postoperative telephone follow-up.


[image: Figure 1]
FIGURE 1
Pictures (A1, B1, C1) were taken with echoPlaque 3.0 (INDEC medical systems, Inc, mountain view, CA). (A) Baseline coronary angiogram. (B) Rotational atherectomy. (C) Failed dilation after 1.5 mm burr. (D) Angiogram after 1.75 mm burr and balloon dilation. (E) shockwave balloon. (F) Post-DES of LAD. (A1) The IVUS showed a 360° loop calcification. (B1) The IVUS imaging after 1.5 mm burr rotation. (C1) The IVUS imaging after 1.75 mm burr rotation. (D1) The OCT imaging showed no calcium fracture after rotational atherectomy procedure. (E1) Over three places of calcium fracture after IVL. (F1) Final OCT post stent.
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FIGURE 2
Tissue and lumen display mode, pictures (A–C) were taken with echoPlaque 3.0, pictures (D) and (E) showed longitudinal and 3D OCT views.




3. Discussion

Coronary artery calcification increases with age, and approximately 73% of coronary lesions show calcification on IVUS (2). Severely calcified coronary lesions increase the difficulty and risk of interventions and remain an important cause of in-sent restenosis (ISR) and thrombosis after drug-eluting stent placement. No single procedure can solve all calcification-related problems. In our patient, intracoronary angiography showed a stenosis rate of 80%. However, angiography underestimates calcified lesions to a certain extent, and it is necessary to assess the severity and characteristics of the plaque using intracoronary imaging modalities. The patient had a 360° loop calcification with a maximum thickness and length of 1.1 mm and 21 mm, respectively, resulting in a calcium score of 4 (3). We performed RA using a stepped burr strategy and applied two burr sizes (1.5 mm–1.75 mm) successively for plaque treatment. A non-compliant balloon (NCB) was applied after expansion and rotablation, with no fracture of the calcification and no intraoperative adverse events such as entrapment or perforation. After the popularity of drug-eluting stents, RA has become significantly beneficial for the management of calcified plaques (4). RA is an effective treatment for most calcifications. With advances in the RA procedure, the incidences of slow flow and perforation have significantly reduced, with a recent study showing an incidence rate of 1.1%–1% (5). However, in cases of dramatic calcification, simple RA using a stepped burr strategy has limitations. Unlike RA that enhances superficial calcification modification, IVL characterized by circumferential modification has the potential advantage of uniform energy distribution (6), causing calcification breakage, in which the broken plaque remains in place and contributes to increasing vascular compliance as well as stent apposition and expansion (7). After rotablation, the calcification underwent a full and multiple fracture with IVL for plaque modification while using only one shockwave balloon guidewire and 40 pulses. Another advantage of IVL is its low complication rate. In the DISRUPT III study, the rate of serious intraprocedural complications was only 0.5% (8), whereas in the DISRUPT IV study, the rate of serious contrast-induced complications in the Asian population was 0% (9). According to a review (10), the incidence of MACE at 30 days was the same between the ROTAXUS and DISRUPT I trials; however, in terms of long-term outcomes, the 6- and 9 month incidences of MACE in the CAD I and ROTAXUS trials were 8.3% and 24.2%, respectively. IVL may have a lower incidence of long-term MACE than RA, and patients with severely calcified lesions often have more complex conditions such as hypertension, diabetes mellitus, chronic kidney disease, and cardiac insufficiency. Compared with a single procedure, a combination of RA and IVL seems to be more effective. After the proposition of the combined Rota-Tripsy (IVL + RA) procedure by Alfonso et al. (11), a case series of Rota-Tripsy for severe calcification was reported (12), demonstrating a good clinical effect of the combined procedure. The different modes of action of IVL and RA provide for a synergistic approach in certain lesions, with some requiring upfront RA by intimal calcium ablation to debulk the luminal calcium, thereby facilitating IVL balloon delivery; RA enables initial lesion modification and facilitates the passage of balloon catheters. IVL triggers intimal and medial calcium breakage, allowing for the final successful dilatation of heavily calcified lesions.

In most cases, initial NCB predilatation is sufficient to facilitate shockwave IVL access. However, if there is difficulty crossing the lesion with contemporary low-profile balloon catheters, RA will remain the first-line therapy (13). Furthermore, rotary abrasion is currently used more for plaque modification than plaque ablation (14). Minor burrs have also been recommended as an initial strategy for plaque modification (15, 16). RA can initially modify the intimal plaque, creating a pilot channel to advance the lithotripsy balloon. This achieves a successful deep calcium breakage, increasing luminal distensibility for proper stent expansion, which requires an objective assessment by IVUS/OCT. In most cases, if the IVUS/OCT guidewire can pass through the calcified plaque, then the shockwave balloon guidewire can also pass through the lesion without the need for pretreatment with RA. Moreover, Rota-Tripsy could be used as a bailout strategy to compensate for the disadvantage of each technique alone: in case of chronic total occlusion or enable the advancement of IVL balloon in long calcified lesions, allowing for the most reasonable use of the benefits of IVL in areas of circumferential calcification and deeper calcification thickness. In addition, Rota-Tripsy can be applied in ISR lesions. Kassab (17) reported the feasibility and safety of IVL for the treatment of ISR lesions in a series of 12 patients. Recently, with favorable procedural outcomes and a relatively high MACE rate within 1 year, Yasumura (18) also reported the procedural and clinical outcomes in 26 patients who underwent RA for undilatable ISR. Whether Rota-Tripsy will achieve different long-term results requires further exploration and validation.

Our patient achieved a good interventional outcome with no MACE occurrence at the 90 day postoperative telephone follow-up. Our case study provides insights and bases for improving the current management of severely calcified lesions (grade 4) (Figure 3). The application of IVL in combination with RA can help manage more complex coronary lesions.


[image: Figure 3]
FIGURE 3
Management chart flow. SCAC: Severe coronary artery calcification.


In conclusion, although our aim was not to evaluate the outcome of severely calcified lesions in RA or IVL, in cases of severely calcified lesions that cannot be resolved with RA using a stepped burr strategy, the combination of RA and IVL is helpful.



4. Patient perspective

“I experienced no pain in my chest and improvement in my quality of life. Now I can do some houseworks without anxiety. I will insist on taking medicine.”
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Background: Radial artery occlusion is the most common complication of transradial catheterization. RAO is characterized by thrombus formation due to catheterization and endothelial damage. CHA2DS2-VASc scores are the current scoring systems used to determine the risk of thromboembolism in patients with atrial fibrillation. The aim of this study was to investigate the relationship of CHA2DS2-VASc score with radial artery occlusion.



Methods: This prospectively designed study was included 500 consecutive patients who underwent coronary artery transradial catheterization for diagnostic or interventional procedures. The diagnosis of radial artery occlusion was made by palpation examination and Doppler ultrasound at the twenty-fourth hour after the procedure. Independent predictors of radial artery occlusion were determined by logistic regression analysis.



Results: Radial artery occlusion was observed at a rate of 9%. The CHA2DS2-VASc score was higher in the group of the patients who developed radial artery occlusion (p < 0.001). Arterial spasm (OR: 2.76, 95% CI 1.18–6.45, p: 0.01), catheterization time (OR: 1.03, 95% CI 1.005–1.057, p: 0.01) and CHA2DS2-VASc score ≥ 3 (OR: 1.44, 95% CI 1.17–1.78, p: 0.00) as significant independent predictors of radial artery occlusion. A high CHA2DS2-VASc score was associated with the continuity of the occlusion after the treatment (OR:1.37, 95% CI 1.01–1.85, p: 0.03).



Conclusions: An easily applicable CHA2DS2-VASc score of ≥3 has a predictive value for radial artery occlusion.
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Introduction

Coronary angiography (CAG) is still the gold standard diagnostic method for coronary artery occlusion. Transradial catheterization (TRC) is widely preferred in coronary angiography due to early mobilization, discharge, cost and patient comfort (1). The most common complications of transradial coronary angiography are hematoma at the intervention site, pseudoaneurysm in the radial artery, spasm and occlusion (2, 3). Although the rate of radial artery occlusion (RAO) varies from center to center, it is observed between 5% and 30%, usually asymptomatic (4). Some patients may experience pain, paresthesia, or decreased arm function at the site of the occlusion. Cases of arm ischemia have also been reported due to inadequate post RAO collateral circulation (5, 6). Although RAO is usually asymptomatic, radial artery patency is significant because it can be used as access in recurrent percutaneous coronary interventions (PCI), as a graft in coronary bypass surgery, or to create fistulas in hemodialysis patients.

RAO is characterized by damage to the endothelium due to catheterization and thrombus formation due to reduced blood flow (4). CHA2DS2-VASc scores are the current scoring systems used to determine the risk of thromboembolism in patients with atrial fibrillation (AF). In the studies, it has been reported that the CHA2DS2-VASc score provides information about the prognosis of various cardiovascular diseases regardless of the presence of atrial fibrillation (7, 8). The predictive value of the CHA2DS2-VASc score in the development of RAO following TRC is unknown. The main purpose of this study was to investigate the relationship between development of RAO after TRC and CHA2DS2-VASc score.



Methods

This study was performed at high-volume cardiac center with the approval of the ethics committee dated 14 December 2021 and numbered 2021/387. The study included 500 patients who underwent radial coronary angiography in a single center between December 2021 and June 2022.

The patients with acute coronary syndrome (ACS) and stable angina who applied to the clinic with the indication of CAG were included in the study. Electrocardiogram (ECG), complete blood count, blood glucose, blood urea nitrogen (BUN), creatinine, serum electrolytes and cardiac enzyme (troponin, CK-MB) values were evaluated as recommended for routine clinical evaluation in coronary artery disease guidelines. Those with chest pain, dynamic ST-T wave changes on ECG, and cardiac enzyme levels more than five times at presentation were considered ACS. The patients with metabolic imbalance, undergoing chemotherapy for cancer, chronic kidney disease, and bleeding disorders were excluded from the study. Left radial artery was used for TRC. The patients who could not pass the Allen test and digital pulse oximetry test were excluded from the study. Patients who passed both tests underwent CAG through TRC and were followed up. 24 h after the catheter was removed from the radial artery, the radial artery flow pattern was examined by pulse examination and doppler ultrasonography(DUSG). The absence of a pulse on palpation in the radial artery and the absence of antegrade flow signal on DUSG were considered as RAO. The patients with radial artery occlusion were treated with subcutaneous low molecular weight heparin (LMWH) for 14 days in the morning and evening. The antiaggregant treatments they were using or started with the coronary procedure were also maintained. After two weeks of LMWH treatment, the radial artery was evaluated with DUSG. In the following period, antiaggregant (acetylsalicylic acid 100 mg, clopidogrel 75 mg) was administered to all the patients who developed RAO, whether recanalized or not, for 6 months.

The patients were divided into two groups as those who developed radial occlusion (RAO) after TRC and those who did not (nonRAO). CHA2DS2-VASc scores of all the patients were calculated. The basic clinical and demographic characteristics and the findings in the angiography laboratory were compared between the two groups. A logistic regression model was created to evaluate the relationship between female sex, hypertension, diabetes mellitus, hyperlipidemia, smoker, arterial spasm, catheterization time, CHA2DS2-VASc score variables and RAO. The relationship between CHA2DS2-VASc scores and post-treatment radial artery patency rates was evaluated by Cox regression analysis.


Transradial angiography

We used standard transradial access. Local anesthesia was applied to the area to be intervened by placing the left hand in the extension and external rotation position. 0.5 cc Prilocaine (CITANEST® 2%) was used subcutaneously for local analgesics. Then, intra-arterial puncture was performed with a 20 G puncture needle. Following arterial pulsation, 45 mm 0.025'‘ non-flonized wire and a non-resistive 6F 15 cm radial sheath (TERUMO 6 F) were placed over the wire. Prior to diagnostic CAG, 100 mcg perlinganite and 5,000 IU unfractionated heparin were diluted in the sheath. The patients with radial spasm during the procedure were excluded from the study. A 0.035 inch diameter J-tipped wire arc from a 6F radial sheath was inserted into the aorta, then 6F metronic brand JL 3,5-4-4,5 and JR 4 coronary diagnostic catheters were used for diagnostic CAG. Antiaggregant was not administered to the patients with normal coronary arteries during CAG. Heparin was completed with 100 IU/kg in the patients with stenosis greater than 70% and stent surgery planned in the same session. Following CAG, sheath was removed and a TR band (Terumo, Somerset, NJ, USA) radial artery compression device was used to control bleeding. We used patent hemostasis and confirmed with oximetry probe. Average TR band compression for two hours. According to the guidelines, dual antiaggregant (ASA + clopidogrel or ticagrelor + ASA) was administered to the patients treated with ACS and only ASA to the patients with non-critical coronary plaques.



CHA2DS2-VASc score

CHA2DS2-VASc score is the current scoring system used to determine the risk of thromboembolism in patients with AF. The CAHDS-VASc score, a scoring system used to predict atheroembolic events in patients with AF, includes parameters such as age between 65 and 74 years, female sex, heart failure, hypertension, diabetes, stroke, peripheral vascular disease. In the CHA2DS2-VASc scoring system, C (CongestiveHeartFailure) (1 point), H(Hypertension) (1 point), Age over 75 (2 points), Diabetes Mellitus (1 point), Stroke (2 points), Vascular disease(1 point), Age 65–75 age (1 point), Sex category (Famele 1 point) parameters are evaluated. In the nine-point scoring system, 0 = Low risk, 1 = Moderate risk, 2 and above = High stroke risk. The 2010 ESC guidelines that introduced the CHADS 2 score and the modified CHA2DS2 -VASc score for more detailed risk assessment, recommend oral anticoagulation for patients with a score >1 (8).



Statistical analysis

SPSS statistical software pack (SPSS 26.0 for Windows, Inc., Chicago, IL, USA) was used for data analysis. In addition to descriptive statistics (mean, standard deviation), for the comparison of quantitative data Student's t-test was used for parameters with normal distribution and Mann-Whitney U test for parameters without normal distribution. Fisher's exact test and chi-square test were used for the comparison of qualitative data. A logistic regression model was used to identify the independent predictors of RAO. A cox regression model was used to determine the effect of CHA2DS2-VASc score on RAO. A p value of less than 0.05 was considered significant. Receiver-operating characteristic (ROC) curves were obtained for PLR to explore the sensitivity and specificity. ROC curve analysis was used to determine the optimum cutoff levels of CHA2DS2-VASc score to predict the occurrence of RAO.




Results

The rate of RAO development was 9% in 45 patients. While the use of atrial fibrillation, anticoagulant and antiaggregant was significantly higher in the RAO group, the proportion of the patients who did not receive any medical treatment was higher in the nonRAO group (p < 0.05). The mean CHA2DS2-VASc score was significantly higher in RAO group compared to nonRAO group (1.75 ± 1.3 vs. 2.77 ± 1.5, respectively, P < 0.001). There was no difference between the groups in terms of other demographic data (Table 1). The rate of arterial spasm development during the procedure was higher in the RAO group (p < 0.001). There was no difference between the two groups in terms of the rates of emergency or elective interventional or diagnostic procedures and the mean procedure times (p > 0.05) (Table 2). When the patients were classified according to the CHA2DS2-VASc score, the majority (71%) were found to have a score of 0–2. RAO was observed at a higher rate in patients with a high CHA2DS2-VASc score. The area under the ROC curve (95% confidenceinterval) for CHA2DS2-VASc score, as a predictor of RAO, was 0.687 (0.612–0.762) (p < 0.001). Using a cutpoint of ≥3, the CHA2DS2-VASc score correlated with the incidence of RAO with a sensitivity of 48.9% and specificity of 73.8% (Figure 1).
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FIGURE 1
ROC curve analysis for cutoff value of CHA2DS2-VASc score for detecting RAO. ROC, receiver operating characteristic.



TABLE 1 Basic clinical and demographic characteristics of patients at the time of admission.
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TABLE 2 Demographic characteristics of patients during angiography laboratory.

[image: Table 2]

In Table 3, the incidence of RAO and post-treatment recanalization rates according to the CHA2DS2-VASc score are shown. Within two weeks of DMHA treatment, the radial artery recanalization rate was 66.6%. In the Cox regression analysis, it was determined that the high CHA2DS2-VASc score in the patients with RAO was significantly associated with the persistence of arterial occlusion after two weeks of treatment (OR:1.37, 95% CI 1.01–1.85, p:0.03).


TABLE 3 Radial artery occlusion and posttreatment recanalization rates according to CHA2DS2-VASc score.
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Univariate and multivariate analysis identified arterial spasm (OR: 2.76, 95% CI 1.18–6.45, p: 0.01), catheterization time(OR: 1.03, 95% CI 1.005–1.057, p: 0.01) and CHA2DS2-VASc score (OR: 1.44, 95% CI 1.17–1.78, p: 0.00) as significant independent predictors of RAO (Table 4).


TABLE 4 Multivariable logistic regression analysis showing the independent predictors of in radial artery occlusion.
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Discussion

In this study, we found that arterial spasm, catheterization time and high CHA2DS2-VASc score were predictive values in the development of RAO following TRC. Moreover, we found that the high CHA2DS2-VASc score was significantly associated with the persistence of arterial occlusion at the end of the two-week treatment following RAO.

The most common complication of TRC is RAO with a rate of 2%–18% (9). In the study, we detected 9% of RAO. Similar restenosis results were seen in many studies, in our study it was considered as subtotal occlusion in the case. Therefore, the rate of radial artery occlusion may be high. A thrombotic phenomenon is thought to be the basis for the formation of RAO. Placing sheath in the radial artery creates a thrombotic environment by causing local endothelial damage, intimal rupture, medial dissections, and interruption of blood flow in the artery. Besides, the compression applied after the procedure results in hemostasis, forming a nidus for thrombus formation (10). The CHA2DS2-VASc score is the current scoring system used to determine the risk of thromboembolism in patients with AF. In this study, we aimed to investigate the relationship between RAO, which is a thrombotic event, and CHA2DS2-VASc score. This is the first study in the literature to evaluate the relationship between CHA2DS2-VASc score in the development of RAO.

Studies have shown that factors such as female sex, diabetes, lower BMI, radial artery diameter ≤2.2 mm and radial artery-to-sheath ratio (AS ratio) < 1 have a predictive role in the development of RAO (11, 12). Female sex, low BMI and presence of diabetes expose a risk for RAO as they are associated with smaller artery size (11). Additionally, the higher incidence of RAO in women has been associated with their greater sensitivity to vascular spasm (13). Since an A/S ratio >1 is a risk for RAO, the use of small sheaths is recommended in diagnostic angiography and uncomplicated coronary interventions, especially in female patients. Furthermore, repeated insertion of the guidewire and angiographic catheters may trigger spasm, increasing the risk of RAO (14). Since we used 6F sheath in all the patients, we did not evaluate sheath size, but we determined that arterial spasm had a predictive value for RAO (OR: 2.76, 95% CI 1.18–6.45, p: 0.01). Apart from these, it is stated that the prolongation of the procedure time is another risk factor for RAO (15). However, a meta-analysis indicated that prolonged duration did not pose a risk for RAO, possibly as a result of the additional dose of heparin for the intervention (5). In our study, we suggested that a procedure time longer than 15 min had a predictive value for the development of RAO (OR: 1.03 CI: 1.01–1.05, p: 0.01).

It is known that heparin therapy is essential for the prevention of RAO. There was no difference in terms of RAO between the arterial or venous administration of heparin (5). Spaulding et al. reported the RAO rates as 70%, 24% and 4.3% in the groups that were administered without heparin, 2,000–3,000 IU heparin, and 5,000 IU heparin, respectively (16). In our study, we administered 5,000 IU of heparin to all the patients as a standard, and an additional dose of heparin (100 IU/kg) to the patients with prolonged processing time. The use of compression methods that allow distal blood flow after sheath removal at the end of the procedure has been found to be more advantageous in terms of RAO development than solid compression methods that do not allow distal blood flow (9). Tight aggressive prolonged compression leads to complete cessation of blood flow and eventual thrombus formation. TR band compression for two hours is indicated as negative predictive for RAO. In the study, we applied TR band compression in all the patients.

CHA2DS2-VASC scores were originally developed for stroke risk stratification in the patients with atrial fibrillation (17). However, many studies have shown that the CHA2DS2-VASC score may also be used in risk stratification of patients without atrial fibrillation (18,19). The CHA2DS2-VASc score has been studied extensively in terms of early and late complications in patients with acute coronary syndrome. In one study, it was determined that a CHA2DS2-VASc score of 3 or higher was associated with stent thrombosis. Studies have shown that CHA2DS2-VASc is associated with increased thrombotic and atherosclerotic processes in various cardiovascular diseases, regardless of the presence of atrial fibrillation (20). In this study, we showed that the cut-off value of ≥3 CHA2DS2-VASc score was predictive for RAO with sensitivity of 48.9% and specificity of 73.8% (OR: 1.44 CI 1.17–1.78 P < 0.001).

Following RAO, administering low molecular heparin (LMWH) for 2–4 weeks is currently the standard treatment. One study showed 31.5%–55.6% recanalization results in RAO patients treated with LMWH alone for 7 to 14 days (21). Similarly, another study reported that radial artery recanalization was 86.7% after four weeks of LMWH treatment (22). In our study, the recanalization rate after 2 weeks of DMHA treatment was found to be 66.6%. In addition, it was determined that the high CHA2DS2-VASc score was significantly associated with the persistence of arterial occlusion at the end of the two-week treatment (OR:1.37, 95% CI 1.01–1.85, p: 0.03). It may be said that high CHA2DS2-VASc score is a negative determinant of response to treatment after RAO.

The risk factors of the patient (sex, diabetes mellitus, arterial diameter, etc.), during the procedure (sheath size, heparinization, repetitive puncture), and after the application (tight compression) are effective in the development of RAO resulting from intimal damage and thrombotic event. Radial artery patency is important to prevent possible ischemia in the hand and for later surgical or interventional use. In patients with high risk factors, it is necessary to prevent the development of RAO and, if it develops, care should be taken in its treatment. The CHA2DS2-VASc score, which includes factors associated with thrombosis and atherosclerosis such as hypertension, diabetes mellitus, female sex, older age, and vascular disease, can provide valuable information in determining the risk of RAO and predicting the response to treatment after occlusion.



Limitations

This study has several limitations. First of all, this is a single-center study. The results may not be generalized as the procedures were performed by a limited number of experts. All the patients were treated with a 6F sheath. We have not evaluated other sheath sizes. The percentage of RAO may differ in distinc dimensions. Another limitation is that we evaluated the transradial approach RAO rate one day later. There may be a late RAO, but we did not evaluate the late RAO. We did not assess the anticoagulation time in the diagnostic procedure after administering the cocktail solution. Finally, we administered two weeks of anticoagulation. We did not evaluate the patients for more than two weeks. The recanalization rate may be better after two weeks of treatment.



Highlights

For the first time in the literature, we investigated and demonstrated that CHA2DS2-VASc score before coronary angiography may be related to the success of radial artery occlusion and recanalization. Although the relatively small number of patients, single-team experience might be considered among the study limitations, our results provide novel and practical findings which have clinical implications. Having a CHA2DS2-VASc score of ≥3, which can be easily applied in cardiology practice, has a predictive value for RAO. In addition, high CHA2DS2-VASc score has negative predictive value in evaluation response to treatment after occlusion. In conclusion, we observed that before coronary angiography CHA2DS2-VASc score was significantly and independently associated with success of recanalization as assessedwith acute radial trombozis patients regardless of AF presence who underwent treatment, which deserves to be verified with large scale prospective trials.

Generally, antiaggregant is not started in patients with normal coronary arteries unless there is a different antiaggregant indication. It should be kept in mind that the probability of radial artery thrombosis is high, even if the CHA2DS2-VASc score is high and the coronary arteries are found to be normal. We think that multiple punctures should be avoided in this patient group, TR band compression should be kept short if possible and antiaggregant treatment should be started for a short time.
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Introduction: Fibro-calcific aortic valve disease has high prevalence and is associated with significant mortality. Fibrotic extracellular matrix (ECM) remodeling and calcific mineral deposition change the valvular microarchitecture and deteriorate valvular function. Valvular interstitial cells (VICs) in profibrotic or procalcifying environment are frequently used in vitro models. However, remodeling processes take several days to weeks to develop, even in vitro. Continuous monitoring by real-time impedance spectroscopy (EIS) may reveal new insights into this process.



Methods: VIC-driven ECM remodeling stimulated by procalcifying (PM) or profibrotic medium (FM) was monitored by label-free EIS. Collagen secretion, matrix mineralization, viability, mitochondrial damage, myofibroblastic gene expression and cytoskeletal alterations were analyzed.



Results and Discussion: EIS profiles of VICs in control medium (CM) and FM were comparable. PM reproducibly induced a specific, biphasic EIS profile. Phase 1 showed an initial impedance drop, which moderately correlated with decreasing collagen secretion (r = 0.67, p = 0.22), accompanied by mitochondrial membrane hyperpolarization and cell death. Phase 2 EIS signal increase was positively correlated with augmented ECM mineralization (r = 0.97, p = 0.008). VICs in PM decreased myofibroblastic gene expression (p < 0.001) and stress fiber assembly compared to CM. EIS revealed sex-specific differences. Male VICs showed higher proliferation and in PM EIS decrease in phase 1 was significantly pronounced compared to female VICs (male minimum: 7.4 ± 4.2%, female minimum: 26.5 ± 4.4%, p < 0.01). VICs in PM reproduced disease characteristics in vitro remarkably fast with significant impact of donor sex. PM suppressed myofibroblastogenesis and favored ECM mineralization. In summary, EIS represents an efficient, easy-to-use, high-content screening tool enabling patient-specific, subgroup- and temporal resolution.
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Introduction

Fibro-calcific aortic valve disease (FCAVD) is highly prevalent with a high risk of progression towards heart failure or death, if left untreated (1, 2). Despite increasing insights into FCAVD pathomechanisms, there is no current pharmacological intervention to attenuate or reverse FCAVD, leaving surgical aortic valve (AV) replacement or interventional AV implantation as the only therapeutic options (3). FCAVD is characterized by inflammatory cell infiltration, lipid deposition, fibrotic valve thickening and stiffening, and finally calcific mineralization of the valve leaflets (2, 4–6). These processes stimulate resident valvular interstitial cells (VICs) towards myofibroblastic and osteogenic differentiation. Activated myofibroblastic VICs actively remodel the extracellular matrix (ECM) towards fibrosis, and may evolve towards osteoblastic VIC phenotype that triggers ECM calcification (7). ECM remodeling is characterized by collagen accumulation, proteoglycan degeneration and elastin fiber fragmentation (8–10). These molecular and structural alterations of the AV cause deterioration of valvular function, finally leading to AV stenosis (2). Sex appears to have an impact on fibrosis and calcification, since women tend to have a more fibrotic phenotype while men manifest a more calcific phenotype (11).

In vitro, VIC models are characterized by pronounced variability introduced by donor age, sex, comorbidities, degree of stenosis, valvular anatomy (12) and culture conditions (13). Therefore, standardization is required for valid, comparable data acquisition. Three major in vitro environments that recapitulate individual aspects of FCAVD have been utilized: transforming growth factor-β (TGF-β)-dependent profibrotic medium (FM) inducing myofibroblastogenesis (14, 15); osteogenic medium (OM) using glucocorticoid-driven cellular differentiation and expression of alkaline phosphatase to hydrolyze phosphate sources into free phosphate (16–21); and procalcifying medium (PM) (13, 22–24), that mimics a hyperphosphatemic milieu akin to advanced stage chronic kidney disease (25). While OM was shown to have variable calcification success depending on donor and cell culture passages (13, 21), PM generates reproducible calcification (13). Thus, the current study focuses on PM. However, the exact molecular and physiological alterations over time are largely unknown for all three in vitro milieus. Analysis of in vitro VIC-associated fibrosis and calcification requires a multi-method approach including a variety of analytic tools. Electrochemical impedance spectroscopy (EIS) represents a unique technique, allowing label-free, non-invasive, real-time monitoring of cellular responses to external stimuli (26). Changes in cellular impedance uncover and integrate intra- and extracellular processes, cellular alterations in cell-cell- or cell-matrix-connections (27) and morphological changes during cell death (28), proliferation (29) and differentiation (30). This study characterized VIC-driven ECM remodeling and cellular responses in profibrotic and procalcifying environments using EIS.



Methods


Materials

Collagenase (from Clostridium histolyticum), transforming growth factor β (TGF-β), sodium dihydrogenphosphate (NaH2PO4), L-ascorbic acid, hexadecylpyridinumchloride, propidiumiodide, FITC-dextran (40 kDa) and JC-10 mitochondrial staining kit from Merck (Darmstadt, Germany), Alizarin Red from Cell Systems (Troisdorf, Germany), OsteoSense 680 EX from Perkin Elmer (Waltham, USA) and Calcein-AM from Thermo Fisher (Waltham, USA) were used for culture media, sample preparation and staining.



Isolation and culture of human valvular interstitial cells

Human VICs were obtained from 10 patients undergoing surgical AV replacement. The study was approved by the local Ethics Committee (Medical Faculty, University Leipzig, registration number 128/19-ek) and all patients gave written informed consent in accordance with the Declaration of Helsinki. AVs were minced and enzymatically digested in a serum-free collagenase (125 U/ml) solution under steady rotation at 15 rpm at 37°C for a total of four hours. Cells were passed through a 40 µm cell strainer and pelleted by centrifugation. VICs were cultured in high glucose DMEM (Thermo Fisher, #61965059) supplemented with 10% FBS (PAN Biotech, Aidenbach, Germany) and 1% penicillin/streptomycin (Thermo Fisher, Waltham, USA), further termed as growth medium (GM). Cells were cultured in a humidified atmosphere at 37°C and 5% CO2 and passaged at 90% confluency. Experiments were performed in passages 3 to 4 at 100% confluence in GM. Control cultures were grown in high glucose DMEM (+5% FBS + 1% penicillin/streptomycin) referred to as control medium (CM). Calcification was induced using PM consisting of high glucose DMEM (+5% FBS +1% penicillin/streptomycin) supplemented with 2 mM NaH2PO4 (pH 7.4) and 50 µg/ml L-ascorbic acid. Fibrosis was induced using FM containing high glucose DMEM (+5% FBS + 1% penicillin/streptomycin) supplemented with 0.5 ng/ml TGF-β.



Real-time impedance spectroscopic monitoring

Impedance spectroscopy measurements were performed using an ACEA xCELLigence® Real-time Cell Analyzer (RTCA) DP instrument (ACEA Bioscience, San Diego, USA). The RTCA system holds 3 “E-Plate 16” electrode arrays and a computer-based control unit. The E-Plates exhibit gold interdigital electrodes covering 80% surface of each well. 7000 cells were seeded per well and immediately continuously recorded for impedance changes. Values of the cell-free electrodes were set as blank. Rising impedance values indicated increasing electrode coverage, first via cellular adhesion and secondly due to cell proliferation. Constant impedance values represented confluent cellular monolayers. At this stage, CM, FM or PM treatment for a total of 20 days was started. Experimental cellular impedance (CI) values were recorded every 60 min for 20 days. Data were normalized to the last value that was measured before the experiment (t = 0). Growth and experimental media were replaced every 2 to 3 days.



Alizarin Red and near-infrared molecular staining and quantification of calcium-containing mineral deposition

Calcium-containing cellular mineral depositions were quantified using Alizarin Red staining at day 0 and then every other day until day 20 and finally on day 21 in CM, FM or PM. VICs were washed with PBS, fixed with 10% formaldehyde and stained with 2% Alizarin Red for 15 min. The cells were then washed with deionized water and air-dried. Afterwards, hexadecylpyridinumchloride (100 mM) was added and incubated in the dark at room temperature for 3 h. The resulting solution was diluted 10-fold and optical density was measured at 540 nm using a microplate reader (Tecan, Männedorf, Switzerland). Data was normalized to t = 0.

For visualization of VIC-driven hydroxyapatite (HA) deposition, a near-infrared, bisphosphonate-based molecular probe (OsteoSense 680 EX) was used. Therefore, 2 nmol OsteoSense 680 EX solution was added to the cell cultures for 24 h and subsequently visualized at 680 nm using a fluorescence microscope (Keyence, BZ-X800). The OsteoSense-stained area was quantified using ImageJ (31).



Pro-collagen type 1 secretion

Pro-collagen type 1 alpha 1 (pro-COL1A1) secretion was measured in cell culture supernatants using ELISA according to the manufacturer's recommendations (R&D Systems, Minneapolis, USA, #DY6220-05).



Staining of viable and dead cells

Calcein-AM (2 µM) and propidiumiodide (PI) (3 µM) were added to the VIC cultures at the indicated time points to quantify viable and dead cells. Cells were incubated at 37°C and 5% CO2 for 15 min. Viable and dead cells in CM or PM were visualized at 525 nm and 620 nm, respectively, using a microplate reader (Tecan, Männedorf, Switzerland).



Changes in mitochondrial transmembrane potential

As a hallmark of cell death, mitochondrial transmembrane potential Δψm was determined in PM or CM treated VICs at 0, 3, 7 and 12 days using the “Mitochondrial Membrane Potential Kit” (Merck, Darmstadt, Germany) following the manufactureŕs instructions. A ratio of red-to-green fluorescence was determined expressing the amount of dead cells in relation to viable cells.



Macromolecular permeability assay

Permeability of the VIC monolayer due to CM or PM treatment was determined according to Bischoff et al. (32) at indicated time points (t = 0, 3, 7, 12, 15, 18, 21 days). In brief, VICs were grown on the upper compartment of Transwell inserts (12 mm diameter, 0.4 µm pore size; Greiner BioOne, Kremsmünster, Austria) to confluency. To measure macromolecular transmission through the cell monolayer, 1 mg/ml FITC-Dextran in CM was added to the upper compartment and incubated for 30 min. Then, 50 µl samples from the lower compartment were subjected to fluorescence measurement at 525 nm. FITC-Dextran standard curve ranging from 1000 µg/ml to 0.001 µg/ml in CM was used for quantification.



Quantitative real time-polymerase chain reaction (qRT-PCR)

Gene expression of ACTA2 in CM- or PM-treated VIC cultures at day 0, 7 and 21 was analyzed using qRT-PCR. Takyon NoRox Sybr Mastermix Blue (Eurogentec, Lüttich, Belgium) on a BioRad CFX system (BioRad, Hercules, USA) was used. Exon-spanning primers were designed with an annealing temperature of 60°C (5´-3´sequences for forward: CGTTACTACTGCTGAGCGTG and reverse: CGATGAAGGATGGCTGGAAC). Standard curves were used to calculate copy numbers and reaction efficiency. Measurements were done in triplicates and specimen with standard deviation > 0.3 were excluded. Hypoxanthine phosphoribosyltransferase 1 (HPRT1, (5´-3´sequences for forward: CTCATGGACTGATTATGGACAGGAC and reverse: GCAGGTCAGCAAAGAACTTATAGCC) as a stable housekeeping gene was used for expression normalization of the target gene.



Phalloidin staining

Actin cytoskeleton alterations were analyzed using Phalloidin-iFluor 594 reagent (Abcam, Cambridge, UK) at day 0, 7, 14 and 21. Cells were fixed and F-actin fibers were stained with Phalloidin for 60 min at room temperature. Nuclei were stained with 10 µg/ml Hoechst 33342 (Invitrogen, Waltham, USA) for 10 min at room temperature. Visualization was done using a Keyence BZ-X800 microscope.



Statistical analysis

Statistical analyses were performed using GraphPadPrism 6 (San Diego, USA). Data were checked for normal distribution using Shapiro-Wilks test and are presented as mean ± standard error of the mean (SEM). “n” accounts for the number of biological replicates (derived from different donor valves) in the experiments and is declared for each dataset. ELISA and qRT-PCR raw data were median-normalized, when significant plate-to-plate median differences indicated batch effects.

Group differences were analyzed using one-way analysis of variance (ANOVA) or Student´s t-test. Time traces were assessed by two-way repeated measures ANOVA. Bonferroni correction was used as post-hoc test. All p-values <0.05 were considered statistically significant. Pearson's correlation coefficient (r) was calculated to test for associations between data of 2 different techniques.




Results


Label-free EIS based real-time monitoring of PM-induced alterations in VICs

Non-invasive EIS was used to screen PM- and FM-induced cellular responses in VICs (Figure 1A). The EIS signal of VICs in CM was stable for 14 days and then declined to 67.9 ± 5.8% at day 20. In VICs treated with FM, the EIS signal declined slowly from day 5 down to 53.0 ± 3.6% at day 20. Interestingly, in PM, VICs showed a biphasic EIS time profile, which differed significantly from EIS time traces of CM- or FM-treated VICs. PM instantly reduced the cellular impedance signal to a minimum at 17.1 ± 3.3% at day 8 (p = 0.039, “phase 1”). During the following 12 days, termed “phase 2”, the signal increased significantly up to a maximum of 159.3 ± 40.1% on day 20 (p < 0.001 vs. minimal EIS signal, p = 0.14 vs. day 0).


[image: Figure 1]
FIGURE 1
Electrochemical impedance spectroscopy (EIS) real-time monitoring of human valvular interstitial cells (VICs) in vitro in profibrotic or procalcifying environment. (A) Averaged time traces of VICs cultivated in control medium (CM), profibrotic medium (FM) or procalcifying medium (PM) for 20 days. n = 10. Mean ± SEM (SEM shown as continuous lines). (B) The relative collagen type 1 secretion and (C) Alizarin Red absorption of VICs in CM, PM or FM. n = 10. Association plots and Pearson correlation coefficients (r) for EIS and (D) collagen secretion or (E) Alizarin red absorption for the exact time traces of PM-treated VICs. Pearson correlation coefficient r was calculated for phase 1 (day 0 to 8) and phase 2 (day12 to 21) separately. Visualization of (F) near infrared molecular imaging for hydroxyapatite (HA) and (G) quantification of the HA-positive area during the 21 day culture period. The dashed lines indicate the inflection point between phase 1 and phase 2. CI, Cellular impedance.


PM in a cell-free environment also had an impact on EIS signals showing gradually increasing signals (see Supplementary Figure S1).



Impact of collagen secretion and calcification in PM on the biphasic EIS time profile

CM- and FM-treated VIC cultures showed comparable collagen type 1 secretion and comparable, negligible Alizarin Red absorption (Figures 1B,C). PM treatment significantly reduced the collagen type 1 secretion of VICs 3.3-fold after 14 days (p = 0.035) compared to CM treatment. PM VICs had significantly reduced collagen type 1 secretion of 3.2- to 8.6-fold compared to FM treated VICs (p < 0.05) during the complete observation period and a 3- to 4-fold reduction compared to CM treated VICs (p < 0.05) at day 14 and 21 (Figure 1B). Compared to FM- and CM-treated VICs, PM stimulated massive extracellular deposition of calcium-containing mineral material, expressed by 4.5- to 8-fold increased Alizarin Red absorption during the complete observation period (p < 0.001, Figure 1C). Pearson correlation coefficients (r) were calculated to detect potential associations between the PM-specific EIS signals and the VIC-driven collagen secretion and mineral deposition (Figures 1D,E). As EIS signal was biphasic, r was calculated for phase 1 (day 0–8) and phase 2 (day 12–21) separately. A very high negative association was found for the increasing Alizarin Red absorption and the decreasing EIS signal with r = −0.95 (p = 0.015) in phase 1. Additionally, the EIS signal in phase 1 was moderately correlated to the decreasing collagen type 1 secretion with r = −0.67 (p = 0.22). A very high, positive correlation of the EIS signal in phase 2 with the increasing Alizarin Red absorption with r = 0.97 (p = 0.008) was found.

Additional staining of PM-stimulated hydroxyapatite (HA) deposition by VICs using a near-infrared molecular probe confirmed the Alizarin Red results. However a less intense staining was evident due to specificity to HA (Figures 1F,G). Quantification of the OsteoSense-positive area revealed higher HA-deposition of VICs in PM compared to CM.



Viability and myofibroblastogenesis of PM treated VICs

The impact of experimental media on cellular alterations, viability and cytotoxicity, and therewith also on the EIS signal, was investigated. Visualization of viable (Calcein-AM+, green) and dead VICs (PI+, red), respectively, illustrated specific reactions to CM or PM (Figure 2A). VICs in CM maintained round, mostly Calcein-AM+ cell clusters during the observation period. Starting from day 4, dead VICs next to and inside the cell clusters with increasing frequency were seen up to 21 days. In contrast, PM-treated VICs formed viable, Calcein-AM+ cell clusters only until day 4, when the amount of dead cells (PI+) started to increase. From day 6 on, cluster formation was disrupted resulting in a homogeneous distribution of viable and dead VICs. Importantly, the PM Calcein-AM fluorescence signal, indicative for viability, was significantly reduced by 38.3 ± 7.3% from day 13 on up to 52.1 ± 3.9% (p < 0.001 vs. CM) at day 21 (Figure 2B). Additionally, the mitochondrial transmembrane potential Δψm of PM-treated VICs revealed significant mitochondrial hyperpolarization up to 48.1 ± 20.8% (p = 0.038) at day 3 and 92.3 ± 25.4% (p = 0.001) at day 12 compared to CM-treated VICs (Figure 2C). Macromolecular permeability, as a measure of monolayer disruption, of PM-treated VIC monolayers showed a biphasic time trace (Figure 2D). In PM-treated VIC monolayers macromolecular permeability was significantly enhanced up to 1.4-fold at day 7 (p = 0.001 vs. CM) and decreased constantly reaching its minimum of a 1.9-fold reduction at day 18 (p < 0.001 vs. CM). From day 6 on, VICs in PM had a spindle-like morphology with long and thin cell bodies, whereas VICs in CM exhibited a flattened, rounded morphology (Figure 3A). Based on this observation of morphological alterations, the relative amount of activated VICs in CM and PM was evaluated by analyzing ACTA2 (alpha smooth muscle actin) gene expression as a marker of myofibroblastic activation (Figure 3B). ACTA2 expression in CM was 6-fold higher at day 7 and 2-fold higher at day 21 compared to PM (both p < 0.001). Phalloidin staining of F-actin fibers confirmed an abundance of stress fibers of VICs in FM and a lack of stress fiber assembly in PM, which is in line with ACTA2 gene expression (Figure 3C).
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FIGURE 2
Viability and cell death of VICs in PM. (A) Visualization of viable, Calcein-AM + and dead, propidiumiodide + VICs cultured in control or procalcifying medium over 21 days. (B) Calcein-AM quantification, (C) mitochondrial transmembrane potential Δψm and (F) relative macromolecular permeability of VICs in control or procalcifying medium normalized to t = 0. Mean ± SEM. n ≥ 4.
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FIGURE 3
Myofibroblastogenesis of VICs in PM. (A) Visualization of viable, Calcein-AM+ and dead, propidiumiodide+ VICs cultured in control medium (CM) or procalcifying medium (PM) over 21 days. n = 5. (B) Gene expression of alpha smooth muscle actin (ACTA2) of VICs in CM and PM at day 7 and 21. ACTA2 gene expression was normalized to expression of hypoxanthine phosphoribosyltransferase 1 (HPRT1), n = 10. (C) Phalloidin staining of F-Actin cytoskeleton modulation of VICs in CM, PM, growth medium (GM) and profibrotic medium (FM). n = 3.




Donor- and sex-specific ECM remodeling in PM

EIS was used to analyze donor- and sex-specific impedance patterns (Figure 4 and Supplementary Figure S2). First, EIS was used to determine the doubling time as a measure of proliferation potential of VICs in GM. On average, female VICs were found to exhibit a 13 ± 4 h longer doubling time than male VICs (p = 0.017). In general, the PM-specific, biphasic EIS time profile was observed for all patientś VICs (Figure 4A and Supplementary Figure S3). However, male VICs entered phase 2 significantly earlier at day 8.7 ± 0.4, while female VICs ended phase 1 not until day 11.2 ± 1.0 (p = 0.03). In addition, in male VICs the decrease of cellular impedance in phase 1 was significantly more pronounced (minimum: 7.4 ± 4.2%) than in female VICs (minimum: 26.5 ± 4.4%, p = 0.003) (Figure 4B). A high donor-specific heterogeneity of EIS phase 1 and 2 characteristics was observed. Seven out of 10 donors showed moderate phase 2 enhancement (+74% to +107% total growth) (Figures 4B,C). One female donor showed lowest phase 2 enhancement (+2.1 ± 0.9%), another female donor showed strongest phase 2 enhancement with a total increase of +914.4 ± 66.7%. In contrast, the strongest male phase 2 enhancement was +349.4 ± 32.7%. Averaged phase 2 EIS time traces of male and female VICs PM were comparable with an increase of +156.1 ± 20.0% and +226.2 ± 61.2% (p = 0.80), respectively.
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FIGURE 4
Electrochemical impedance spectroscopy (EIS) analysis of PM-induced sex- and donor-dependent effects in valvular interstitial cells (VICs). (A) Single and averaged time traces (bold lines) of either male (orange) or female (petrol) VICs in procalcifying medium PM for 20 days. (B) Minimal and (C) maximal EIS signals of male and female VICs in PM. Relative (D) collagen 1 secretion and (E) Alizarin Red absorption data from Figures 1B,C stratified by donor sex. Dashed lines indicate means without the impedance based extreme values (values >90 percentile were excluded). n = 5 vs. 5. CM, Control medium; FM, Profibrotic medium; CI, Cellular impedance.


Collagen type 1 secretion (Figure 4D) was comparable from male and female VICs in CM, FM and PM (p > 0.05). Alizarin Red staining showed comparable calcium-containing mineral deposition of male and female VICs (p > 0.05).




Discussion

This study investigated pathomechanisms observed in VICs in profibrotic (FM) and procalcific (PM) environments, frequently used FCAVD in vitro models, using non-invasive, label-free EIS monitoring. The key findings can be summarized as follows:

PM treatment reproducibly:


	-forced a biphasic, specific EIS profile in VICs

	-strongly decreased collagen 1 secretion in favor of ECM mineralization

	-induced mitochondrial hyperpolarization and reduced VIC viability

	-suppressed ACTA2 expression and stress fiber assembly

	-revealed donor- and sex-specific inter-individual heterogeneity in vitro.



FM treatment:


	-maintained collagen type 1 secretion with constant EIS signals

	-stimulated stress fiber assembly in VICs.




PM-specific EIS profile is associated with modulation of ECM components

The observed PM-specific biphasic EIS signal with an initial drop followed by a secondary increase indicates differential electrode coverage during the cultivation period (32). A moderate positive Pearson correlation coefficient between the phase 1 EIS decrease and the declining collagen 1 secretion suggests that suppression of collagen production contributed to the initial EIS decrease. Whether the decline in collagen secretion is due to a direct effect of PM on collagen secretion or secondary to a loss of collagen-producing cells remains to be elucidated. In contrast, in FM EIS as well as collagen secretion were constant over time. Thus, EIS is of limited utility to monitor profibrotic ECM modulation in vitro. This is supported by a study of Fuentes-Velez et al. who demonstrated that fibrotic remodeling in hepatic tissue cultures is not associated with EIS alterations (33). But, synergistic effects including the modulation of collagen secretion and beginning ECM mineralization accompanied by major cell loss may contribute to the Phase 1 EIS signal.

Phase 2 EIS increase in PM was correlated with VIC-driven ECM mineralization as confirmed by HA-specific near-infrared molecular probe staining and Alizarin Red staining of calcium-containing mineral deposits (34). It was previously demonstrated that EIS signals increase when HA is formed and decrease when HA degrades (35). HA, carbonated HA and other calcium-, phosphate- and carbonate- containing HA are common organic compounds in AVs from patients with severe AS (36).

In summary, we conclude that the PM-specific EIS phase 2 can be assigned to ECM mineralization. In addition, PM alone showed a slow gradually increasing EIS time trace due to low, passive calcific matter formation on the electrode surface. This is a first hint towards an active acceleration of a passive calcification process by VICs. Since PM in a cell-free environment showed slight passive calcific precipitation, the biphasic EIS time trace only occurred in the presence of VICs and induced ECM calcification in a significantly more pronounced fashion.

Collagen deposition in vivo is well-documented to prepare the ground for ECM mineralization of the AV by providing a supportive structure for mineral material aggregation (37, 38). Importantly, PM simultaneously decreased the collagen secretion in favor of ECM mineralization comprehending FCAVD pathobiology in vivo (5, 39).



PM-induced VIC-driven ECM mineralization associates with phosphate-driven apoptosis

As mentioned above, the moderate correlation between EIS and suppression of collagen secretion might not solely explain the initial phase 1 EIS drop. Hence, intracellular responses of VICs to PM treatment were analyzed as well. Phase 1 EIS was characterized by a decrease of viable VICs due to mitochondrial hyperpolarization and apoptosis-mediated cell loss, which was accompanied by a high macromolecular permeability illustrating the disruption of the VIC monolayer integrity. Hyperpolarization of the mitochondrial membrane potential is a hallmark of apoptotic cell death and can be induced by high extracellular inorganic phosphate (40) as present in PM. High extracellular inorganic phosphate can alkalinize the cytosol (40), which in turn forces mitochondrial uptake of inorganic phosphate, resulting in enhanced mitochondrial superoxide generation (40–42). Mitochondrial superoxide represents the largest intracellular reservoir of reactive oxygen species (40). Thus, PM may induce oxidative stress-induced VIC damage. In vivo, high serum phosphate levels are known to induce AV calcification by stimulating complex intracellular signaling towards apoptosis and osteo-chondrogenic gene expression (43, 44). Oxidative stress and apoptosis thereby serve as initiators of calcific nodule formation in FCAVD (5, 45, 46). Conclusively, a phosphate-induced alkalization of the VICs cytosol with subsequent oxidative stress mediated apoptosis might be an underlying pathomechanism in patients with hyperphosphatemia, contributing to the initiation of ECM mineralization and calcific nodule formation. In vitro, VIC apoptosis has been described for osteogenic media containing β-glycerophosphate (12, 47).

Besides cell loss, media-dependent differences in cellular morphology were observed in our study. Whereas VICs in CM displayed heterogeneous cellular phenotypes, VICs in PM exhibited predominantly uniform spindle-like, thin, long cell bodies. In conjunction with the significant decrease of ACTA2 gene expression and abolished stress fiber assembly, one can hypothesize that PM-stimulated blocking of myofibroblastogenesis has occurred.

In summary, decline of myofibroblastogenesis, suppression of collagen synthesis, apoptosis and ECM mineralization create the PM-specific, biphasic EIS signal observed in vitro (Figure 5). In line with these results, the phenotype-specific cells that survived the apoptosis induce ECM mineralization. These processes have been described in and around calcific nodules in the AV leaflets in vivo (39). Therefore, VICs cultured in PM represent a suitable in vitro model of FCAVD, mimicking in vivo-like features in a reasonable time period.
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FIGURE 5
Scheme of EIS-based ECM mineralization detection. Modified using (48).




Pre-clinical and translational prospects of using high-sensitivity and high-throughput EIS in FCAVD exemplified by resolving sex-specific response to PM

EIS is preferable to standard methods, since it records changes in cellular electrical properties in a non-invasive environment and thereby allows real-time data acquisition of intra- and extracellular alterations due to external stimuli (49). The versatility of EIS was further demonstrated in our study when assessing sex- and donor- specific responses to PM. EIS demonstrated higher proliferative capacity of male VICs (see Supplementary Figure S2) with higher initial sensitivity to PM, indicating donor sex dependency. Additionally, EIS revealed a strong inter-individual heterogeneity of ECM mineralization in vitro, wherein strongest variability occurred in female VICs (see Supplementary Table S1). Further studies are required to determine whether this is a general characteristic and which hormonal status or comorbidities may underlie this observation. Finally, EIS analyses unveiled that individual VIC calcification potential and velocity in vitro are strongly donor specific.
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Aortic stenosis (AS) is a common valve disorder among the elderly, and these patients frequently have concomitant coronary artery disease (CAD). Risk factors for calcific AS are similar to those for CAD. Historically, the treatment of these conditions involved simultaneous surgical replacement of the aortic valve (AV) with coronary artery bypass grafting. Since the advancement of transcatheter AV therapies, there have been tremendous advancements in the safety, efficacy, and feasibility of this procedure with expanding indications. This has led to a paradigm shift in our approach to the patient with AS and concomitant CAD. Data regarding the management of CAD in patients with AS are largely limited to single-center studies or retrospective analyses. This article aims to review available literature around the management of CAD in patients with AS and assist in the current understanding in approaches toward management.
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Introduction

The prevalence of aortic stenosis (AS) exponentially increases with age, from 0.2% in the 50–59-year group, 1.3% in the 60–69-year group, and 3.9% in the 70–79-year group to 9.8% in those aged 80–89 years (1–3). Modifiable and non-modifiable risk factors for coronary artery disease (CAD) such as older age, smoking, obesity, diabetes, dyslipidemia, chronic renal insufficiency, and end-stage renal disease requiring dialysis have also been implicated in the pathophysiology of AS (4). Given the common risk factors, clinicians often encounter AS and CAD concurrently in approximately half of all patients undergoing transcatheter aortic valve replacement (TAVR) (5, 6). The prevalence of concomitant CAD and AS is estimated to be higher in some studies, occurring in 60% of patients undergoing surgical aortic valve replacement (SAVR) (7) and 65% among patients undergoing TAVR (8). Historically, the treatment of these conditions involved simultaneous surgical replacement of the aortic valve (AV) with coronary artery bypass grafting (CABG). The development of TAVR has brought about a paradigm shift in our approach to patients with AS. Given the lack of robust data and clinical trials on managing the patient with concomitant AS and CAD, the ideal strategy in these patients including target lesion revascularization, timing of percutaneous coronary intervention (PCI), and choice of antiplatelet/antithrombotic therapy post-TAVR is based on institutional/operator preferences vaguely guided by the data based on a retrospective analysis or relatively small single/multicenter experiences.



Assessing the coronary anatomy in patients with AS

Given the significant overlap between the risk factors, demographic profiles, and symptoms of AS and CAD described above, it is often difficult to decipher etiology of the patient's presenting complaints. In patients with severe AS, it is imperative to evaluate the coronary anatomy to rule out obstructive CAD. This enables providers to risk-stratify patients prior to valve replacement and allows for developing a strategy of revascularization if needed.

Contrast-enhanced coronary CT angiography (CCTA) has been shown to have excellent negative predictive value in diagnosing CAD, including detection of in-stent restenosis and bypass graft stenosis of the proximal coronary artery (9–12). In light of this data, current guidelines give a class I recommendation of performing CCTA in patients who have low pretest probability of CAD undergoing workup for TAVR and class IIa recommendation of considering pre-procedural CCTA in patients with low to intermediate pretest probability of CAD who are being worked up for valve surgery (13). Further, if the renal function is normal, CCTA can be combined with CT assessment of the peripheral circulation and cardiac structure as an initial imaging test, reserving invasive coronary angiography for cases wherein CCTA is non-diagnostic or significant CAD is found on non-invasive imaging.

Current guidelines give a class I recommendation for invasive coronary angiography to define coronary anatomy and diagnose potentially severe CAD in patients with high pretest probability of CAD (14). This class I recommendation for coronary angiography prior to valve intervention is expanded to include all patients with angina, objective evidence of ischemia, left ventricular (LV) systolic dysfunction, history of CAD, and coronary risk factors (including males who are >40 years of age and postmenopausal females) if valve surgery is being considered (13).



The effect of AS on coronary microcirculation

Coronary flow reserve (CFR) is the maximal increase in myocardial blood flow above its resting level for a given perfusion pressure when coronary vasculature is maximally dilated and is used to assess coronary microcirculation. The most common causes of decreased CFR are dysfunction of myocardial microcirculation and narrowing of the epicardial arteries. AS has been shown to reduce CFR through mechanisms that are not fully understood (15). Long-term pressure overload leading to abnormally high LV workload due to AS results in a reduction of coronary blood flow at rest as well as during hyperemia and high extravascular compression of microcirculation and is thought to be the mechanism of decreased CFR in these patients (16). This limits the capacity to increase coronary circulation to match myocardial oxygen demand even in the absence of angiographic CAD and is understandably one of the key elements responsible for myocardial ischemia in patients with AS. In fact, this decrease in CFR has been implicated as a potential mechanism of anginal chest pain among patients with AS who do not have CAD. Reduced CFR has been shown to correlate better with hemodynamic indices of AS severity such as transvalvular pressure gradient and effective valve area rather than LV mass (17).

The index of microvascular resistance (IMR) is a quantitative and reproducible measurement of coronary microcirculation that can be calculated during cardiac catheterization using a pressure wire as a product of mean distal pressure and mean hyperemic transit time. Although the IMR is independent of epicardial coronary disease, it is recorded after administration of a hyperemic agent such as adenosine and may thus be susceptible to the downstream hemodynamic effects of a stenotic AV (18). This is discussed in detail below. A high IMR indicates increased coronary microvascular resistance, and this was shown to be associated with higher incidence of adverse outcomes such as death or rehospitalization with heart failure symptoms in a cohort of patients who had IMR measured during cardiac catheterization for ST-segment elevation myocardial infarction (19). In a study by Gutiérrez-Barrios et al., authors found an elevated IMR on invasive assessment and a low baseline microvascular coronary resistance in patients with AS (20). This increase in IMR under hyperemic conditions despite low baseline values may contribute to coronary microvascular dysfunction in this patient population. Severe AS may possibly contribute to the development of symptoms, LV dysfunction, and adverse outcomes seen in this patient population (21, 22), and it is up to the discretion of the providers to determine whether a patient's symptoms are from CAD, severe AS, or, as is frequently the case, a combination of both.



Role of functional studies in stenotic coronary arteries in patients with AS

Coronary hemodynamics are affected by severe AS with reduced resting and peak hyperemic flow as described above. This may affect the fractional flow reserve (FFR), which is a calculated ratio between coronary pressure distal to a coronary artery stenosis and aortic pressure under conditions of maximum myocardial hyperemia by using a pressure wire to obtain these measurements. However, in a small study of 133 coronary lesions that were assessed by FFR in 54 patients with severe AS, post-TAVR variations in FFR were found to be minor (23). Authors concluded that coronary lesions deemed to be borderline by FFR might become functionally significant after valve replacement, although FFR-guided interventions were infrequent even in patients with angiographically significant lesions.

Instantaneous wave-free ratio (iFR) is measured using pressure wires, by passing them to a point distal to a stenotic lesion. iFR calculates the ratio of the distal coronary artery pressure to the pressure within the aortic outflow tract during a resting period of diastole known as the “wave-free period.” A study by Götberg et al. explored a composite of death from any cause, unplanned revascularization, and non-fatal myocardial infarction within 12 months in a cohort of 2,037 patients with stable angina or acute coronary syndrome (ACS) who were randomly assigned to undergo revascularization guided by either iFR or FFR. In these patients without AS, iFR-guided PCI was shown to be non-inferior to FFR-guided PCI (24).

A small study of 28 patients with CAD and severe AS assessed subjects using both whole-cycle hyperemic and diastolic wave-free flows. Systolic and hyperemic coronary flows were found to significantly increase post-TAVR; consequently, authors concluded that hyperemic indices such as FFR could potentially underestimate the severity of coronary stenosis in patients with severe AS. TAVR was reported to have no effect on flow during the wave-free period of diastole, suggesting that indices such as iFR that are calculated during this period are potentially free of the confounding effect of AS (16). A slightly larger study by Yamanaka et al. studied a cohort of 95 patients with severe AS, assessing 116 coronary arteries with intermediate stenosis. Authors compared iFR values with FFR values and adenosine-stress myocardial perfusion imaging as indicators of myocardial ischemia and found that both the iFR and FFR values exhibited good correlation with myocardial ischemia diagnosed on perfusion scintigraphy. The study concluded that in patients with severe AS, a good correlation exists between iFR and FFR (25).

Randomized controlled trials of functional studies of coronary artery stenosis in patients with AS are ongoing. The only available data on this topic are conflicting, derived from small, non-randomized observational studies. There are no recommendations for picking one modality over the other in current guidelines, and both modalities are deemed to be safe and feasible. A slight preference for iFR in patients with AS may be observed because it does not require the administration of a vasodilator to induce hyperemia and is theoretically less influenced by the hemodynamic effects of the stenotic AV (13).



Impact of CAD on outcomes of AV replacement

Given that SAVR for treatment of AS has been in effect for longer than TAVR, it is understood that more robust data on the long-term effects and outcomes of CAD on patients undergoing valve surgery are found. The presence of untreated CAD has been shown to increase perioperative mortality in patients undergoing SAVR (26, 27). Further, incomplete revascularization may lead to LV systolic dysfunction and a worse postoperative survival rate when compared to patients who receive complete revascularization (13). The historical rationale for simultaneous CABG and SAVR first came from relatively small and limited early surgical data that showed patients undergoing SAVR with unrevascularized CAD had poorer long-term outcomes compared with those that had CABG (28, 29). A larger and more recent study reinforced this rationale by showing that concomitant CABG reduced the risk of late death by more than 33% without increasing operative mortality in patients undergoing SAVR with coexistent CAD (30). However, this survival benefit was seen mostly in patients who received a left internal mammary graft to the left anterior descending artery, and a similar benefit was not seen in those that had bypass grafting of the circumflex or right coronary arteries.

The impact of CAD on outcomes of TAVR is not as robust, and current data are incongruent. A meta-analysis by Sankaramangalam et al. analyzed 8,013 patients who underwent TAVR using a random-effects model. The study showed no significant difference for all-cause mortality at 30 days after TAVR between patients with and without CAD, with a cumulative odds ratio of 1.07 (95% confidence interval, 0.82–1.40; p = 0.62). However, patients in the CAD group had a significantly higher incidence of all-cause mortality at 1 year when compared with patients without CAD, with a cumulative odds ratio of 1.21 (95% confidence interval, 1.07–1.36; p = 0.002) (31). Another study by Millan-Iturbe et al. prospectively followed 944 patients with AS undergoing TAVR, of whom 224 were found to have obstructive CAD. Two-thirds of all participants underwent coronary revascularization before TAVR; half of those patients with one-vessel disease and only one-third of those with multivessel disease were completely revascularized. Long-term survival rates by Kaplan–Meier analysis of the total TAVR population at 5 and 9 years were 64.7% and 54.1%, respectively. The study concluded that in patients with or without obstructive CAD who underwent pre-TAVR revascularization, there was no difference in survival or need for revascularization post-TAVR (32). A multicenter observational study from Israel by Witberg et al. analyzed 1,270 patients with severe AS undergoing TAVR. Subjects were stratified into having no CAD, non-severe CAD defined as a SYNTAX (Synergy Between Percutaneous Coronary Intervention with Taxus and Cardiac Surgery) score of <22 and severe CAD defined as a SYNTAX score of >22. Subjects were further stratified by revascularization completeness into having “reasonable” incomplete revascularization defined as a residual SYNTAX score of <8 or incomplete revascularization defined as a residual SYNTAX score of >8. Of the 1,270 patients, 817 (64%) had no CAD, 331 (26%) had non-severe CAD, and 122 (10%) had severe CAD. When compared to patients with no CAD over a median follow-up period of 1.9 years, patients with severe CAD or incomplete revascularization had higher mortality, but no similar difference was seen in the non-severe CAD or “reasonable” incomplete revascularization groups. After multivariate adjustment, both incomplete revascularization (hazard ratio: 1.720; p = 0.031) and severe CAD (hazard ratio: 2.091; p = 0.017) were associated with increased mortality (33).

In summary, data on study findings concerning CAD treatment and TAVR are highly heterogeneous, and different definitions of CAD are used in various studies, making a comparison of results extremely difficult. A reasonable approach would be to risk-stratify patients based on the location and severity of their CAD based on a SYNTAX score and consider other factors such as concomitant comorbidities, frailty, and patient preference before having a multidisciplinary discussion to individualize a strategy for SAVR with CABG vs. TAVR with PCI vs. a hybrid approach based on all these factors, with special consideration for timing of revascularization as discussed below.



Timing of PCI in patients undergoing TAVR

Performing PCI prior to TAVR has a potential benefit of reducing myocardial ischemia and associated adverse outcomes during and after TAVR. Patients with unrevascularized CAD are at higher risk of ischemia and hemodynamic instability during the TAVR procedure, particularly during the rapid ventricular pacing phase at the time of balloon valve dilatation and prosthesis deployment. Further, staging a PCI prior to TAVR reduces the risk of developing contrast-induced nephropathy by spacing out contrast use and avoiding a single, cumulatively higher dose of contrast that may be needed for concomitant TAVR and PCI. On the other hand, PCI requires patients to be started on dual antiplatelet therapy which may increase the risk of bleeding during TAVR, who may already be at increased risk of bleeding and adverse outcomes related to the same from AS via acquired von Willebrand syndrome, frailty, and other comorbidities. The current guidelines recommend continuing dual antiplatelet therapy prior to TAVR with no interruption for the procedure. Severe AS may increase the risk of adverse outcomes during PCI (34). Although rare, if femoral artery access is used for PCI, vascular complications at the access site may make femoral access for TAVR difficult (35).

A systematic review and meta-analysis by Bajaj et al. aimed to determine safety and feasibility of PCI in patients undergoing TAVR and identify optimal timing of revascularization (staged PCI before TAVR vs. concomitant PCI and TAVR) in this patient population. Authors found that staged PCI prior to TAVR or concomitant PCI and TAVR to treat significant CAD (defined as any >50% coronary artery stenosis) were both safe and feasible revascularization options, with no significant difference in 30-day cardiovascular events and mortality at 6 months to 1 year. Unlike the increased risk of adding SAVR to CABG, addition of PCI to TAVR conferred no additional procedural risk. In their subgroup analysis, authors found no significant difference in 30-day mortality, increased risk of life-threatening bleeding, incidence of stroke, and major access site complications between both groups. The only significant difference was a higher incidence of renal insufficiency from combined TAVR and PCI when compared to staged PCI prior to TAVR (36). An analysis of 22,344 patients using the Nationwide Inpatient Sample showed that when compared to patients who underwent only TAVR during their hospitalization, patients who underwent PCI and TAVR during the same hospitalization had higher incidence of in-hospital mortality and an increase in vascular complications (37). The ACTIVATION (PercutAneous Coronary inTervention prIor to transcatheter aortic VAlve implantaTION) trial showed similar observed rates of death and rehospitalizations at 1 year between patients who underwent PCI and no PCI prior to TAVR; however, the non-inferiority margin was not met, and PCI was associated with a higher incidence of bleeding (38). A study by van Rosendael et al. showed no significant difference in overall mortality after a median follow-up of 2 years between patients undergoing PCI within 30 days and >30 days before TAVR. However, authors reported a significant increase in minor vascular injury and bleeding complications after TAVR among patients who had PCI performed within 30 days before TAVR (39). The ongoing Danish NOTION-3 trial (40) seeks to compare outcomes between FFR-guided PCI prior to TAVR and no revascularization prior to TAVR, and its results are eagerly awaited.

The only available data on timing of PCI in patients undergoing TAVR are conflicting, with significant heterogeneity in the definition and methods of detection of CAD in the aforementioned papers. Studies have overall favored PCI prior to TAVR, showing that this method is safe and feasible (34, 36, 41), even in patients with left main CAD which needs special consideration given proximity of the left main ostium to native valve leaflets and the TAVR prosthesis (42). In patients who are unstable and have very elevated AV gradient who are consequently at high risk to undergo PCI alone or in those who have simple, uncomplicated coronary lesions or in those who have ostial lesions with high risk of coronary occlusion, combined PCI and TAVR may be an acceptable strategy (34). Current guidelines recommend an individualized, patient-centric approach to deciding the timing of PCI, including consideration of multiple clinical (presence and severity of angina, bleeding risk, ability to take dual antiplatelet therapy prior to TAVR, etc.) and anatomic (lesion location, severity and complexity, technical feasibility, etc.) factors. Staged PCI before TAVR is a common strategy, although the timing of pre-TAVR PCI remains controversial. There is a class IIa recommendation to consider revascularization with PCI before TAVR in patients with significant left main or proximal CAD with or without angina (13).

In patients undergoing PCI/TAVR, there is a preference for revascularization before valve replacement, an approach driven by the thought that critical CAD rather than symptomatic AS could be contributing to the patient's symptoms and that significant CAD could potentially lead to hemodynamic compromise during the TAVR procedure (6).



Role of surgical revascularization with CABG and concomitant SAVR

Surgical management of CAD and concomitant SAVR is not without risks. Addition of CABG to SAVR doubles the in-hospital mortality (approximately 4.4%–9%), increases cross-clamp time, and increases time spent on cardiopulmonary bypass (43, 44). Further, this may not be a feasible treatment option in patients presenting with ACS, those who are poor surgical candidates for a myriad of reasons (advanced age, renal insufficiency, severe lung disease, end-stage liver disease, cachexia, morbid obesity, peripheral artery disease, severe cerebrovascular disease, pulmonary hypertension, immunosuppression or active infection, active malignancy, and chest wall deformities, among others), those requiring valve reoperation, and those with poor or limited conduit vessels. In light of available data, the current American College of Cardiology and American Heart Association valve guidelines give a class IIa recommendation for consideration of CABG in selective patients who are undergoing any valve repair or replacement who have significant proximal CAD (≥70% reduction in luminal diameter of major coronary arteries or ≥50% reduction in luminal diameter in the left main coronary artery and/or physiological significance defined as FFR <0.8 or iFR <0.89) (13). In these patients with severe AS and significant CAD, the presence of complex bifurcation left main and/or multivessel CAD with a SYNTAX score of >33 has a class IIa recommendation for considering SAVR and CABG over TAVR and PCI (13).



Hybrid intervention approach to CAD and AS

Given the risks of adding CABG to SAVR, it is proposed that some patients may benefit from a hybrid treatment modality that combines PCI with SAVR. Put simply, the rationale behind this is to convert a single high-risk procedure into potentially lower-risk isolated procedures to achieve the same outcome (45). Similar to PCI before TAVR, the addition of dual antiplatelet therapy after PCI substantially increases the risk of bleeding complications during SAVR, and timing of PCI in the hybrid approach is a matter of debate. The first study to explore this treatment option was a retrospective analysis of 26 patients between 1997 and 2003 by Byrne et al. that showed that this hybrid strategy is an alternative to the CABG/SAVR approach among high-risk patients, especially those who have myocardial infarction complicated by shock. Although there was lower mortality among patients who underwent the hybrid approach, it came at the cost of increased bleeding complications and rates of blood transfusions (46). Similar results were obtained by Brinster et al., especially among older patients and those at higher risk of complications (47). In a larger study, Santana et al. retrospectively assessed 65 patients who underwent hybrid PCI with minimally invasive SAVR and matched them to 52 control patients who underwent conventional CABG/SAVR between 2005 and 2011. The median number of days between PCI and surgery was 24 (interquartile range, 2.5–37). Patients who received the hybrid approach had a significantly lower incidence of overall death, stroke, renal insufficiency, length of stay in the intensive care unit, and total length of stay in the hospital. There was no statistically significant difference in in-hospital mortality, number of units of blood transfused, incidence of post-procedure bleeding, and reoperation rates between both groups (48). Although the hybrid approach enables a multidisciplinary team of interventional cardiologists and cardiothoracic surgeons to perform PCI followed by minimally invasive valve replacement safely and without substantial risk for stent thrombosis or early restenosis despite holding antiplatelet therapy for the latter (49), there is a decreased likelihood of choosing hybrid PCI/SAVR in the current era of TAVRs and highly refined revascularization approaches.



Incidence of ACS and management of CAD post-TAVR

Given the shared pathophysiology between AS and CAD discussed above, most of the coronary events occurring after TAVR are thought to be related to an atherothrombotic mechanism either via progression of CAD or failure of a PCI performed before the TAVR (50). Other potential mechanisms are thought to involve impaired coronary flow dynamics and coronary hypoperfusion related to the TAVR bioprosthesis (51) or coronary embolism related to subclinical leaflet thrombosis in bioprosthetic AV thrombosis (52).

In a cohort of 779 TAVR recipients, Vilalta et al. reported a 10% incidence of ACS after a median follow-up of about 2 years after TAVR. Of these events, 36% were due to type 2 non–ST-segment elevation myocardial infarction (NSTEMI), followed by unstable angina (35%), type 1 NSTEMI (28%), and STEMI (1%). Authors found that only 39% of these patients benefited from PCI. The all-cause mortality was reported at 37% at a median follow-up of 21 months post-ACS, with an overall poor prognosis of ACS occurring after TAVR (53). In a larger cohort of 142,845 patients who had received TAVR, Mentias et al. reported that 4.7% of the patients with ACS were admitted after a median time of 297 days (interquartile range: 85–662 days). Of these, 48% occurred within the first 6 months after TAVR. NSTEMI was found to be the most common presentation post-TAVR, one-third of whom were treated using an invasive approach. The invasive approach for the management of NSTEMI was associated with a higher risk of repeat revascularization (adjusted hazard ratio: 1.29; 95% confidence interval: 1.16–1.43; p < 0.001) but overall lower adjusted long-term mortality (adjusted hazard ratio: 0.69; 95% confidence interval: 0.66–0.73; p < 0.01). Furthermore, when compared to patients who presented with NSTEMI, patients who presented with STEMI had a higher 30-day and 1-year mortality (31.4% vs. 15.5% and 51.2% vs. 41.3%, respectively; p < 0.01). Limitations of this study included inclusion of only inpatients, so any patients who underwent elective coronary interventions as outpatients would have been excluded. Information on serum biomarker levels such as troponin and electrocardiogram tracings were not available for authors. Patients with type 2 NSTEMI were excluded from this study. Authors lacked information on drugs such as antiplatelets, anticoagulants, and statins that would affect the incidence and outcomes of ACS, and they also had no information on surgical scores, culprit lesions, coronary anatomy, success of PCI, and repeat revascularization site. The study was large and well-powered, but residual confounding could not be entirely excluded despite propensity score matching analysis to adjust for measured confounders (54). A summary of the studies performed on treatment of AS in patients with concomitant CAD (Table 1).



Management challenges of CAD post-TAVR

Although feasible and safe (55, 56), revascularization with PCI after performing TAVR comes with a unique set of procedural problems including potential prosthesis interference in cannulation of coronary ostia, especially when a supra-annular valve prosthesis is used (57). Certain prostheses may also require specialized techniques to achieve commissural alignment to be able to engage coronary ostia (58). Further, there is a concern that manipulation of catheters may potentially dislodge the TAVR prosthesis. A study from Berlin by Pasic et al. analyzed 46 patients undergoing PCI immediately after transapical TAVR. Authors treated AS as “the most proximal coronary artery stenosis” given its hemodynamic effects described above; the authors’ rationale was to fix AS with TAVR to minimize procedural complications of PCI by reducing myocardial oxygen demand. However, this study only included patients with non-complex CAD that could be fixed by single-stage, straightforward PCI. In the transapical TAVR and PCI group, survival at 12, 24, and 36 months was 87.1%, 69.7%, and 69.7%, respectively. Authors raised concerns about early stent thrombosis with acute myocardial infarction in as many as 1%–3% of patients after PCI but concluded that overall this was a safe and feasible approach to treating concomitant CAD and AS (59).

Available data are related to isolated cases and small series worldwide (42, 50, 60–65). A study by Yudi et al. recommended the systematic use of 6-French catheters, as well as selecting a femoral or left radial approach for patients with a Medtronic CoreValve system, and a femoral or radial (left or right) approach for patients with an Edwards Sapien valve. Further, authors developed a proposed catheter selection algorithm depending on the type of TAVR bioprosthesis, the type of procedure (diagnostic coronary angiogram or PCI), and the position of the transcatheter valve commissure with respect to the coronary ostium (66).



Future insights

TAVR indications are expanding with younger and healthier patients being referred and successfully undergoing this procedure. In light of this, future prospective studies should evaluate revascularization strategies in TAVR patients, including comparison between FFR and iFR for lesion assessment and randomized controlled trials of SAVR with vs. without CABG (67). The COMPLETE-TAVR (68) (ClinicalTrials.gov Identifier: NCT04634240) is an ongoing randomized, multicenter trial that will help determine whether a comparative strategy of complete revascularization involving staged PCI of all suitable coronary artery lesions is superior to a strategy of medical therapy alone in reducing the composite cardiovascular outcome. The optimal timing of PCI in patients undergoing TAVR is being studied in the TAVI-PCI trial (69) (ClinicalTrials.gov Identifier: NCT04310046). Additionally, studies will need to validate the most optimal catheters for coronary angiograms and PCI in patients who need invasive management of CAD after TAVR and also determine the feasibility and failure rates for each bioprosthetic valve type.



Conclusions

CAD and AS are frequently encountered together, and it is of utmost importance to determine the need and methods for revascularization by a multidisciplinary team, after appropriately using a combination of invasive and non-invasive testing to risk-stratify patients. The nature and severity of the patient's symptoms and their coronary and valve anatomy often determine the best approach to treat concomitant CAD and AS. TAVR offers a safer and less invasive option for the treatment of AS compared to SAVR, and this has brought about a paradigm shift in our approach to these patients with many providers opting for a strategy that involves PCI/TAVR or PCI with minimally invasive SAVR over combined CABG/SAVR. Unfortunately, the lack of strong data has led to considerable heterogeneity in the management of these patients. As we await more definitive evidence, the collaborative efforts of a multidisciplinary team are essential to manage and optimize favorable outcomes in patients with concomitant CAD and AS.


TABLE 1 A summary of the studies performed on treatment of AS in patients with concomitant CAD.
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Objectives: Obesity, especially abdominal obesity, increases the prevalence of metabolic and cardiovascular disease (CVD). Fibroblast growth factor 21 (FGF21) has been identified as a critical regulator playing a therapeutic role in diabetes and its complications. This study aims to evaluate the relationship between serum FGF21 levels and body shape parameters in patients with hypertension (HP) and type 2 diabetes mellitus (T2DM).



Methods: Serum FGF21 levels were determined in 1,003 subjects, including 745 patients with T2DM, and 258 individuals were selected as a healthy control in this cross-sectional study.



Results: Serum FGF21 levels were significantly higher in T2DM patients with HP than those without [534.9 (322.6–722.2) vs. 220.65 (142.8–347.55) pg/ml, p < 0.001], and levels in both of these two groups were significantly increased compared with that of healthy control [123.92 (67.23–219.32) pg/ml, all p < 0.001]. These differences were also observed in body shape parameters, including weight, waistline, body mass index (BMI), body shape index (ABSI), and the percentage of abdominal obesity. Serum FGF21 levels in T2DM patients were positively correlated with body shape parameters, including weight, waistline, neck circumference, BMI, ABSI, percent of abdominal obesity, and triglyceride, while negatively with estimated glomerular filtration rate (all p < 0.01). The significance remained stable when adjusted for age and T2DM duration. In addition, both serum FGF21 concentrations and waistline were independently associated with HP in T2DM patients after the adjustment for risk factors (all p < 0.05). ROC analysis for FGF21 levels of 745 patients with T2DM identified 411.33 pg/ml as an optimal cut-off point to predict HP, with a sensitivity and specificity of 66.0% and 84.9%, respectively.



Conclusions: FGF21 resistance occurs in patients of HP in T2DM, and positively correlates with body shape parameters (especially waistline and BMI). High levels of FGF21 may be a compensatory reaction to offset HP.
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1. Introduction

Metabolic syndrome is a combination of multiple metabolic disorders, including obesity, insulin resistance, hyperinsulinemia, abnormal lipid metabolism, abnormal glucose metabolism and hypertension (HP) (1). These metabolic disorders are the pathological basis of heart, cerebrovascular diseases, and diabetes. It is generally recognized that the common cause of these disorders is obesity, especially abdominal obesity, which results in the body's resistance to insulin, thus reducing the utilization of peripheral glucose and increase the utilization of fatty acids, leading to type 2 diabetes mellitus (T2DM) (2). In addition, it should be noted that similar manifestations of metabolic syndrome could also be observed in individuals with abdominal obesity but not overweight in total body weight (3). Obesity-induced insulin resistance and associated hyperinsulinemia, hyperglycemia, and adipokine may also cause vascular endothelial dysfunction, dyslipidemia, HP, and vascular inflammation, which contribute to the development of atherosclerotic cardiovascular disease (CVD) (4, 5). Controlling obesity is a standard preventive and therapeutic measure for metabolic disorders (6).

Recently, fibroblast growth factor 21(FGF21) has been considered as a novel metabolic risk factor, which is closely associated with a variety of metabolic and CVD (7, 8). Circulating FGF21 is mainly derived from the liver and acts by binding to its receptor FGFR1 and coreceptor β-klotho in regulating energy balance and glucose and lipid homeostasis (9). Surprisingly, however, individuals with metabolic disorders such as obesity, T2DM and fatty liver have high levels of FGF21 and respond poorly to exogenous FGF21, this phenomenon was defined as FGF21 resistance. FGF21 resistance is a state of the body's weakened response to FGF21, which is manifested by reduced biological effects of target tissues and increased compensatory synthesis of FGF21 in the body (10, 11). This may be due to decreased expression or sensitivity of the FGF21 receptor and β-klotho protein (12). Long-term lifestyle interventions such as diet, exercise, weight control, etc. may improve FGF21 resistance (10). These changes in daily habits are equally important in combination of antihypertensive drugs for controlling blood pressure. Therefore, it is of great importance to motivate people to keep their body in good shape.

In non-metabolic CVDs, FGF21 plays an essential role in the regulation of blood pressure. In mechanism, our previous study found that FGF21 participated in the regulation of HP by improving the function of endothelial cells, promoting the release of vasodilatory factors, inhibiting vascular remodeling, and antagonizing angiotensin II (Ang II). By using FGF21 gene knockout mice and overexpressed mice, we confirmed the effect of FGF21 on lowering blood pressure and protecting the cardiovascular system. FGF21 protects against Ang II-induced HP and vascular impairment by fine-tuning the multi-organ crosstalk between liver, adipose tissue, kidney, and blood vessels through the activation of the ACE2/Ang-(1–7) axis. It is a medium for multiple organs and systems to resist pathological changes jointly (13). In addition, the antihypertensive treatment prepared by FGF21 as the active substance has a significant improvement effect on HP symptoms caused by Ang II (14). Basic research and clinical application of FGF21 in blood pressure regulation has made preliminary progress in recent years (15). Compared with traditional antihypertensive drugs such as β-blockers, angiotensin-converting enzyme inhibitors, diuretics, etc., FGF21 not only improves blood pressure but also has the function of protecting the cardiovascular system and alleviating vascular injury, showing the potential of FGF21 in the development of drugs for dealing with HP. On the one hand, FGF21 promotes the development of HP, possibly through fluid retention. FGF21 is a critical mediator in PPARγ signal transduction. Mice with FGF21 gene knockout showed PPARγ signal defects and resistance to significant side effects (such as weight gain and edema) of rosiglitazone (PPARγ agonist) (16). On the other hand, FGF21 is also a hormone that acts on the central nervous system. It can enter the human blood circulation, cross the blood-brain barrier, and its receptor FGFR and cofactor β-clotho are distributed in key locations of pressure emission pathways and blood pressure regulation sites. Therefore, FGF21 may be involved in the regulation of central blood pressure by activating related signaling proteins in the central nervous system (17). However, more and more studies have reported that the elevated human serum FGF21 level was independently associated with HP, obesity, T2DM and fatty liver diseases, which led us to hypothesize that HP in fact may affect the raise of serum FGF21 level, especially in the state of diabetes.

For the superior efficacy of FGF21in handling metabolic diseases, including HP, thus improving FGF21 resistance is a new idea for the treatment of obesity and related metabolic disease. In the general population, FGF21 level has been confirmed to be closely associated with metabolic syndrome, including obesity, non-alcoholic fatty liver disease, HP, and diabetes (18). Complex metabolic diseases such as obesity, HP, diabetes, etc. are isolated and interrelated. However, the relationship between FGF21, body shape, and blood pressure in patients with diabetes remains unknown. In this regard, the purpose of this study is to systematically explore the correlation between serum FGF21 levels of HP in patients with T2DM and to find out the risk factors of diabetes complicated with HP to provide new methods for the etiology, early screening, diagnosis, treatment, and prevention of chronic complications of diabetes.



2. Materials and methods


2.1. Participants

A total of 745 patients diagnosed with T2DM participated in this cross-sectional study recruited from July 1, 2019–January 28, 2023 from the Diabetes Center of Ruian People's Hospital. T2DM was diagnosed according to the criteria of DM proposed by the World Health Organization in 1999: Symptoms of diabetes, a blood glucose level of 11.1 mmol/L at any time, a fasting blood glucose (FPG) level of 7.0 mmol/L or a 2-hour blood glucose level of 11.1 mmol/L (19). HP was defined with systolic blood pressure (SBP) ≥ 140 mmHg, diastolic BP (DBP) ≥ 90 mmHg, or a history of HP, or use of antihypertensive drugs. Body mass index (BMI) was defined as weight over height2 (kg/m2), a body shape index (ABSI) was calculated as waistline/(BMI2/3height1/2) (m11/6kg−2/3), overall obesity was defined by BMI ≥ 28 kg/m2, and abdominal obesity was defined by waistline ≥ 90 cm for men and ≥85 cm for women. A complete history and thorough physical examination were obtained in each case. BP was measured using a mercury sphygmomanometer after a 10 min rest. Waistline to hipline ratio (WHR), headline, and neckline was also measured at baseline. In addition, routine laboratory tests were done. This study was performed with the approval of the Human Ethics Committee of Ruian People's Hospital, and written informed consent was obtained from each participant.



2.2. Clinical data collection and biochemical assessment

Additional laboratory data and detailed history of physician-diagnosed disease, drinking, and smoking histories were obtained and evaluated through questionnaires. Blood was drawn following an 8–12 h period of fasting for determination of FPG, hemoglobin A1c (HbA1c), triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-c). The chronic kidney disease epidemiology collaboration formula was used to calculate the estimated glomerular filtration rate (eGFR). Serum samples obtained from all participants were stored in −80°C preparing for further detection. Human serum FGF21 levels were quantitatively determined in vitro by a standard enzyme-linked immunosorbent assay kit (Antibody and Immunoassay Service, HKU, HK). Serum FGF21 levels and other baseline characteristics were compared between T2DM patients with and without HP. Univariable and multivariable logistic regression analysis was used to identify factors most closely associated with HP. Furthermore, correlation analysis was performed to examine the determinant factors of circulating FGF21 levels in patients with T2DM.



2.3. Statistical analysis

All statistical analyses were performed using Statistical Package for Social Science Version 26.0 (IBM Corporation, NY, USA). Continuous data were expressed as mean ± standard deviation or median with interquartile range. Categorical data are expressed as percentages. Independent-sample t test, one-way ANOVA followed by Tukey's HSD test or the nonparametric Kruskal-Wallis test followed by Dunn's test, and χ2 test was used to determine differences between groups. Variables with statistical significance between groups and variables which were biologically likely to be related to HP were all included to determine independent factors of HP in T2DM, using univariable and multivariable logistic regression analysis. In addition, pearson correlation and partial correlation analysis adjusted for age and T2DM duration were applied to identify the association of FGF21 and body shape parameters or biochemical parameters. The predictive value of FGF21 against HP was determined with ROC curves. Two-sided p values < 0.05 were considered statistically significant.




3. Results


3.1. Serum FGF21 levels are significantly increased in T2DM patients with or without HP compared to healthy controls

The physical and biochemical characteristics of T2DM patients and healthy controls including FGF21 levels, body shape parameters, and biochemical parameters likely to be related to HP risks are summarized in Table 1. Serum FGF21 levels was increased in T2DM patients compared with those in healthy [220.65 (142.8–347.55) vs. 123.92 (67.23–219.32) pg/ml, all p < 0.001]. Moreover, T2DM patients with HP expressed at the FGF21level of more than twice as high as those without [534.9 (322.6–722.2) vs. 220.65 (142.8–347.55) pg/ml, p < 0.001]. There was no statistically significant difference between patients of diabetes with or without HP on height, significant differences were only found when compared with healthy, however, there was a gradual increase in weight in these three groups (59.10 ± 10.14 vs.67.90 ± 11.16 vs. 71.51 ± 11.76 kg, all p < 0.001), so was BMI (22.28 ± 2.92 vs. 24.86 ± 3.069 vs. 26.53 ± 3.40 kg/m2, all p < 0.001). WHR was equal to waistline/hipline. The mean hipline of the patients of diabetes with or without HP was nearly equal (74.14 ± 14.07 vs. 74.17 ± 14.60 cm, p = 0.974); interestingly, however, both waistline (92.83 ± 8.78 vs. 87.70 ± 8.38 cm, p < 0.001) and WHR (1.30 ± 0.28 vs. 1.22 ± 0.25, p < 0.001) were increased in diabetes with HP as compared to those without. Similarly, elevated ABSI (0.082 ± 0.004 vs. 0.08 ± 0.003 m11/6kg−2/3) and neckline (38.29 ± 3.17 vs. 37.40 ± 3.79 cm) were found in these T2DM individuals with HP compared with those without (all p < 0.001). In addition, the prevalence of abdominal obesity was significantly higher in diabetes with HP (27.6 vs. 15.8%, p < 0.001) than that of diabetes alone. No significant difference was found in headline between the two groups (56.47 ± 2.64 vs. 56.72 ± 2.25 cm, p = 0.173). Although there was a significant difference in anti-diabetic drugs use (Table 1), no correlation was found between the anti-diabetic treatments and serum FGF21 levels (Table 2).


TABLE 1 Baseline characteristics of the study participants with HP.
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TABLE 2 Correlation of LnFGF21 with body shape and other risk factors of HP in patients with T2DM.
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In sum, FGF21 is increased, and a worse of body shape parameters, including elevated weight, waistline, neckline, BMI, ABSI, and WHR, was found in these T2DM individuals with HP compared with those without this complication (all p < 0.05). These data suggest FGF21 resistance occurs in diabetes, especially those with HP.



3.2. Serum FGF21 levels are closely correlated with a cluster of body shape parameters and HP in patients with T2DM

The prevalence of abdominal obesity is high, and an increased serum level of FGF21 was observed in HP individuals with diabetes (Table 1). Is there any relationship between serum FGF21 levels and body shape in these T2DM individuals? We next investigated the relationship between serum FGF21 levels and a cluster of body shape parameters. Correlation analysis showed a significant positive association of serum FGF21 levels with body shape parameters, including weight, waistline, BMI, ABSI, abdominal obesity, and TG, respectively (all p < 0.05). However, serum FGF21 was negatively correlated with eGFR (p < 0.001). After the adjustment for age, the significance remained stable, with a bit of change in neckline (p < 0.05) and ABSI (p > 0.05). Furthermore, the correlation of serum FGF21 with these parameters, except for ABSI remained significant even after the adjustment for age and T2DM duration (Table 2). To clarify whether HP is correlated with FGF21, we also analyzed the relationship of serum FGF21 with HP by partial correlation analysis. As shown in Table 2, HP was strikingly positively correlated with serum FGF21 levels when adjusted by age and T2DM duration (r = 0.410, p < 0.001). These data suggest that serum FGF21 levels are closely related to body shape and HP in patients with T2DM.



3.3. Serum FGF21 levels and waistline are independently associated with HP in T2DM patients

To investigate whether FGF21 is related to the morbidity of HP in patients with T2DM, we first explored the risk factors of HP in these T2DM subjects. As shown in Table 1, an increased manner of serum FGF21 levels was observed in these T2DM subjects with HP compared with those without. Consistent with the change of FGF21, a higher prevalence of abdominal obesity was observed in these individuals. In univariable logistic regression analyses (Table 3), body weight, waistline, neckline, BMI, ABSI, and WHR, but not standing height or hipline, predicted the occurrence of HP in these T2DM subjects, suggesting that body weight, waistline, neckline, BMI, ABSI, and WHR screening in diabetic patients could be helpful in detecting high-risk individuals of cardiovascular complications such as HP as early as possible. In addition, current drinking, age, T2DM duration, HbA1c, TG, and eGFR were also found to be independent risk factors for the established HP. In stepwise multiple regression analysis (Table 4), the predictors of HP were FGF21, weight, and waistline in the model adjusted by body shape parameters. FGF21, age, T2DM duration, HbA1c, TG, and eGFR are risk factors for HP in the model adjusted by general and biochemical parameters. Interestingly, the association of serum FGF21, waistline, age, HbA1c, and eGFR with HP remained significant in model 3, which was adjusted by parameters with p < 0.05 in models 1–2.


TABLE 3 Factors associated with HP in patients with T2DM in univariable logistic regression analyses (n = 745).
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TABLE 4 Factors associated with HP in patients with T2DM in stepwise multivariable logistic regression analysis (n = 745).
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In addition, Receiver operating characteristic (ROC) curve analysis and 95% confidence interval (CI) were applied to judge the value of FGF21 on HP high-risk score. In this study, the area under the curve (AUC) was found to be statistically significant (AUC: 0.789, 95% CI: 0.756–0.823, p < 0.001) in the total sample (Figure 1). Furthermore, a combined analysis of FGF21, waistline, and age got a more considerable AUC value compared with these three parameters alone (AUC: 0.854, 95% CI: 0.827–0.881, p < 0.001), moreover, the sensitivity and specificity of combined detection of FGF21, waistline and age were significantly higher than those of single detection. As an optimal cutoff point, high risk LnFGF21 value of 6.02 pg/ml (FGF21 value of 411.33 pg/ml) was determined with a 66.0% sensitivity and 84.9% specificity. Taken together, serum FGF21 levels (411.33 pg/ml or more), waistline (87.75 cm or more), and age (53.5 year or more) may be good predictors for the incidence of HP in patients with T2DM.


[image: Figure 1]
FIGURE 1
Curve analysis of serum FGF21, waistline, and age for predicting the HP of 745 patients with T2DM. Upper panel: ROC curve; Down panel: the area under ROC (AUC) curve.





4. Discussion

Patients with diabetes are most likely to have a high risk of CVD, which is the leading cause of death among patients with T2DM. HP is a cardiovascular syndrome with elevated systemic arterial pressure as the primary clinical manifestation. Our previous animal research demonstrated that FGF21 plays an essential role in regulating blood pressure (13). However, such a conclusion, even if well founded, is unsatisfactory for due to the few human studies for metabolic cardiovascular diseases evaluating the relationship between FGF21 and HP have been reported. Current studies on FGF21 mainly focus on glucose and lipid metabolism, obesity and diabetes. FGF21 levels in circulation (20), cord blood (21), and placenta (22) were elevated in pregnant women with diabetes mellitus, and positively correlated with human BMI. Surprisingly, however, these findings contradict the positive efficacy of FGF21 in rodents. Therefore, some researchers have questioned whether FGF21 resistance exists in patients with obesity and other related metabolic diseases (23). The expected beneficial effects of endogenous FGF21 are not present in obesity, which is a great challenge for clinical drug development based on FGF21. Given the close relationship between obesity, diabetes and other metabolic diseases and HP, scholars have begun to pay attention to the relationship between FGF21 level and HP in recent years, and studies have shown that circulating FGF21 level is significantly correlated with increased blood pressure (24). These data suggest that complicated metabolic cardiovascular problems may be an FGF21-resistant state.

Nevertheless, the causal relationship and potential effects between HP and FGF21 need to be better clarified. HP may be related to the improvement of insulin resistance and the influence of FGF21 on the afferent pathway of stress reflex. In fructose-induced hypertensive SD rats, FGF21 could improve the absorption and utilization of glucose, improve insulin resistance, increase the activity of NO synthase, stimulate endothelial cells to release strong vasodilator NO, improve endothelial function, and ultimately significantly reduce the SBP of SD rats (25). Our previous studies showed that the inhibition of FGF21 can promote Ang II production, leading to the occurrence of HP. Treatment with recombinant FGF21 can convert Ang II into Ang (1–7), expand the artery to reduce the peripheral resistance of blood vessels, reverse vascular damage, and lower high blood pressure (13). FGF21 can also prevent myocardial fibrosis caused by HP. During HP, both systemic and cardiac FGF21 will be induced and act on the heart to avoid hypertensive heart disease (26). HP is also a chronic inflammatory disease, which can cause the accumulation of pro-inflammatory cells including macrophages and T lymphocytes, which play a crucial role in the pathogenesis of HP (27). Depletion of FGF21 resulted in a significant increase in blood pressure, which led to increased infiltration of monocytes, macrophages and T cells, and aggravated aortic inflammation in Ang II-treated wild-type mice. These negative effects were significantly amplified in FGF21 knockout mice but were entirely reversed by infection with aav-FGF21, showing that FGF21 can inhibit HP and ameliorate HP-mediated vascular damage (28). These above results suggest that FGF21 can regulate blood pressure by regulating renin-angiotensin system, stress reflex afferent pathway, and inhibiting inflammatory response. With further research, FGF21 is expected to become a new biomarker to predict the occurrence of HP, and FGF21 or its agonists may become a new target for the treatment of HP.

It was firstly reported that the elevated serum FGF21 level was independently associated with HP in American community residents according to a prospective open cohort study (20), with the same results in Chinese (29, 30) and Japanese populations (31). In this study, we first evaluated the changes of circulating FGF21 in subjects with and without HP in T2DM patients, and we provided first clinical evidence showing that serum FGF21 levels were significantly increased in patients with T2DM than in healthy controls, and much higher FGF21 levels were observed in patients combined with HP. Serum FGF21 concentrations in these patients with T2DM were independently associated with HP in univariate and multivariate binary logistic regression analyses, similar results to other studies (29–31). There is a significant correlation between FGF21 and HP. However, the mechanisms of FGF21 involved in the development and progression of metabolic syndrome especially in HP plus T2DM as yet unexplored. One of the potential role of phosphatases or other molecules that may impair ERK pathway signaling on FGF21 remains to be determined (23). Further research is needed to investigate the mechanism of FGF21 on the development and progression of metabolic disorders in these T2DM individuals with HP.

Previous studies have shown that body shape is closely related to HP (32), and serum FGF21 level is higher in obese people (33). Similarly, in the current study, the body shape parameters, including body weight, waistline, neck circumference, BMI, ABSI, and WHR of T2DM patients with HP, were significantly higher than those without. The proportion of abdominal obesity in HP was also considerably increased, this may be related to the exacerbation of metabolic syndrome or diabetic chronic complications in these patients with T2DM. As expected, serum FGF21 levels were significantly associated with weight, waistline, BMI, ABSI, and abdominal obesity; the positive correlation remained highly significant when adjusted for age and T2DM duration. Interestingly, FGF21 appears to have similar mechanisms to lipid metabolism disorders in T2DM with HP. Correlation analysis showed that FGF21 was positively correlated with TG, negatively correlated with HDL-c, while no correlation with TC or LDL-c was found (Data not shown). Paradoxically, serum FGF21 in T2DM patients with HP was significantly higher than in control, which seems to contradict that the FGF21 can improve metabolic disorders. Many previous reports have confirmed that FGF21 is highly expressed in patients with chronic metabolic diseases such as obesity, diabetes, coronary heart disease, etc. The explanation of this paradox is that in these diseases, the human body has resistance to FGF21, and the sensitivity is reduced, which leads to the high compensatory increase of FGF21 in the circulation (34). FGF21 is primarily excreted by the kidney and is an independent risk factor for impaired kidney function. However, in the correlation analysis, FGF21 was not correlated with serum creatinine, blood urea nitrogen, serum uric acid, only negatively correlated with eGFR, after adjusting for age and sex, the correlation coefficients were reduced (Data not shown). This may be related to kidney function not being impaired in the early stage of diabetes. Moreover, it was reported that some kinds of anti-diabetic drugs have shown the potential effect the levels of FGF21. However, in the present study, no correlations were found between serum levels of FGF21 and anti-diabetic drugs use, possible confounding factors of anti-diabetic drugs that may hinder the obtained results were generally not considered.

Body shape parameters including weight, waistline, neck circumference, BMI, ABSI, WHR, and the proportion of abdominal obesity increased significantly. FGF21, waistline, age, HbA1c, and eGFR are independent risk factors for T2DM complicated with HP, suggesting that elderly individuals with abdominal obesity should pay more attention to weight control, not only blood-sugar control, to prevent the occurrence of HP, thus reduced the risk of cardiovascular death in patients with T2DM at high risk for cardiovascular events.



5. Limitations

This study has several limitations. First, the term “FGF21 resistance” during human obesity, in which circulating FGF21 levels are elevated, has been controversial partly due to difficulty in delineating the physiological and pharmacological mechanisms of FGF21 (10), weight loss and energy expenditure should be assessed to test chronic FGF21 sensitivity. However, FGF21 metabolism and signal transduction is a difficult challenge. Second, our present study is limited by the lack of measurements for coronary artery disease, in which FGF21 is significantly higher (35). Therefore, further studies are needed to elucidate the impact of coronary artery disease on the association of FGF21 and HP.



6. Conclusions

In this study, we have confirmed that the risk factors of diabetes complicated with HP are closely related to body shape, the frequency of chronic complications of diabetes such as HP is high, and an increased prevalence of abdominal obesity was observed with higher serum level of FGF21, in other words, FGF21 resistance occurs in obesity patients in T2DM with HP. The changes in FGF21 level in different populations showed the protective function of FGF21 on the circulatory system, such drugs targeting FGF21 for treating CVD and metabolic diseases will be an excellent boon for cardiovascular patients.
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Background: Worsening heart failure (WHF) is a heterogeneous clinical syndrome with poor prognosis. More effective risk stratification tools are required to identify high-risk patients. Evidence suggest that aberrant ceramide accumulation can be affected by heart failure risk factors and as a driver of tissue damage. We hypothesized that specific ceramide lengths and ratios serve as biomarkers for risk stratification in WHF patients by reflecting pathological changes of distinct organ dysfunctions.



Medthods: We measured seven plasma ceramides using liquid chromatography-mass spectrometry (LC-MS) in 1,558 patients, including 1,262 participants in retrospective discovery set and 296 WHF patients in prospective validation set in BIOMS-HF study (Registry Study of Biomarkers in Heart Failure). Univariable and multivariable logistic regression models were constructed to identify associations of ceramides with organ dysfunctions.



Results: We constructed three ceramide-based scores linked independently to heart, liver, and kidney dysfunction, with ceramides and ratios included in each score specifying systemic inflammation, chronic metabolic disorder, and water-sodium retention. The combined ceramide heart failure score (CHFS) was independently associated with adverse outcomes [Hazard Ratio, 2.80 (95% CI: 1.78–4.40; P < 0.001); 2.68 995% CI: 1.12–6.46; P = 0.028)] and improved the predictive value of Acute Decompensated Heart Failure National Registry score and BNP [net reclassification index, 0.34 (95% confidence interval, CI: 0.19–0.50); 0.42 (95% CI: 0.13–0.70)] in the discovery and validation set, respectively. Lower BNP levels, but higher CHFS had the highest hazard of future adverse events in WHF patients.



Conclusion: Abnormal plasma ceramides, associated with heart and peripheral organ dysfunctions, provide incremental prognostic information over the ADHERE score and brain natriuretic peptide concentration for risk stratification in WHF patients. This may facilitate the reclassification of high-risk patients in need of aggressive therapeutic interventions.
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worsening heart failure, ADHERE score, biomarker, organ dysfunction, prognosis





1. Introduction

Worsening heart failure (WHF) is a life-threatening disorder with a 1-year event rate of 40% (1). The current treatment for WHF is mostly symptomatic; at best, it is tailored according to the initial hemodynamic status. However, some patients experience high mortality and hospital readmission rates (2).

Patients with WHF often have coexisting multi-organ injury/dysfunction (heart, kidney, and liver) upon admission (3–6). Maladaptive crosstalk between the heart and injured peripheral organs leads to insufficient peripheral perfusion, a persistent congestive state, and abnormal changes in cardiac systolic or diastolic function, resulting in pathological ventricular remodeling and adverse outcomes (7). Dysfunction or injury to the peripheral organs is a common result of different etiological and risk factors, as suggested by the severity and complex pathological heterogeneity of WHF (8). Several clinical markers have been recommended in the European Heart Failure (HF) guidelines for the identification of organ dysfunction, including alanine transaminase (ALT), aspartate transaminase (AST), creatine kinase-MB, and estimated glomerular filtration rate (9). The natriuretic peptide concentration and Acute Decompensated Heart Failure National Registry (ADHERE) score, which are derived from the patient's blood urea nitrogen concentration, systolic blood pressure, and creatinine concentration, provide a means of assessing an individual patient's risk of inpatient mortality due to HF (10–12). Despite the availability of these measures, we have not been able to reduce adverse clinical outcomes in patients with WHF. Therefore, identifying the underlying pathological changes linked to different types of organ dysfunction could help improve the risk stratification and treatment of patients with WHF.

Various underlying pathophysiological changes, such as proinflammatory activation, oxidative stress, persistent ischemia, unresolved hyperemia, unhealthy metabolic status, and hypoperfusion, often coexist in patients with WHF who have organ injury/dysfunction (13). Several studies have shown that lipid metabolism reflects the underlying pathological processes in peripheral organs and aggravates the deterioration of cardiac function (14–16). The bioactive sphingolipid ceramide is both a structural component of the cell membrane and a signaling molecule that regulates endoplasmic reticulum stress, apoptosis, mitochondrial energy metabolism, and insulin resistance (17). Evidence suggests that distinct ceramides are closely related to several cardiometabolic diseases such as diabetes, hypertension, and coronary heart disease, and act as prognostic biomarkers for cardiovascular diseases (14, 18–20). A recent study conducted using an animal model of fatty liver disease showed that plasma Cer(d18:1/24:1) and Cer(d18:1/24:1) levels were both affected by the activation of ceramide synthase 2, which strongly indicates metabolic disorders in the liver tissue. Ahmad et al. showed that tissue-specific ceramide synthase 6 in glomerular podocytes produces Cer(d18:1/16:0), which affects renal perfusion by participating in oxidative stress and inflammatory reactions during acute/chronic kidney injury (21). Thus, it is becoming evident that distinct plasma ceramides are probably tissue-specific and have different physiological functions. Exploring the relationship between distinct organ dysfunctions and specific ceramide lengths in patients with WHF may provide evidence to further elucidate how these bioactive sphingolipids affect the occurrence and development of HF. Therefore, we hypothesized that specific ceramide lengths and ratios could serve as biomarkers for risk stratification in patients with WHF by reflecting pathological changes in distinct organ dysfunction.

In the present study, we identified a correlation between distinct ceramides and adverse outcomes in patients with WHF. We assessed the association between ceramide molecules and organ dysfunction. Finally, we established a ceramide heart failure score (CHFS) and verified its feasibility for risk stratification to provide greater insight into the potential role of ceramide in WHF.



2. Methods


2.1. Study population

The overall study design is shown in Supplementary Figure S1. This study comprised a cross-sectional discovery set, a retrospective discovery set, and a prospective validation cohort. Data supporting the findings of this study are available from the corresponding author upon reasonable request.

One cross-sectional study was established to evaluate whether plasma ceramides are associated with heart failure progression. The cross-sectional set (Supplementary Figure S1A) included 447 patients in 3 heart failure stages: healthy controls, preclinical patients, and patients with worsening heart failure. All the participants were age- and sex-matched. Patients with worsening heart failure were identified from the Registry Study of Biomarkers in Heart Failure (BIOMS-HF) cohort (22). The inclusion criteria were as follows: A total of 149 healthy controls were recruited from the population participating in the physical examination center at Anzhen Hospital. The inclusion criterion was a healthy clinical status with a potential risk of HF but without structural heart disease. The 149 participants with preclinical HF had a history of structural heart disease but no symptoms of HF.

Discovery and validation sets were obtained from BIOMS-HF, a retrospective and prospective cohort study (Supplementary Figure S1B). The retrospective discovery cohort included 964 patients with WHF who visited the Beijing Anzhen Hospital, Capital Medical University, between August 2017 and March 2019 (BIOMS-HF study registration number: NCT03784833 in ClinicalTrials.gov). The prospective validation set included 296 patients with WHF who visited Beijing Anzhen Hospital, Capital Medical University, between April 2019 and June 2019. This study was based on the inclusion criteria of BIOMS-HF: age of ≥18 years, HF symptoms and signs (dyspnea or minimal exertion at rest, dry and wet oral, pleural and ascites, peripheral edema, or pulmonary congestion on x-ray films), and brain natriuretic peptide (BNP) and N-terminal pro-BNP (NT-pro-BNP) concentrations of ≥35 and ≥125 pg/ml, respectively (23). For a diagnosis of WHF, patients were required to have a relevant history of HF symptoms and signs and a diagnosis of structural heart disease. Structural heart disease included any one of the following criteria: an increased left ventricular end-diastolic size as measured by echocardiography (≥55 mm); a left ventricular ejection fraction (LVEF) of ≤50%; ventricular septal thickening (>12 mm) or left ventricular posterior wall thickening (>12 mm) as measured by echocardiography; severe valve stenosis/dysfunction; or significant myocardial abnormality (cardiomyopathy), congenital heart disease, or previous cardiac surgery (24). The detailed study design is presented in Supplementary Figure S1B. A total of 964 patients in the discovery set and 296 in the validation set were analyzed, including 972 patients without composite events and 288 patients with composite events.

This study was approved by the local ethics committee. The study was performed in accordance with the requirements of the Declaration of Helsinki. All the participants provided written informed consent.



2.2. Follow-up and outcomes

The primary endpoints were all-cause mortality and the following events: repeated hospitalization for HF, recommendation for heart transplantation by physicians, implantation of a cardiac resynchronization therapy defibrillator (25), and follow-up with a New York Heart Association functional classification of IV. Unplanned emergency visits or hospitalizations leading to HF deterioration were defined as those due to HF. Data on events were obtained from telephone or electronic medical records. The primary endpoints and adverse events were reviewed and confirmed by certified physicians to ensure accuracy. There were 315 (33%) patients who suffered from HF event/hospitalization, and 152 (16%) patients who died in the experimental period in the discovery set. The validation set included 97 (33%) patients with HF event/hospitalization and 41 (14%) patients died in the experimental period. During the median follow-up of 325.5 days in the discovery set, 129 patients were lost to follow-up (follow-up rate: 86.6%). During a median follow-up of 208 days in the validation set, 13 patients were lost to follow-up (follow-up rate: 95.6%).



2.3. Sample collection and quantification of ceramides

Fasting blood samples were collected in ethylenediaminetetraacetic acid tubes, centrifuged, aliquoted, and stored at −80°C until analysis. Ultra-performance liquid chromatography-tandem mass spectrometry was performed to quantitatively detect several plasma ceramides [Cer(d18:1/14:0), Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:0), Cer(d18:1/20:0), Cer(d18:1/22:0), Cer(d18:1/24:0), and Cer(d18:1/24:1)] using a Thermo TSQ Quantum mass spectrometer equipped with an electrospray ionization probe and interfaced with the Agilent 1,290 Infinity LC system (Agilent, Palo Alto, CA, United States). The injection volume of the extracted samples was 10 µl. The details of the ceramide tests were elaborated from previous research conducted by our team (26).



2.4. Definition of organ dysfunction/injury

Organ dysfunction/injury was defined based on baseline measurements. A troponin I concentration greater than the upper reference limit (URL) (>0.056 ng/ml) was considered myocardial injury (27). Renal insufficiency was defined as an estimated glomerular filtration rate of <60 ml/min/1.73 m2, calculated using the Modification of Diet in Renal Disease Study equation (28, 29). The presence of at least one of these abnormal liver function test results indicates liver injury or dysfunction: ALT and AST levels beyond the upper limit reference range for liver function (male: 9–50 U/L, female: 7–40 U/L; AST: male:15–40 U/L; female: 13–35 U/L), bilirubin concentration higher than the URL (>1.3 mg/ml), and albumin concentration lower than the lower reference limit (<3.5 mg/dl) (30, 31).



2.5. Statistical analysis

Continuous variables with a normal distribution are expressed as means with standard deviations. The statistical significance of the differences between the groups was tested using analysis of variance, Student's t-test, or the χ2 test, as appropriate. Statistical significance was set at P < 0.05. Logistic regression was used to estimate the odds ratios (OR) per standard deviation. Cox proportional hazards were used to calculate hazard ratios (HR). Proportional hazard assumptions were tested using Schoenfeld residuals. The Spearman correlation coefficient was used to evaluate association for continuous variables. Logistic regression analysis was used to evaluate the correlation between scores with categorical clinical outcomes (e.g., diabetes, ascites, ortopnea). Excluding cases with missing values may bias the results (32); thus, imputation proceeded in two steps: first, continuous variables were imputed using the EM algorithm to create a monotone missingness pattern, and then categorical variables were imputed using the logistic regression method. Statistical analyses were performed using Stata 15.0 statistical software and R.

Univariate and multivariate logistic regression models were constructed to determine the relationship between ceramide length and distinct organ dysfunction (heart, liver, and kidney). To assess the robustness of the final model, we performed a 1,000-repeat boot analysis (using Stata's “swboot” package). Variables selected more than 700 times were considered as robust predictors. The Hosmer–Lemeshow test was performed to test for the model's goodness-of-fit. A restricted cubic spline (three nodes of all variables) was constructed to display the relationship between the Ceramide lengths and ratios and organ injuries.

The ceramide heart, liver, and kidney scores were constructed based on the logistic model coefficient for each given ceramide concentration and the corresponding ratio:

[image: Inline Image]

where βk is the coefficient of the multivariable logistic model for each ceramide length or ratio concentration and b is the constant term of the model. We decided ceramide heart, liver, and kidney scores after comparing models through the Akaike information criteria (AIC) and the Bayesian information criteria (BIC). Because dysfunction/injury to more than one organ (heart, kidney, or liver) is a well-recognized independent predictor of poor outcomes, we constructed the CHFS as the sum of the ceramide heart, liver, and kidney scores. A multicollinearity test was conducted to detect the multicollinearity between key variables of CHFS (ceramide heart score, ceramide liver score, and ceramide kidney score). We identified the effect modification on the BNP level using multiplicative interaction terms.




3. Results


3.1. Study population, plasma ceramide length, and ratio distributions in the discovery set

Among the 964 patients with WHF in the discovery set, the baseline characteristics of the patients with and without composite events are shown in Table 1. Patients with composite events were older and had a higher incidence of diabetes mellitus. During laboratory examinations, patients with composite events had higher BNP, lower high-density lipoprotein, higher high-sensitivity C-reactive protein, and higher creatine kinase concentrations. There were no other statistically significant differences in baseline characteristics. The characteristics of the validation set are presented in Supplementary Table S4. The baseline levels of Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1), and Cer(d18:1/24:0) and the distinct ratios of Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/18:0)/Cer(d18:1/24:0), and Cer(d18:1/24:1)/Cer(d18:1/24:0) were significantly different between event and no-event groups in the discovery cohort. No significant differences were found in other chain species [Cer(d18:1/14:0), Cer(d18:1/20:0), and Cer(d18:1/22:0)] (Supplementary Table S1). We also observed that the Cer(d18:1/16:0), Cer(d18:1/18:0), and Cer(d18:1/24:1) levels increased, whereas the Cer(d18:1/24:0) levels decreased. The results are presented in Supplementary Figure S2. The remaining chain lengths [Cer(d18:1/14:0), Cer(d18:1/20:0), and Cer(d18:1/22:0)] showed no trends or significant differences.


TABLE 1 Baseline characteristics of event and non-event groups of patients with worsening heart failure in the discovery cohort.
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3.2. Plasma ceramides and ratios in patients with WHF with adverse clinical outcomes in the discovery set

In the multivariate Cox regression analyses, Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1), and Cer(d18:1/24:0) accumulation was positively associated with the primary endpoint after adjustment for age and sex; the HR was 1.85 [95% confidence interval (CI): 1.38–2.74], 1.34 (1.08–1.65), 1.33 (1.02–1.76), and 0.69 (0.53–0.91), respectively; Supplementary Table S2]. After adjusting for age, sex, and clinical risk factors (Model 1, including sex, age, body mass index, systolic blood pressure, diastolic blood pressure, heart rate, diabetes, hypertension, hyperlipidemia, chronic renal disease, atrial fibrillation, coronary heart disease, and smoking), the ratios Cer(d18:1/16:0)/Cer(d18:1/24:0), Cer(d18:1/18:0)/Cer(d18:1/24:0), and Cer(d18:1/24:1)/Cer(d18:1/24:0) were still significantly related to adverse events [HR: 2.58 (95% CI: 1.74–3.82); HR: 1.65 (95% CI: 1.22–2.22); and HR: 1.99 (95% CI: 1.40–2.82), respectively] (Figure 1).


[image: Figure 1]
FIGURE 1
Association of combined endpoint with baseline ceramide lengths and ratios in the discovery cohort. Model was adjusted for sex, age, body mass index, systolic blood pressure, diastolic blood pressure, heart rate, diabetes, hypertension, hyperlipidemia, chronic renal disease, atrial fibrillation, coronary heart disease, and smoking. Effect size (odds ratio and 95% confidence interval) is presented for each ceramide length and ratio.




3.3. Ceramide lengths and ratios in patients with heart, liver, and kidney dysfunction in the discovery set

Univariate and multivariate logistic regression analyses of ceramide lengths and ratios for different organ dysfunctions in the discovery cohort are shown in Table 2. Increases of Cer(d18:1/18:0) and the ceramide ratios Cer(d18:1/18:0)/Cer(d18:1/24:0) were correlated with cardiac injury; very-long-chain ceramides [Cer(d18:1/24:0) and Cer(d18:1/24:1)] and Cer(d18:1/16:0) were correlated with liver dysfunction; Cer(d18:1/16:0) and Cer(d18:1/16:0)/Cer(d18:1/24:0) were correlated with renal dysfunction (all P < 0.005). Before the detailed analysis, we quantified the appropriateness of our statistical models using AIC and BIC (Supplementary Table S7). The final model was selected considering both the statistical significance and Bayesian information criteria and detailed equation was shown in Supplementary Table S10.


TABLE 2 Univariate and multivariate logistic regression of ceramide lengths and ratios for different organ dysfunctions in the discovery cohort.
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3.4. Ceramide cardiac/liver/kidney scores and clinical characteristics in the discovery set

Furthermore, we constructed ceramide heart, liver, and kidney scores based on plasma ceramide concentrations and distinct ratios. The restricted cubic spline of ceramide levels, cardiac injury/liver dysfunction, and kidney dysfunction scores are shown in Figure 2. The Hosmer–Lemeshow goodness-of-fit test for three logistic regression models shows that the models are acceptable (ceramide heart score: P = 0.123; ceramide liver score: P = 0.859; ceramide kidney score: P = 0.136) (Supplementary Table S6). We examined the correlations between these scores and the clinical characteristics in the discovery cohort of patients with WHF (Figure 3, Supplementary Figure S4). We found that the ceramide liver score was correlated with chronic metabolic injuries, including body mass index (BMI), glutamyl-transpeptidase (GGT), diabetes, orthopnea, and ascites; The ceramide kidney score significantly correlated with kidney function impairment and signs of water and sodium retention (edema score and orthopnea). Ceramide heart score associated with LVEF and cardiac tissue damage marker CKMB, suggesting a clinical phenotype related to myocardial damage. Our results demonstrated different patterns of clinical characteristics among the ceramide heart, liver, and kidney scores.


[image: Figure 2]
FIGURE 2
The restricted cubic spline of ceramide heart, liver, and kidney scores for different organ dysfunctions. (A) Restricted cubic spline of the association between the ceramide heart score and the cardiac injury. (B) Restricted cubic spline of the association between the ceramide liver score and liver dysfunction. (C) Restricted cubic spline of the relationship between the ceramide kidney score and kidney dysfunction. The solid lines indicate estimates of the odds ratios of organ damage across continuous levels of different ceramide scores, fitted using logistic regression analysis. The dashed lines indicate the 95% confidence intervals.



[image: Figure 3]
FIGURE 3
Association of ceramide cardiac injury/liver dysfunction and kidney dysfunction scores and clinical characteristics. DM, diabetes mellitus; LVEF, left ventricular ejection fraction; NE, neutrophilic granulocytes; WBC, white blood cells. *P < 0.05, **P < 0.01, ***P < 0.001.




3.5. Performance of CHFS in both discovery and validation set

Finally, we developed a novel CHFS comprising the ceramide heart, liver, and kidney scores to model the clinical use of ceramide in patients with WHF. Test of multicollinearity for all variables resulted in the variance inflation factor (VIF) scores ranging from 1.07 to 2.19, indicating no concerns about multicollinearity (Supplementary Table S7). The CHFS was independently correlated with all-cause mortality in both the discovery set and validation cohort (HR: 2.76; 95% CI: 1.75–4.33; P < 0.001; HR: 3.47; 95% CI: 1.36–8.87; P = 0.009) and composite events (HR: 2.91; 95% CI: 1.23–6.88; P < 0.001; HR: 3.45; 95% CI: 1.10–10.80; P = 0.034) (Supplementary Table S3). We tested assumptions of proportional hazards using Schoenfeld residuals in both discovery and validation set (Supplementary Table S8). The global test showed no deviation from proportionality (discovery set: P = 0.329, validation set: P = 0.264) (Supplementary Table S9). The effect of the addition of CHFS to the ADHERE score (age, sex, urea concentration, heart rate, and systolic blood pressure) in predicting the composite endpoint or all-cause mortality was assessed using the category-free (continuous) net reclassification index (NRI) (Supplementary Table S4). We examined whether the addition of CHFS to the ADHERE logistic regression variables improved the overall WHF patient classification for all-cause mortality in the entire cohort (NRI: 0.31; 95% CI: 0.18–0.44). The ceramide heart failure score provided favorable risk reclassification for combined endpoint and all-cause motility beyond traditional ADHERE and BNP levels [net reclassification improvement, 0.42 (95% CI: 0.13–0.70) and 0.49 (95% CI: 0.20–0.78), respectively]. We observed no interaction between the CHFS and BNP levels in association with the composite event (interaction, P = 0.135, Figure 4). The hazard of the composite event for higher CHFS appeared to be greatest in patients with lower BNP levels and worsening heart failure in the validation set.
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FIGURE 4
Abnormal ceramides from organ dysfunction indicate the greatest risk in worsening heart failure. (A) Additional value of CHFS for prediction of combined endpoint and all-cause motility in the validation cohort. (B) The standard hazard for ceramide heart failure score across BNP levels for the composite endpoint in worsening heart failure patients. This figure demonstrates that the hazard of CHFS is higher in lower BNP worsening heart failure patients. ADHERE predictors: age, sex, urea, heart rate, and systolic blood pressure. CHFS consists of the combined ceramide heart, liver, and kidney scores. Point estimates and confidence limits for reclassification (NRI) and fit statistics are described in the Methods section. ADHERE, Acute Decompensated Heart Failure National Registry; BNP, brain natriuretic peptide; CHFS, ceramide heart failure score; CI, confidence interval; NRI, net reclassification index; WHF, worsening heart failure.




3.6. Subgroup analysis of CHFS performance in total cohort

We stratified worsening heart failure patients by LV ejection fraction and (Supplementary Table S5). After adjusting for clinical variables, CHFS were significantly associated with poor outcomes in patients with HFpEF [hazard ratio, 3.85 95% CI: 1.50–9.87; P = 0.005].




4. Discussion

In this study, we found that specific ceramide forms [Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1), and Cer(d18:1/24:0)] were associated with HF severity. We then discovered a relationship between abnormal ceramide lengths and ratios and the risk of adverse events that subsequently progressed to refractory HF or death in patients with WHF in the discovery set. After adjusting for clinical risk factors, the ceramide ratios remained significantly associated with adverse events. Furthermore, we determined the ceramide heart, liver, and kidney scores with C18:0 and C18:0/Cer(d18:1/24:0), Cer(d18:1/16:0) and Cer(d18:1/24:1)/Cer(d18:1/24:0), and Cer(d18:1/16:0) and Cer(d18:1/16:0)/Cer(d18:1/24:0), respectively. Finally, we established that the CHFS (the summary of the three ceramide organ scores mentioned above) can be used as a risk stratification tool to identify high-risk patients with WHF. Abnormal plasma ceramide levels and ratios provide additional information about the injury/dysfunction of the heart and peripheral organs and the risk of HF deterioration, which may indicate specific pathophysiological characteristics of patients with WHF (33).


4.1. Myocardial ischemia, inflammation, and ceramide heart score

Studies have shown that ceramide destroys mitochondrial respiration and leads to the decompensation of mitochondrial function, thus affecting cardiac function (34). Inflammation is an important factor in the development of diastolic dysfunction in patients with WHF. Our data suggest that Cer(d18:1/18:0) and the ceramide ratio Cer(d18:1/16:0)/Cer(d18:1/24:0) are strongly correlated with myocardial ischemia and inflammation status. Studies have shown that CerS4 is expressed in the heart, has a high affinity for C18 and C20 acyl-CoA, and contributes to heart failure (35). In cardiomyocytes, CerS2 overexpression causes oxidative stress and mitochondrial dysfunction via lipid overload, eventually leading to apoptosis (36).



4.2. Water sodium retention symptoms with ceramide kidney score

In patients with worsening heart failure, myocardial ischemia and hypoxia cause a serious decline in cardiac output, leading to a decrease in circulating blood volume and poor perfusion of major peripheral organs. The imbalance of metabolic pathways, such as the inflammatory response, insulin resistance, weakening of anabolism, and accumulation of oxygen free radicals caused by abnormal hemodynamic changes, simultaneously affects cardiac function and aggravates disease progression (34). Studies revealed that under acute kidney damage state, production of reactive oxygen species and proximal tubular cell death induced activation of CerS6, causing the elevation of C16:0) both in kidney tissue and plasma (37–39). Our data suggest that Cer(d18:1/16:0) and Cer(d18:1/18:0) levels are associated with kidney damage.



4.3. Chronic metabolic vulnerability of liver and ceramide liver score

Previous studies have pointed out that the difference between long-chain (C16:0-C18:0) and ultra-long-chain (C20:0-C24:0) ceramide is produced by different ceramide synthase isomers (CerS1/5/6 and CerS2/4, respectively). Different concentrations of plasma ceramides may also reflect changes in the composition and function of cellular membranes within tissues. Our study showed that Cer(d18:1/16:0) and ceramide ratio Cer(d18:1/24:1)/Cer(d18:1/24:0) indicated chronic metabolic vulnerability and liver injury. By reducing ER stress and PEPCK expression, plasma very-long-chain ceramide (C24, C24:1) secreted by CerS2 reduced cellular stress and glucose homeostasis (40–42).

CerS isoforms may partially explain the altered ceramide composition, providing a biological explanation for the ceramide ratios. Studies have confirmed that de novo ceramide levels must be within a narrow range to maintain normal cardiac homeostasis. Thus, several hypothesized biological mechanisms link different ceramide and their ratios to cardiac dysfunction and increased mortality. (1) Ceramide metabolism and apoptosis in cardiac dysfunction: De Paola et al. showed that Cer(d18:1/16:0) generates reactive oxygen species and contributes to cardiomyocyte apoptosis. Interestingly, Cer(d18:1/24:0) counteracts Cer(d18:1/16:0)-mediated cytochrome c release in a dose-dependent manner, possibly by interfering with mitochondrial outer membrane channel formation and reducing membrane permeability (36, 43). (2) Ceramide promotes inflammatory activation during cardiac dysfunction: studies have revealed that ceramides contribute to inflammatory processes both as regulators of cytokine production and downstream effectors that mediate cytokine-induced stress responses (44–46). Ceramides can also induce vascular dysfunction by deactivating endothelial nitric oxide synthase (47). (3) Ceramides as potential inducers of fibrosis: ceramides stimulate the proteolytic processing of cAMP-responsive element-binding protein 3-like protein 1 (CREB3L1), a transcription factor that induces collagen production (48, 49). Although these actions have not been explored in the heart, these and other mechanisms may explain how ceramides contribute to myocardial energy metabolism, inflammation, and fibrotic responses that drive HF progression.




5. Conclusion

In line with these previous findings, our clinical results supported that the plasma ceramide length and ratio reflected the impairment of heart/liver/kidney organ function in WHF patients and indicated myocardial injury, inflammation, and water sodium retention. Abnormal plasma ceramides are associated with an increased risk of disease progression. Our study proved that CHFS is a practical tool for refining the risk stratification of a worsening adverse prognosis in patients with WHF. Further research is needed to discern the potential of specific ceramides to serve as therapeutic targets for HF-protective drugs.


5.1. Limitations

This study has several limitations. Because the study was retrospective and involved a single-center cohort, it may have been subjected to bias owing to uncontrolled confounding factors. We cannot prove a causal relationship between the duration of ceramide use and progression to end-stage HF and death. Moreover, ceramide is a sphingolipid derived from diet and other factors. Despite these limitations, our results provide new insights into the value of ceramides in evaluating the prognosis of patients with WHF.
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Background: This study aimed to systematically evaluate the effects of different types and doses of pretreatment with P2Y12 inhibitors in patients with non-ST-elevation acute coronary syndrome (NSTE-ACS) undergoing percutaneous coronary intervention (PCI).



Methods: Electronic databases were searched for studies comparing pretreatment with different types and doses of P2Y12 inhibitors or comparison between P2Y12 inhibitor pretreatment and nonpretreatment. Electronic databases included the Cochrane Library, PubMed, EMBASE, and Web of Science. Literature was obtained from the establishment of each database until June 2022. The patients included in the study had pretreatment with P2Y12 inhibitors with long-term oral or loading doses, or conventional aspirin treatment (non-pretreatment). The primary endpoint was major adverse cardiac and cerebrovascular events (MACCEs) during follow-up within 30 days after PCI, which included determining the composite endpoints of cardiac death, myocardial infarction, ischemia-driven revascularization, and stroke. The safety endpoint was a major bleeding event.



Results: A total of 119,014 patients from 21 studies were enrolled, including 13 RCTs and eight observational studies. A total of six types of interventions were included—nonpretreatment (placebo), clopidogrel pretreatment, ticagrelor pretreatment, prasugrel pretreatment, double loading pretreatment (double loading dose of clopidogrel, ticagrelor, prasugrel) and P2Y12 inhibitors pretreatment (the included studies did not distinguish the types of P2Y12 inhibitors, including clopidogrel, ticagrelor, and prasugrel). The network meta-analysis results showed that compared to patients without pretreatment, patients receiving clopidogrel pretreatment (RR = 0.78, 95% CI:0.66, 0.91, P < 0.05) and double-loading pretreatment (RR = 0.62, 95% CI:0.41, 0.95, P < 0.05) had a lower incidence of MACCEs. There was no statistically significant difference in the incidence of major bleeding events among the six pretreatments (P > 0.05).



Conclusions: In patients with NSTE-ACS, pretreatment with P2Y12 inhibitors before percutaneous intervention reduced the incidence of recurrent ischemic events without increasing the risk of major bleeding after PCI compared with nonpretreatment. Clopidogrel or double loading dose P2Y12 inhibitors can be considered for the selection of pretreatment drugs.
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Introduction

In patients with non-ST-segment elevation acute coronary syndrome (NSTE-ACS), undergoing percutaneous coronary intervention (PCI), platelets are activated during the perioperative period, increasing the risk of stent thrombosis and coronary no-reflow (1). Early oral antiplatelet loading doses can improve prognosis with similar safety (2). In these patients, dual antiplatelet therapy with aspirin and P2Y12 inhibitors after PCI was effective in preventing the recurrence of thrombosis and ischemic events (3), also reducing the occurrence of major adverse cardiovascular events (MACEs) (4, 5). However, whether patients with NSTE-ACS should be pretreated with oral P2Y12 inhibitors before PCI remains controversial. With the widespread clinical application of new P2Y12 inhibitors, data from 20 years ago supported the use of pretreatment (4, 5). Therefore, the long-term efficacy of pretreatment with these drugs remains uncertain (6, 7). The 2020 European Society of Cardiology (ESC) guidelines recommend that pretreatment with a P2Y12 receptor inhibitor should be considered in patients with NSTE-ACS who do not plan to undergo an early invasive strategy and do not have a high bleeding risk (HBR) (IIb, C). Routine pretreatment with a P2Y12 receptor inhibitor is not recommended in patients whose coronary anatomy is unknown, and early invasive management is planned (III, A). The effects of pretreatment with P2Y12 inhibitors on bleeding and recurrent ischemic events in patients with NSTE-ACS undergoing PCI remain controversial. Therefore, we performed a network meta-analysis to assess the efficacy and safety of these therapies.



Methods


Inclusion and exclusion criteria

Studies were included for the following reasons: (1) randomized controlled trials and observational studies that compared P2Y12 inhibitor pretreatment (intervention group or control group) in patients with NSTE-ACS following PCI; (2) patients were clearly diagnosed with NSTE-ACS (8); and (3) patients were administered oral P2Y12 inhibitors before PCI. Additionally, the other treatments and nursing measures in the control group were the same as those in the intervention group and included conventional aspirin treatment.

Studies were excluded for the following reasons: (1) patients had other diseases that affected platelets and blood coagulation, such as severe hematological diseases or immune system diseases; (2) there was a combination of pretreatment and other interventions; and (3) the studies were duplicates.



Outcomes, definitions, and follow-up

The prognostic indicators synthesized in this study were the results of follow-up 30 days after PCI in patients with NSTE-ACS. The clinical endpoints analyzed included the following: The primary endpoint was major adverse cardiovascular and cerebrovascular event (MACCE) during follow-up within 30 days after PCI, and these MACCEs included the composite endpoints of cardiac death, myocardial infarction, ischemia-driven revascularization, and stroke. The MACCEs in this study were reported in a single study and were not recalculated. The safety endpoint was a major bleeding event.



Data sources and search strategy

Electronic databases were searched for studies related to pretreatment with P2Y12 inhibitors before PCI in patients with NSTE-ACS. The databases included the Cochrane Library, PubMed, EMBASE, and Web of Science. Literature retrieval, literature screening, data extraction, and data analysis were performed in accordance with the Cochrane Collaboration and the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines. Literatures were obtained from the establishment of each database until June 2022.

The search strategy was determined after multiple pre-searches using a combination of MeSH terms and free words, and fine adjustments were made based on a specific database. To reduce publication bias, manual queries were performed for relevant conference papers, academic reports, and dissertations to supplement the search results.

The search terms were as follows: “coronary artery disease”, “acute coronary syndromes”, “ACS”, “non-ST-elevation”, “NSTEMI”, “NSTE-ACS”, “percutaneous coronary intervention”, “PCI”, “angioplasty”, “balloon”, “coronary revascularization”, “high-dose”, “double-dose”, “loading dose”, “pretreatment”, “intensive”, “reload”, “load”, “preload”, “upstream”, “timing”, “antiplatelet”, “ticagrelor”, “clopidogrel”, “prasugrel”, “cangrelor”, and “elinogrel”.

The search strategy was as follows: (“coronary artery disease” OR “acute coronary syndromes” OR “ACS” OR “non-ST-elevation” OR “NSTEMI” OR “NSTE-ACS”) AND (“percutaneous coronary intervention” OR “PCI” OR “angioplasty” OR “balloon” OR “coronary revascularization”) AND (“high-dose” OR “double-dose” OR “loading dose” OR “pretreatment” OR “intensive” OR “reload” OR “load” OR “preload” OR “upstream” OR “timing”) AND (“antiplatelet” OR “ticagrelor” OR “clopidogrel” OR “prasugrel” OR “cangrelor” OR “elinogrel”).

Duplicate literatures were removed using the Endnote software. Literatures were excluded by reading the title and abstract, based on the inclusion and exclusion criteria. Finally, related literatures were excluded by reading the full text. The selected studies were independently checked and cross-checked by two researchers. If the opinions of the two researchers were inconsistent, a third researcher negotiated to reach a consensus.



Data extraction and assessment of quality

Data extraction and quality evaluation were independently completed by two researchers using the quality evaluation criteria, and a cross-check was performed. If any disagreement occurred about the inclusion of certain data, a third researcher was included to conduct the discussion and reach a consensus. The data extracted from the articles included basic information, inclusion and exclusion criteria, type of research, sample size, type and dosage of P2Y12 inhibitors, and outcome indicators. Quality was independently evaluated according to the method recommended in the Cochrane Handbook 5.1.0 (9). The evaluation included seven areas of the randomization method—allocation concealment, blindness of the participants and interveners, blindness of the measurement process, completeness of the outcome indicators (missing data), selective reporting, and other biases. The risk of bias for each area was judged as low, high, or unclear. Grade A included studies that fully met the abovementioned standards and had the lowest possibility of various deviations. Studies that partially met the above-mentioned criteria and had a moderate probability of bias were classified as grade B. Studies with a high probability of bias that did not meet the abovementioned criteria were grade C. The risk of bias in nonrandom studies of interventions (ROBINS-1) was used to evaluate the included cohort studies (10).



Statistical analysis

Stata software (version 17.0) was used for the data meta-analysis. Descriptive analyses were used for data that could not be quantitatively synthesized. Relative risks (RRs) and 95% confidence intervals (95% CIs) were calculated for categorical variables. In the presence of a closed loop, the consistency between the direct and indirect comparisons was judged using the node-splitting method. When P < 0.05, the inconsistency was evident. The area under the cumulative ranking (SUCRA) showed the possibility of each intervention being the best.




Results


Search results

A total of 5,844 articles were retrieved from the databases. Five related articles were obtained through manual retrieval of conference papers, academic reports, and dissertations. Duplicate articles were eliminated using the EndNote software, and 3,997 articles were obtained. On careful assessment of the titles and abstracts, a total of 3,874 articles which were not related to our topic were eliminated. The remaining number of articles was 123. Studies that did not meet the inclusion or exclusion criteria, or had unclear expressions were further eliminated by reading the full text, and 21 articles were obtained (4, 5, 11–29), including 13 RCTs (4, 5, 12, 14, 16, 18–21, 23–26) and eight observational studies (11, 13, 15, 17, 22, 27–29). Literature retrieval and screening processes were carried out in accordance with the PRISMA guidelines; the specific process of screening is shown in Figure 1. Six types of interventions were included—nonpretreatment (placebo), clopidogrel pretreatment, ticagrelor pretreatment, prasugrel pretreatment, double loading pretreatment, and P2Y12 pretreatment. Nonpretreatment refers to patients receiving only aspirin treatment before PCI without P2Y12 inhibitor treatment. Clopidogrel pretreatment refers to patients receiving clopidogrel (300 mg loading dose) treatment before PCI. Ticagrelor pretreatment refers to patients receiving ticagrelor (180 mg loading dose) before PCI. Prasugrel pre-treatment refers to patients receiving prasugrel treatment (30 mg prasugrel loading dose) before PCI. Double-loading pretreatment refers to treatment with a double-loading P2Y12 inhibitor (600 mg clopidogrel loading dose, 360 mg ticagrelor loading dose, and 60 mg prasugrel loading dose) before PCI. P2Y12 pretreatment refers to patients included in the original study who received P2Y12 inhibitor (clopidogrel, ticagrelor, or prasugrel) treatment before PCI, without distinguishing the types of P2Y12 inhibitors.


[image: Figure 1]
FIGURE 1
Study selection.




General features and methodological quality of the included studies

Twenty-one studies with 119,014 patients with NSTE-ACS were included in this study (4, 5, 11–29). The general characteristics of the included studies are presented in Table 1. The methodological qualities of the included studies are presented in Table 2.


TABLE 1 Basic information of the included studies.
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TABLE 2 Methodological quality evaluation of the included studies.
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MACCEs


Meta-analysis results for MACCEs

Twenty-one studies with MACCEs were included in the analysis (119,014 patients with NSTE-ACS) (4, 5, 11–29). The results of the inconsistency test showed that the inconsistency was not significant (I2 = 4.21, P = 0.239); therefore, the consistency model was used for the analysis. The network plots are shown in Figure 2. The results of the loop inconsistency test showed that loop inconsistency was not significant (P > 0.05). The results of the direct meta-analysis are shown in Figure 3A. The network meta-analysis results showed that compared with the patients without pretreatment, the patients receiving clopidogrel pretreatment (RR = 0.78, 95% CI: 0.66, 0.91, P < 0.05) and double loading pretreatment (RR = 0.62, 95% CI: 0.41, 0.95, P < 0.05) had a lower incidence of MACCEs; compared with the patients who received ticagrelor pretreatment, the patients who received double loading pretreatment (RR = 0.60, 95% CI: 0.36, 0.99, P < 0.05) had a lower incidence of MACCEs (Figure 3B).


[image: Figure 2]
FIGURE 2
Network plots (MACCEs). 1 = placebo, 2 = clopidogrel pretreatment, 3 = ticagrelor pretreatment, 4 = prasugrel pretreatment, 5 = P2Y12 inhibitor pretreatment, 6 = double pretreatment.
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FIGURE 3
(A) direct meta-analysis results (MACCEs). 1 = placebo, 2 = clopidogrel pretreatment, 3 = ticagrelor pretreatment, 4 = prasugrel pretreatment, 5 = P2Y12 inhibitor pretreatment, 6 = double pretreatment. (B) Network meta-analysis results (MACCEs).




Ranking result of pretreatment for MACCEs

The higher the SUCRA value of the pretreatment method, the fewer the MACCEs that occurred in patients receiving the pretreatment method. The SUCRA values of the six pretreatment methods were ranked from highest to lowest as follows: double-loading pretreatment (SUCRA = 89.9), P2Y12 inhibitor pretreatment (SUCRA = 69.1), clopidogrel pretreatment (SUCRA = 68.5), prasugrel pretreatment (SUCRA = 29.7), placebo (SUCRA = 23.8), and ticagrelor pretreatment (SUCRA = 18.9). The SUCRA curves for the different pretreatment methods are shown in Figure 4. Compared to the patients who did not receive pretreatment, those who received clopidogrel pretreatment (RR = 0.78, 95% CI: 0.66, 0.91, P < 0.05) and double-loading pretreatment (RR = 0.62, 95% CI: 0.41, 0.95, P < 0.05) had a lower incidence of MACCEs. Compared to the patients who received ticagrelor pretreatment, those who received double-loading pretreatment (RR = 0.60, 95% CI: 0.36, 0.99, P < 0.05) had a lower incidence of MACCEs (Figure 3B). There were no significant differences in the other pairwise comparisons. Therefore, for MACCEs, it is better for patients to receive clopidogrel pretreatment and double-loading pretreatment than no pretreatment; it is better for patients to receive double-loading pretreatment than ticagrelor pretreatment.


[image: Figure 4]
FIGURE 4
SUCRA curve (MACCEs).





Major bleeding events


Meta-analysis results for major bleeding events

Sixteen studies with major bleeding events were included in the subgroup analysis (52,056 patients with NSTE-ACS) (4, 5, 11–13, 15–17, 19, 21–26, 28). The results of the inconsistency test showed that the inconsistency was not significant (I2 = 0.04, P = 0.851); therefore, the consistency model was used for the analysis. The network plots are shown in Figure 5. The results of the loop inconsistency test showed that loop inconsistency was not significant (P > 0.05). The results of the direct meta-analysis are shown in Figure 6A. The network meta-analysis results showed no statistically significant differences in the incidence of major bleeding events among the six interventions (Figure 6B).
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FIGURE 5
Network plots (major bleeding). 1 = placebo, 2 = clopidogrel pretreatment, 3 = ticagrelor pretreatment, 4 = prasugrel pretreatment, 5 = P2Y12 inhibitor pretreatment, 6 = double pretreatment.
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FIGURE 6
(A) direct meta-analysis results (major bleeding). 1 = placebo, 2 = clopidogrel pretreatment, 3 = ticagrelor pretreatment, 4 = prasugrel pretreatment, 5 = P2Y12 inhibitor pretreatment, 6 = double pretreatment. (B) Network meta-analysis results (major bleeding).




Ranking result of pretreatment for major bleeding events

The higher the SUCRA value of the pretreatment method, the fewer major bleeding events occurred in the patients who received the pretreatment method. The SUCRA values of the six pretreatment methods were ranked from highest to lowest as follows: P2Y12 inhibitor pretreatment (SUCRA = 72.0), double-loading pretreatment (SUCRA = 63.6), ticagrelor pretreatment (SUCRA = 56.9), placebo (SUCRA = 56.5), clopidogrel pretreatment (SUCRA = 40.4), and prasugrel pretreatment (SUCRA = 10.5). The SUCRA curves for different pretreatment methods are shown in Figure 7. There were no significant differences in the pairwise comparisons.
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FIGURE 7
SUCRA curve (major bleeding).





Publication bias and contribution plot

Funnel plots were constructed to test for publication bias (Figures 8A,B). Funnel plots showed that there was a publication bias in this study. A total of 21 studies were included in the meta-analysis. However, the number of studies included was insufficient for each comparison between the two groups. According to the Cochrane Handbook, funnel plots should only be used when the number of studies included is not less than 10 for each outcome indicator. With an extremely small number of included studies, the test efficiency was too low to distinguish between opportunity and true asymmetry. However, two retrieval methods were used to reduce publication bias. Duplicate published studies were excluded to avoid the use of the same data. A contribution plot was constructed for the network (Figures 9A,B).
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FIGURE 8
(A) publication bias (MACCEs). A = placebo, B = clopidogrel pretreatment, C = ticagrelor pretreatment, D = prasugrel pretreatment, E = P2Y12 inhibitor pretreatment, F = double pretreatment. (B) Publication bias (major bleeding). A = placebo, B = clopidogrel pretreatment, C = ticagrelor pretreatment, D = prasugrel pretreatment, E = P2Y12 inhibitor pretreatment, F = double pretreatment.
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FIGURE 9
(A) contribution plot (MACCEs). Contribution plot for the network. The size of each square is proportional to the weight attached to each direct summary effect (horizontal axis) for the estimation of each network summary effect (vertical axis). The numbers re-express the weights as percentages. (A = placebo, B = clopidogrel pretreatment, C = ticagrelor pretreatment, D = prasugrel pretreatment, E = P2Y12 inhibitor pretreatment, F = double pretreatment). (B) Contribution plot (major bleeding). Contribution plot for the network. The size of each square is proportional to the weight attached to each direct summary effect (horizontal axis) for the estimation of each network summary effect (vertical axis). The numbers re-express the weights as percentages. (A = placebo, B = clopidogrel pretreatment, C = ticagrelor pretreatment, D = prasugrel pretreatment, E = P2Y12 inhibitor pretreatment, F = double pretreatment).





Discussion

Twenty-one studies involving 119,014 patients with NSTE-ACS were included in this network meta-analysis. We compared different pretreatment strategies for P2Y12 inhibitors to analyze the impact of P2Y12 inhibitor pretreatment on the incidence of MACCEs and major bleeding events in patients with NSTE-ACS. The results were as follows: 1) pretreatment with a P2Y12 inhibitor before PCI in patients with NSTE-ACS reduced the incidence of MACCEs without increasing the risk of major bleeding events; 2) clopidogrel or a P2Y12 inhibitor with a double-loading dose could be selected as the pretreatment scheme; and 3) compared with pretreatment with ticagrelor, a P2Y12 inhibitor with a double loading dose could reduce MACCEs.

Current guidelines recommend that patients with ST-elevation myocardial infarction be administered P2Y12 inhibitors orally before PCI (30). However, whether P2Y12 inhibitor pretreatment should be administered to patients with NSTE-ACS remains controversial (31). In addition, several meta-analyses have discussed P2Y12 inhibitor pretreatment (32–37), but there were differences in the types of objects in these meta-analyses. Some studies focused on patients with ACS or all patients receiving PCI (32–35) and did not distinguish between NSTE-ACS patients. Two meta-analyses discussed P2Y12 inhibitor pretreatment in patients with NSTE-ACS, and one meta-analysis included patients with NSTE-ACS (36). However, considering that there are many methods for P2Y12 inhibitor pretreatment (different drug types and timings), if the methods of P2Y12 inhibitor pretreatment are not differentiated, this may lead to some heterogeneity in the meta-analysis. Another network meta-analysis divided the interventions into six groups: early clopidogrel, delayed clopidogrel, early prasugrel, delayed prasugrel, early ticagrelor, and delayed ticagrelor (37). The duration of follow-up was between 1 and 12 months in the nine included studies, which may also lead to some heterogeneity in the meta-analysis. In addition, we believe that the risks and benefits of P2Y12 inhibitor pretreatment are mainly shown within 1-month of PCI. Therefore, we systematically reviewed all direct and indirect evidence from randomized controlled trials and observational cohort studies to establish this network meta-analysis, clarify the potential risks and benefits of P2Y12 inhibitor pretreatment in patients with NSTE-ACS, and compare the differences between pretreatment schemes. Based on the type, dosage, and timing of P2Y12 inhibitors, the interventions were divided into placebo, clopidogrel, ticagrelor, prasugrel, P2Y12 inhibitors, and double-loading pretreatment.

We ranked all potential combinations of P2Y12 inhibitor pretreatments for MACCEs and bleeding events in patients with NSTE-ACS. For MACCEs, the SUCRA values indicated that the priority of the selected pretreatment scheme was double-loading pretreatment, P2Y12 inhibitor pretreatment, clopidogrel pretreatment, prasugrel pretreatment, placebo, and ticagrelor pretreatment. The network meta-analysis results showed that, compared with patients without pretreatment, patients who received clopidogrel pretreatment (P < 0.05) and double-loading pretreatment (P < 0.05) had a lower incidence of MACCEs. Compared to patients who received ticagrelor pretreatment, those who received double-loading pretreatment (P < 0.05) had a lower incidence of MACCEs. For major bleeding events, the SUCRA values suggested that the priority of the selected pretreatment scheme was P2Y12 pretreatment, double-loading, ticagretor, placebo, clopidogrel, and prasugrel pretreatment. Therefore, pretreatment with P2Y12 inhibitors significantly reduced the number of recurrent ischemic events without increasing the occurrence of major bleeding events. Clopidogrel or P2Y12 inhibitors (clopidogrel, ticagrelor and prasugrel) with a double-loading dose should be selected as the pretreatment protocols for patients with NSTE-ACS.

Clopidogrel was the main pretreatment drug in the early studies. Clopidogrel was used as a pretreatment drug in 13 of the 21 studies included in our study. Compared with no pretreatment, the incidence of MACCEs within 30 days of PCI was lower. However, compared to a single loading dose (300 mg) of clopidogrel, a double-loading dose (600 mg) of clopidogrel did not show an advantage. The pretreatment method included a maintenance dose of 75 mg clopidogrel for 5 days or a loading dose of 300 mg clopidogrel before PCI. An early CURE study showed that the incidence of MACEs in patients with NSTE-ACS in the clopidogrel group was significantly reduced (9.3% vs. 11.4%, P < 0.001); however, the number of major bleeding events was significantly higher in patients with NSTE-ACS than in those in the control group (3.7% vs. 2.7%, P = 0.001) (4). Additionally, there was no significant difference in the number of fatal bleeding events between the two groups (2.1% vs. 1.8%, RR = 0.80, P = 0.13). Also, there were different research results regarding the timing of pretreatment. The onset of clopidogrel administration was relatively slow. Compared with patients who received clopidogrel pretreatment >6 h before PCI, those who received clopidogrel pretreatment <6 h before PCI had significantly fewer primary ischemic events (14). The pretreatment clopidogrel dose can be doubled in patients requiring rapid platelet inhibition within 6 h (18). With the gradual development and popularization of PCI, the emergence of new and more powerful antiplatelet drugs, and extensive application of drug-eluting stents in clinical practice, research on the application of new P2Y12 inhibitors in the pretreatment of patients with NSTE-ACS before PCI has gradually increased. This meta-analysis included eight studies on ticagrelor and prasugrel, but two studies supported double-loading dose P2Y12 inhibitors (24, 26), including ticagrelor and prasugrel, which were superior to pretreatment with ticagrelor in terms of the incidence of MACCEs, which may be related to the rapid inhibition of platelet activity. However, there are few studies, and the results may be inconsistent. Similarly, compared with a placebo, the use of a P2Y12 inhibitor with a double-loading dose can inhibit platelet activity more quickly and reduce the occurrence of MACCEs.

Our network meta-analysis has increased our understanding of the existing evidence related to P2Y12 receptor inhibitor pre-treatment and clarified that P2Y12 inhibitor pretreatment can reduce MACCEs within 30 days after PCI without increasing the number of bleeding events. However, more researches are needed to compare different P2Y12 receptor inhibitor pretreatment schemes and determine the optimal P2Y12 inhibitor pretreatment program for patients with NSTE-ACS. Compared with previous meta-analyses (32–37), our study showed some differences and advantages—this meta-analysis fully considered the differences in drug types, dosage, and administration timing of P2Y12 inhibitors to evaluate the different pretreatment schemes; it summarizes all available information, including direct evidence and indirect estimates and provides the potential benefits and risks of each pretreatment method, and the age range of the patients included in the study was wide, ensuring the external validity of the results.

In summary, this study supports the use of pretreatment with P2Y12 inhibitors in patients with NSTE-ACS. The suggested timing of pretreatment is when NSTE-ACS is diagnosed or before angiography. The pretreatment protocol is suggested to be clopidogrel [including 75 mg daily maintenance ≥5 days or loading dose (300 mg) before PCI] or a double-loading dose of a P2Y12 inhibitor (including 600 mg of clopidogrel, 360 mg of ticagrelor and 60 mg of prasugrel). Additionally, this study found that a double-loading dose of a P2Y12 inhibitor was superior to a single-loading dose (180 mg) of ticagrelor. The above-recommended pretreatment method can reduce the incidence of MACCEs without increasing the risk of major bleeding events.

Current guidelines do not recommend routine pretreatment before angiography because of the risk of intracranial hemorrhage and delayed CABG. If the patient needs to undergo coronary artery bypass grafting after angiography, ticagrelor should be discontinued for at least 3 days, clopidogrel for at least 5 days, and prasugrel for at least 1 week (38). Therefore, routine pre-treatment may cause high platelet inhibition and increase the risk of bleeding in some patients during the perioperative period. We observed that prasugrel alone increased the risk of major bleeding. In addition, pretreatment with clopidogrel and ticagrelor did not increase the risk of major bleeding (5, 24). Some patients refused coronary artery bypass therapy after coronary angiography because of socioeconomic factors. These patients require long-term antiplatelet therapy to improve ischemia; therefore, there is no need to discontinue P2Y12 inhibitors.



Limitation

However, this study has some limitations. First, the outcome indicators in this study were based on follow-up 30 days after PCI, which lacked laboratory-related indicators (platelet aggregation) and in-hospital bleeding. Future investigations of the perioperative period and related laboratory indicators should be performed. Second, the 21 studies included in our analysis comprised 13 randomized controlled trials and eight observational studies. In addition, the current research on P2Y12 inhibitor pretreatment in patients with NSTE-ACS before PCI mainly included clopidogrel pretreatment. Third, for the definition of some endpoints, there were differences between the studies, especially TIMI bleeding, GUSTO bleeding, and MACCEs, which may lead to heterogeneity in this indicator. Fourth, it included open-label randomized controlled trials because it is difficult to use double-blind P2Y12 inhibitor strategies and timing. Finally, the comparison between the use of a P2Y12 inhibitor with a double loading dose and ticagrelor included only three studies, with a confidence interval of 0.36–0.99. Therefore, the results of this study need to be interpreted carefully.



Conclusions

For patients with NSTE-ACS, pretreatment with P2Y12 inhibitors before PCI reduced the incidence of recurrent ischemic events without increasing the risk of major bleeding events after PCI compared with nonpretreatment. Clopidogrel or double loading dose P2Y12 inhibitors can be considered for the selection of pretreatment drugs.
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Background: Left ventricular dysfunction and cardiomyopathy are well documented adverse effects associated with chemotherapy agents. Limited information exists regarding the impact of chemotherapeutic agents on the integrity and function of the right ventricle (RV).



Objectives: The current metanalysis compared pre- chemotherapy versus post- chemotherapy RV parameters measured on 2D echocardiography in patients receiving anthracycline and/or trastuzumab across all breast cancer patients.



Methods: A systematic search across PubMed, EMBASE and Cochrane databases were performed from inception of the databases until November 2021 for relevant studies. We used the inverse variance method with a random effect model and DerSimonian and Laird method of Tau2 generation to calculate mean difference [MD] with 95% confidence interval [CI]. The analysis was carried out using RevMan Version 5.3 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014).



Results: Fifteen studies, constituting total of 644 patients, met the inclusion criteria, with most studies having a follow up period of less than 12 months from initiation of chemotherapy. Anthracycline and/or Trastuzumab chemotherapy resulted in a statistically significant reduction in right ventricular ejection fraction (RVEF) at follow-up [MD: 2.70, 95% CI: 0.27 to 5.13, P-value- 0.03, I2- 71%, χ2 P-value < 0.05]. Treatment with Anthracycline and/or Trastuzumab chemotherapy resulted in a significant reduction in RV fractional area change (RVFAC) at follow-up [MD: 3.74, 95% CI: 1.33 to 6.15, P-value < 0.01, I2- 68%, χ2 P-value < 0.05]. RV free wall longitudinal strain (RVFWLS) was lower at baseline, while LVEF was significantly reduced at follow-up [MD: -1.00, 95% CI: -1.86 to -0.15, P-value < 0.05, I2- 0%, χ2 P-value-0.40], [MD: 4.04, 95% CI: 2.08 to 6.01, P-value < 0.01, I2- 91%, χ2 P-value < 0.05], respectively. However, treatment with Anthracycline and/or Trastuzumab chemotherapy had no statistically significant effect on Tricuspid annular plane systolic excursion (TAPSE) at follow-up [MD: 0.53, 95% CI: -0.11 to 1.17, P-value-0.11, I2- 98%, χ2 P-value < 0.05].



Conclusions: Chemotherapy with anthracyclines and trastuzumab negatively affects right ventricular function leading to decline in RVEF, RVFAC, RVFWLS and LVEF.
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Introduction

Cancer specific mortality rates have substantially declined over the past few decades owing to the diagnostic and therapeutic advances within the field. However, the adverse effects of cardiotoxicity of specific chemotherapeutic drugs, namely anthracyclines and trastuzumab continue to contribute to significant morbidity and mortality in this patient population. Deducing the adverse effects of these chemotherapeutic drugs on the cardiovascular system is pivotal due the presence of heart failure from chemotherapy-induced cardiomyopathy and premature coronary artery disease among a considerable number of patients (1). The first such effect was recognized in the 1960s with the advent of Daunorubicin, an anthracycline, which gave rise to the niche sub-specialty known as “Cardio-Oncology” (2–4). The increasing awareness and poor prognosis associated with chemotherapy-induced cardiomyopathy has ushered the development of protocols for screening, surveillance as well as interventions to reduce cardiac risk (5–8). The field continues to evolve to better identify, define predictive risk models and biomarkers of cancer therapy related cardiac dysfunction (CTRCD).

Left ventricular dysfunction and remodelling has been well defined in chemotherapy induced cardiotoxicity. The effect of chemotherapeutic agents on the right ventricle (RV) is not well researched. Several initial reports on CTRCD have demonstrated right ventricle involvement following chemotherapy, as seen on right ventricular biopsies (9). Nevertheless, there is a paucity of data with respect to the frequency of RV involvement and its prognostic value in CTRCD. Echocardiographic evaluation of the RV should include RV basal diameter, right atrial size (area), tricuspid annular plane systolic excursion via M-mode, tricuspid annular systolic peak velocity (TAPSE) using pulsed doppler tissue imaging (DTI), RV fractional area shortening (FAC) and provide estimates of the RV systolic pressure. Individual studies assessing the effects of cancer chemotherapeutics on the RV exist, but they are limited by a small patient cohort. In the current systematic review and meta-analysis we report the pooled differences in RV echo parameters pre and post anthracycline and/or trastuzumab across all breast cancer patients.



Methods


Data sources and search strategies

A systematic search across PubMed, EMBASE and Cochrane databases were performed from inception of the databases until November 2021 for relevant studies. Supplementary file provides the search strategy and MeSH terms used in each database (Supplementary Table S1). In addition to database search, we also reviewed the reference lists of included articles to identify additional studies.

The present analysis was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and American Heart Association guidelines (10, 11). Since, only studies with prior ethical committee clearance were included in the present analysis, no separate ethical clearance was required.



Study selection

After checking for duplicates, the searched articles were screened for relevant studies. The inclusion criteria were as follows: (a) observational studies, reporting right ventricular echocardiography outcomes at baseline and post Anthracycline and/or Trastuzumab chemotherapy among breast cancer patients; (b) no exclusion based on sample size; (c) reporting one of the following right ventricular echocardiography outcomes; right ventricle ejection fraction (RVEF), right ventricular fractional area change (RVFAC), right ventricular global longitudinal strain (RVGLS), right ventricular free wall longitudinal strain (RVFWLS), tricuspid annular plane systolic excursion (TAPSE); (d) exclusion of studies conducted exclusively in hematologic malignancies and pediatric cancer survivors and (e) finally, studies published in English language. The screening for inclusion was performed independently by two reviewers (A.J., M.S.) at two separate levels. At level one, title and abstracts of searched citations were screened for relevance. At the second level, articles identified from level one screening were subjected to complete manuscript review and considered when they met the inclusion criteria.



Screening and data extraction

Data extraction from included studies was performed independently by two reviewers (A.J., M.S.), and later examined for similarity. The following information was extracted from original primary publications; author, year of study, sample size, diagnosis, cancer chemotherapy agent used, percentage of patients treated with Anthracyclines, follow-up period, baseline and follow-up values of RVEF, RVFAC, RVGLS, RVFWLS, TAPSE, and left ventricular ejection fraction (LVEF). The data extraction was performed as per a pre-designed data extraction form. Any disparity was resolved by mutual consensus and after consultation with other authors. Studies included observational studies without any interventions, therefore bias tools such as the ROBINS-I tool were not employed. The National Institute of Health (NIH) Quality Assessment Tool for Before-After (Pre-Post) Studies with No Control Group was utilized for risk of bias assessment in the current analysis.



Quality assessment

We used the National Institutes of Health (NIH) Quality Assessment Tool for Before-After (Pre-Post) Studies with No Control Group. It included the following assessments; pre-specified entry criteria, sample size, blinded assessors of data and clear descriptors of outcome measurements and others. Two authors independently judged each domain, with a third author resolving conflicts.



Statistical analysis

We used the inverse variance method with a random effect model and DerSimonian and Laird method of Tau2 generation to calculate mean difference [MD] with 95% confidence interval [CI]. We used the method provided by Hozo et al., to calculate mean and standard deviation from studies reporting median and inter quartile range (12). To obtain a conservative result with a wide confidence interval, we used a correction (r = 0) between the pre-treatment and post treatment mean while calculating the standard deviation of the pooled estimate. Statistical heterogeneity was assessed using Higgins's I2 or chi-square P-value (13). The pooled estimate was deemed statistically heterogeneous if Higgins's I2 was >50% or chi-square P-value was < 0.05. Meta-analysis results were reported graphically using forest plots: the measure of effect (MD) was represented by a square, with the area being proportional to study weight. A p value < 0.05 was considered significant. The analysis was carried out using RevMan Version 5.3 (Copenhagen: The Nordic Cochrane Centre, The Cochrane Collaboration, 2014).




Results


Study selection

The database search identified a total of 1,449 articles after checking for duplicates. Figure 1 represents the PRISMA flow chart for the inclusion of studies. 1,426 studies were excluded at the first level of screening and 15 studies were excluded at the second level of screening. Seven studies were included after manual search of reference list of the included studies. Finally, fifteen studies met the inclusion criteria and were included in the final analysis (14, 15, 24–26, 16–23). The fifteen studies constituted a total of 644 patients. All studies included breast cancer patients who were treated with Anthracycline and/or Trastuzumab chemotherapy, other than study by Cottin et al., 1996 which included women with breast cancer and lymphoma. Follow-up period of all included studies was less than 12 months. Baseline characteristics of patients from the included studies are presented in Table 1. We included studies which assessed right ventricular parameters by 2D echo parameters including RVEF, RVFAC, RVGLS, RVFWLS, TAPSE, as defined by the American Society of Echocardiography definitions and reference ranges for each parameter in Table 2. Summaries of individual studies included in the present systematic review and meta-analysis are presented in Table 3.
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FIGURE 1
PRISMA flow chart.



TABLE 1 Baseline characteristics of included studies.
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TABLE 2 Description of common parameters used to assess right ventricular function as defined by the American society of echocardiography.
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TABLE 3 Summaries of individual studies included in the current systematic review and meta-analysis.
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Per the NIH Quality Assessment Tool for Before-After (Pre-Post) Studies with No Control Group, all the included studies had sample size not sufficiently large to provide confidence in the findings, and people assessing the outcomes were not blinded to the participants’ exposures/interventions, hence potentially leading to bias in the reported results.

Our study reported significant findings. Anthracycline and/or Trastuzumab chemotherapy led to a statistically significant decrease in Right Ventricular Ejection Fraction (RVEF), with six studies involving 168 patients providing data on RVEF [MD: 2.70, 95% CI: 0.27 to 5.13, P = 0.03, I2 = 71%, χ2 P < 0.05] (Figure 2A). Additionally, Right Ventricular Fractional Area of Change (RVFAC) decreased significantly following the chemotherapy treatment with Anthracycline and/or Trastuzumab, as depicted in five studies [MD: 3.74, 95% CI: 1.33 to 6.15, P < 0.01, I2 = 68%, χ2 P < 0.05] (Figure 2B). Chemotherapy with Anthracycline and/or Trastuzumab had no effect on Right Ventricular global longitudinal strain (RVGLS) [MD: -1.97, 95% CI: -4.16 to 0.23, P = 0.08, I2 = 51%, χ2 P = 0.15] (Figure 2C). Right Ventricular free wall longitudinal strain (RVFWLS) declined at follow-up, [MD: -1.00, 95% CI: -1.86 to -0.15, P < 0.05, I2 = 0%, χ2 P = 0.40] (Figure 3D). Furthermore, Left Ventricular Ejection Fraction (LVEF) was also reduced at follow-up [MD: 4.04, 95% CI: 2.08 to 6.01, P < 0.01, I2 = 91%, χ2 P < 0.05] (Figure 3F). Tricuspic annular plane systolic excursion (TAPSE) was not affected by the treatment [MD: 0.53, 95% CI: -0.11 to 1.17, P = 0.11, I2 = 98%, χ2 P < 0.05] (Figure 3E). However, most of the pooled estimates were associated with significant statistical heterogeneity, mostly because of the heterogeneity in the magnitude of effect measures rather than variation in effect of chemotherapy with Anthracycline and/or Trastuzumab on echocardiography parameters.
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FIGURE 2
Forest plot; RVEF, right ventricular ejection fraction; RVFAC, right ventricular fractional area change; RVGLS, right ventricular global longitudinal strain.
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FIGURE 3
Forest plot; RVFWLS, right ventricular free wall longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; LVEF, left ventricular ejection fraction.





Discussion

The present meta-analysis analysed the echocardiographic changes of RV following treatment with Anthracycline and/or Trastuzumab. This is one of the first studies with a large sample size of 644 patients to study the effects of chemotherapeutic agents on the RV, thereby, increasing its statistical power.

The two most commonly used chemotherapeutic agents associated with cardiotoxicity are Doxorubicin (an Anthracycline) and Trastuzumab (a recombinant DNA derived humanized monoclonal antibody targeting human epidermal growth receptor 2 (HER 2) (28). Doxorubicin associated cardiotoxicity is cumulative dose-dependent and has been attributed to an upsurge in inflammation, oxidative stress, dysregulation of autophagy, mitochondrial dysfunction and apoptosis (29). Trastuzumab causes asymptomatic decrease in LVEF and less frequently, overt congestive heart failure (30–32). These effects are not dose dependent and are reversible. Trastuzumab can potentiate the cardiac side-effects of Anthracyclines. The risk of cardiotoxicity with Trastuzumab monotherapy is 3%–7% as compared to 27% when combined with Anthracyclines (33).

Cancer Therapy-Related Cardiac Dysfunction (CTRCD) has been classified as Type I and Type II. Type I CTRCD encompasses Anthracycline-induced cardiotoxicity which begins at the time of drug initiation and progresses algorithmically with increase in cumulative dose (34). Once a threshold maximum is achieved, myofibrillar disarray and cardiac myocyte apoptosis ensues, manifesting as left ventricular dysfunction and irreversible cardiac injury. Type II CTRCD is associated with, but not unique to, Trastuzumab. There is loss of myocardial contractility, likely due to the phenomena of myocyte hibernation or stunning without cell death. This effect is reversible and less likely to be associated with overt congestive heart failure (35).

There are no existing evidence-based guidelines for the screening and surveillance of CTRCD, however, expert consensus has been published by several committees (36, 37). Baseline cardiac imaging, typically with 2D echocardiography, is obtained with the main aim of evaluating left ventricular function prior to initiation of Anthracyclines or HER-2 inhibitors. The modified biplane Simpson's technique is the method of choice for assessment of left ventricular function. If available, global longitudinal strain should also be employed. Although, multigated acquisition (MUGA) scan has consistently outperformed standard 2D echocardiography in quantifying LVEF measurements, it is not a good assessment tool for right ventricular function, valvular dysfunction, atrial enlargement or pericardial disease and is used as an adjunct to echocardiography (38, 39). Cardiac magnetic resonance imaging (CMR) is the reference standard for assessing ventricular volume and function. The ASE defined CTRCD as ⩾10% decline in LVEF to a final value less than 53% confirmed on subsequent imaging performed 2 to 3 weeks after the initial measurement and >15% relative decline in global longitudinal strain (GLS) compared with baseline strain (36, 40). In recognition of the limitation regarding evaluation of RV and to promote a more uniformed approach, the ASE published an updated guideline detailing the methodology (41).


Right ventricular parameters

Results from one of the earlier trials investigating the effect of Anthracyclines on RV systolic and diastolic function using radionuclide angiography showed no significant change in RV EF during the one-year follow-up (42, 43). This is non-congruent to our own findings, which demonstrate a statistically significant drop in RV EF at follow-up. A study by Grover et al. using CMR to assess RV and LV function, not only concurred with our findings, demonstrating a decline in RV EF at 12-month follow-up but also, demonstrated a steeper decline in RV EF as compared to reduction in LVEF (20). Our meta-analysis established a statistically significant reduction in RVFAC, the parameter for RV radial systolic function among patients treated with Anthracyclines and/or Trastuzumab. This is on par with prior reports (19, 23, 26). Evaluation of RV strain is an important component of quantitating RV dysfunction, however it is a measurement that is subject to several methodological complexities. Consistent with our findings, several studies have demonstrated a significant decline in RVFWLS. Chang et al. (27) reported that RVFWLS may be a critical parameter for evaluation of occult RV dysfunction, suggestive of the increased susceptibility for damage within the thinner RV wall. Overall, among the studies that evaluated RV parameters, evaluation of strain may provide the most utility in early prediction of the effect of chemotherapy on the right ventricle. The discrepancies among the studies are most probably due to echocardiographic imaging techniques, as image acquisition and interobserver variability which may compromise the overall assessment. Additionally, the study population consisted of varying cardiovascular comorbidities, follow up periods and small sample sizes.

Despite the heterogeneity among the study population and the various parameters studied, there appears to be substantial evidence to suggest chemotherapy induced RV dysfunction. Larger studies with longer follow-up is necessary to confirm and establish the clinical impact and long term effects of these findings.

There is a growing body of evidence emphasizing the predictive significance of right ventricular structure and pathophysiology in different cardiac conditions (5, 6, 44–49). RV function is adversely affected even in untreated cancer patients, in part due to the abnormal physiology of increased pro-inflammatory markers, neurohumoral changes and circulating reactive oxidative species (47–49). However, there exists less evidence and guidance regarding the evaluation of right ventricle in patients undergoing chemotherapy. The implications of right ventricular dysfunction in cancer patients treated with Anthracycline and/or Trastuzumab have been reported in literature. Oliviera et al. (50) reported significant differences in the need for right ventricular assist devices in patients with chemotherapy associated cardiomyopathy, the majority of whom were treated with Anthracycline compared to all other causes of cardiomyopathy (19% vs. 9.3%, p < 0.0001), suggesting that RV dysfunction likely occurs in parallel with the more defined left ventricular dysfunction in this patient population (50).

Milano et al. (51) demonstrated a decrease in RV and LV thickness among mice infused with Doxorubicin or a combination of Doxorubicin and Trastuzumab. Both groups expressed increased RV free wall fibrosis in contrast to placebo or mice treated with Trastuzumab alone (51). Thus, it is intuitive that RV structure and function might be compromised following chemotherapy in human beings.



Strengths and study limitations

The present meta-analysis has several limitations. First, this is a study level meta-analysis. Study level meta-analyses are limited in their ability to identify inter study heterogeneity. The dose of Anthracyclines and/or Trastuzumab used varied across studies. However, this has not been accounted for in the present analysis. All studies included in the present analysis had a follow-up period of less than 12 months. This was planned to avoid selection bias of survivors and because Anthracyclines and/or Trastuzumab induced cardiotoxicity is reversible. The study by Cottin et al., included both breath cancer and lymphoma patients. Finally, the present analysis did not assume any correlation between the pre and post treatment mean, so that a conservative pooled estimate with a wide confidence interval is obtained.




Conclusive statements

In conclusion, our meta-analysis establishes that Anthracyclines and/or Trastuzumab significantly impact RV function as assessed by ecocardiography. While the impact on left ventricular function has long been recognised, our findings indicate that a comprehensive assessment should include right ventricular function. The implications of RV dysfunction in the context of CTRCD could be far-reaching, potentially affecting treatment decisions and patient prognosis. Future clinical guidelines and research should focus on this aspect, paving the way for improved cardiovascular care in patients undergoing chemotherapy. Our study underlines the need for larger studies with extended follow-ups to further confirm the clinical significance and long-term effects of RV dysfunction in this population.
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Purpose: The risk of cardiovascular disease (CVD) mortality in patients with localized prostate cancer (PCa) by risk stratification remains unclear. The aim of this study was to determine the risk of CVD death in patients with localized PCa by risk stratification.



Patients and methods: Population-based study of 340,806 cases in the Surveillance, Epidemiology, and End Results (SEER) database diagnosed with localized PCa between 2004 and 2016. The proportion of deaths identifies the primary cause of death, the competing risk model identifies the interaction between CVD and PCa, and the standardized mortality rate (SMR) quantifies the risk of CVD death in patients with PCa.



Results: CVD-related death was the leading cause of death in patients with localized PCa, and cumulative CVD-related death also surpassed PCa almost as soon as PCa was diagnosed in the low- and intermediate-risk groups. However, in the high-risk group, CVD surpassed PCa approximately 90 months later. Patients with localized PCa have a higher risk of CVD-related death compared to the general population and the risk increases steadily with survival (SMR = 4.8, 95% CI 4.6–5.1 to SMR = 13.6, 95% CI 12.8–14.5).



Conclusions: CVD-related death is a major competing risk in patients with localized PCa, and cumulative CVD mortality increases steadily with survival time and exceeds PCa in all three stratifications (low, intermediate, and high risk). Patients with localized PCa have a higher CVD-related death than the general population. Management of patients with localized PCa requires attention to both the primary cancer and CVD.
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Introduction

Prostate cancer (PCa) is the most common malignancy in the US and the second leading cause of death in men with an estimated 268,490 new cases and 34,500 deaths in 2022 (1). PCa is dominated by localized stages (approximately 70%), and risk stratification in localized stages can determine the risk of recurrence, reduce overdiagnosis, overtreatment and medical burden, and maximise benefits (morbidity and mortality) (1–5).

Improvements in PCa survival have focused attention on the competing causes of death, with a shift in the leading cause of death from cancer to non-cancer, particularly the predominance of cardiovascular disease (CVD) in non-cancer deaths (6–8). Patients with prostate cancer have a high burden of cardiovascular comorbidities (9), which is related to overlapping risk factors for cancer and CVD, cardiovascular toxicity of antineoplastic therapy, and cardiovascular risk factors are frequently underestimated and undertreated (10–15). Given that PCa is a highly heterogeneous disease, treatment decisions based on risk stratification will vary widely (16), resulting in differences in CVD risk exposure among patients with PCa.

Previous studies have mainly focused on the effects of treatment modalities on CVD-related risk in PCa patients (8, 17–19), and a few studies have focused on risk stratification (20). Similarly, the American Society of Clinical Oncology (ASCO) guidelines for the survivorship care of PCa support the assessment and screening of CVD risk factors in patients receiving anticancer treatment (21), but lack attention to CVD risk in PCa patients with different risk stratification. Based on the clinical, morphological, and molecular heterogeneity of PCa (22), some studies have focused on the cause of death in metastatic, locally advanced, and high-risk elderly PCa patients, but the results may not be applicable to PCa patients with different risk stratification (23, 24). Previous studies have suggested that the risk of CVD in PCa patients is related to risk stratification, but the conclusions are still controversial. Some studies have found that the risk of death from CVD exceeds the risk of death from PCa (25, 26), while others have found the opposite conclusion (20, 27). Therefore, further investigation and clarification of the risk of CVD-related mortality in risk stratified PCa patients is needed.

This study describes the competing risks of CVD-related death in localized PCa patients by risk stratification, and further quantifies the long-term and short-term CVD mortality of PCa patients compared to the general population across risk stratification. This study could provide population-level data to help guide the management and follow-up of risk stratified PCa patients.



Materials and methods


Data resources and patient selection

This study used data from the Surveillance, Epidemiology, and End Results (SEER) database were used in this study. The SEER program is the authoritative source for cancer registries conducted by national cancer registries, with high quality demographic and cancer-specific information and avoids surveillance bias through systematic, standardized and regular data collection procedures, covering approximately 30% of the population (28). All patients diagnosed with first primary PCa between 2004 and 2016 were considered in this study. The inclusion criteria were (1) histologic diagnosis between 2004 and 2016; (2) case selection (site and morphology, primary site-labeled) = “C61.9”; (3) single primary cancer; (4) definite cause of death and active follow-up; Exclusion criteria were (1) prostate-specific antigen (PSA) unknown; (2) missing Gleason score (GS); (3) missing TNM staging; (4) unknown race; (5) other than localized stage; (6) follow-up less than 2 months. PCa patients were divided into three risk stratification groups based on initial prostate-specific antigen (PSA) concentration, Gleason score (GS), and T-stage as described by D’Amico (29). The risk categories were defined as follows: (1) low risk was defined as PSA ≤ 10 and GS ≤ 6 and cT1c-2a; (2) intermediate risk was defined as PSA >10–20 or GS 7 or cT2b; (3) high risk was defined as PSA >20 or GS 8–10 or cT2c (29). Ethics committee approval was not required for publicly available data.



Participant variables and outcomes

Patient variables included age at diagnosis (<65 years, 65–85 years, >85 years) (30), race (white, black, others), year of diagnosis (2004–2009, 2010–2016), survival month (2–11, 12–35, 36–59, 60–119, 120–179), grade (low, high, others, unknown), surgery (yes, no, unknown), radiotherapy (yes, no evidence) and chemotherapy (yes, no evidence).

The primary outcome was death from all causes, including PCa, other cancers, CVD, and other non-neoplastic, with cause of death based on physician certification. We classified causes of death in the SEER database according to the International Classification of Diseases 10 (ICD-10) of the National Cancer Health Statistics (28). Person-years of follow-up were cumulated started from diagnosis of PCa and ended at the date of death, loss to follow-up, or the date of final follow-up (December 31, 2018).



Statistical analyses

The distribution of baseline characteristics in the three risk stratification groups was described by component ratios. Chi-square tests were used to evaluate the comparison of two or more component ratios. The distribution of causes of death will be presented as percentages, with the proportion of deaths defined as the number of specific causes of death divided by the total number of deaths in PCa patients. To further assess the interaction between PCa, CVD-related deaths and other causes of death among PCa patients, a competing risk models were used to estimate the crude cumulative mortality and further plotted according to risk stratification (31, 32). Standardized mortality ratios (SMR) were used to compare the CVD-related mortality among PCa patients with the general male population, stratified according to risk stratification and characteristics (33). The SMR was calculated as the ratio of observed specific deaths to the number of expected deaths, while the expected number of deaths was calculated according to the formula: expected deaths = person-years × CVD mortality rate in the general population. The mortality rate of CVDs among general population is available on CDC WONDER, while the person-years is the sum of survival times from diagnosis of PCa to date of CVD or study completion. The SMRs were calculated with a 95% confidence interval for CVD-related mortality using the methods mentioned before (34). All statistical analyses were completed with R software (version 3.4.4). Significance was defined by a P-value <0.05.




Results


Participant characteristics

A total of 340,806 patients diagnosed with PCa were included in this study. The median follow-up time was 6.5 years [interquartile range (IQR) 3.6–9.4]. 51.9% were aged 65–84 (Table 1), 77.6% were white, 52.4% were diagnosed between 2010 and 2016, 53.3% had low-grade tumors, 62.1% did not undergo surgery, 60.0% did not receive radiotherapy and 99.8% did not receive chemotherapy. PCa patients in the low- and intermediate-risk groups were predominantly aged 65–84 (50.6% and 60.4%, respectively), while those in the high-risk group were predominantly aged <65 (49.8%). Similar proportions of low- and intermediate-risk patients underwent surgery (15.2% and 15.4%, respectively), while high-risk patients were significantly higher (60.0%). Patients with intermediate-risk PCa are more likely to receive radiotherapy (61.8%), and the vast majority of all risk stratifications do not receive chemotherapy (99.8%). PCa patients in the low-risk group were dominated by low-grade tumors (97.1%), while those in the intermediate- and high- risk groups were dominated by high-grade tumors (56.4% and 62.4%, respectively).


TABLE 1 Baseline characteristics of patients with prostate cancer by risk stratifications.
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Proportion of deaths

The proportion of deaths from primary malignancy (PCa) gradually decreases from high-risk to low-risk subpopulations (29.7%–6.1%, Figure 1A), while the proportion of deaths from CVD and other non-cancer causes exceeds that of PCa in all 3 risk stratifications, especially in the low-risk subgroup (90.4% vs. 6.1%, Figure 1A). Among all non-cancer causes of death, CVD accounted for the highest proportion (47%–47.6%, Figure 1B). Among all CVD deaths, heart disease dominated (77.7%–78.7%, Figure 1C), followed by cerebrovascular disease (14.6%–14.9%, Figure 1C) and hypertension without heart disease (3.5%–3.9%, Figure 1C).


[image: Figure 1]
FIGURE 1
The proportion of deaths among patients with prostate cancer by risk stratification. (A) all causes of deaths; (B) causes of non-cancer deaths; (C) causes of CVD-related deaths. The proportion of other CVD deaths (including Aortic Aneurysm and Dissection, Atherosclerosis, Other Diseases of Arteries, Arterioles, Capillaries) is not shown in the figure with specific numbers (vary from 0.7% to 1.9%, Figure 1C). CVD, cardiovascular disease.




Cumulative mortality

Cumulative mortality for other non-neoplasms increased steadily with survival time, and overtaking for cancer was observed in all 3 risk stratifications (Figure 2). Cumulative mortality from other non-cancer causes was further subdivided. The risk of CVD consistently exceeded that of the primary neoplasm in the low- and intermediate- risk groups almost at the same time as PCa was diagnosed (Figures 3A,B). In the high-risk group, CVD overtook primary neoplasms approximately 90 months after cancer diagnosis (Figure 3C). Subcategories of CVD have also been used in competing risk studies, and the risk of heart disease surpasses primary neoplasm in both the low- and intermediate risk groups (Supplementary Figures S1A,S1B). The cumulative risk of primary neoplasm consistently leads in the high-risk group, followed by heart disease (Supplementary Figure S1C). Cumulative risks for various clinical characteristics were also calculated, and the risk of CVD exceeded that of PCa in the vast majority of subgroups (Supplementary Figures S2–S7), except for high-risk groups aged <65 years (Supplementary Figure S2G) and high-risk groups diagnosed between 2010 and 2016 (Supplementary Figure S4G). The cumulative risk of CVD, which was consistently higher than that of PCa, was observed in the high-risk radiotherapy group, whereas the excess of CVD in the non-radiotherapy group occurred approximately 100 months after diagnosis (Supplementary Figures S7E,S7F).


[image: Figure 2]
FIGURE 2
Cumulative mortality among patients with prostate cancer by risk stratification (three causes of death include: primary neoplasm, other non neoplams, and other neoplams). (A) cumulative risk of death in low-risk prostate cancer patients; (B) cumulative risk of death in intermediate-risk prostate cancer patients; (C) cumulative risk of death in high-risk prostate cancer patients.
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FIGURE 3
Cumulative mortality among patients with prostate cancer by risk stratification (with detailed classification of nonneoplasms deaths). (A) cumulative risk of death in low-risk prostate cancer patients; (B) cumulative risk of death in intermediate-risk prostate cancer patients; (C) cumulative risk of death in high-risk prostate cancer patients. CVD, cardiovascular disease.




Mortality compared with the general population

Compared to the general population, patients with PCa had a higher risk of CVD death, which increased with longer follow-up (Figure 4A). In contrast to the low-risk group, the intermediate- and high- risk groups have a higher risk of CVD death, and the intermediate risk group increases more significantly with the follow-up time (SMR: from 2.07 to 7.75, Figure 4A). Similar results were observed for heart disease and cardiovascular disease (Figures 4B,C). In subgroup analyses, we observed similar results in subpopulations, including age at diagnosis, race, year of diagnosis, surgery, radiation, and grade (Supplementary Table S1).


[image: Figure 4]
FIGURE 4
Standard mortality ratio among patients with prostate cancer by risk stratification. (A) CVD standard mortality ratio in patients with localized prostate cancer; (B) heart disease standard mortality ratio in patients with localized prostate cancer; (C) Cerebrovascular disease standard mortality ratio in patients with localized prostate cancer.





Discussion

This large-scale, population-based and long-follow-up study provides a comprehensive assessment of the risk of CVD-related death in localized PCa patients under risk stratification. To our knowledge, this is the first study in localized PCa to focus on CVD-related deaths under risk stratification. Our results show that the risk of CVD-related death increases steadily with prolonged survival in all three PCa risk stratifications and surpasses PCa as the leading cause of death. Consistent conclusions were reached in subpopulation analyses, and we also observed a higher risk of CVD-related death in patients with localized PCa compared to the general population.

Our findings were confirmed in both death-proportion and competing risk models, echoing the controversy of previous studies regarding the risk of CVD mortality in PCa patients. A retrospective study (20) that included patients with non-metastatic PCa did not observe CVD-related deaths over PCa, which may be attributed to the pooling of patients with PCa masking heterogeneous survival outcomes at different stages. On the contrary, some studies (23, 25, 26) support our finding that the risk of CVD-related death exceeds that of PCa, however, they either focus mainly on PCa patients under specific treatments, or only focus on a certain age group, lacking analysis under different risk stratification. Given that the current ESMO consensus recommends adequate cardiovascular assessment before anticancer therapy (35), studies on the risk of CVD-related death in PCa patients undergoing risk stratification are warranted.

We found that the risk of CVD-related death surpassing PCa varied by risk stratification. In the low- and intermediate-risk groups, the risk of CVD-related death exceeded that of PCa almost at the time of diagnosis, but was delayed until about 90 months in the high-risk group. Several factors may help explain this. First, active surveillance is recommended for PCa patients in the low- and some intermediate-risk groups (16). A clinical study (36) observed that CVD deaths in active surveillance PCa patients were approximately 3 times higher than primary cancer, which may be explained by the low malignancy of the cancer leading to long survival times, implying continued exposure to common risk factors for CVD and cancer (6, 11). Second, in the high-risk group had more aggressive cancer progression, poorer prognosis, and higher risk of cancer-specific death (27). Third, treatment modalities are more complex in the high-risk group (16), and anticancer therapy may increase CVD risk (25, 26, 37), perhaps explaining the progressively higher risk of CVD-related death and surpassing PCa in the high-risk group.

Risk stratification of PCa can help predict the probability of biochemical recurrence after local therapy, however, as suggested by the NCCN guidelines, there is still heterogeneity and prognostic differences within risk groups (38). Considering that data analysis of only risk-stratified PCa patients may obscure information about subgroup characteristics, we performed a subgroup analysis of risk-stratified PCa patients. We found that all subgroups in the low- and intermediate-risk groups (including age, race, surgery, year of diagnosis, pathological grade, radiotherapy) had a higher risk of CVD-related death than PCa. This finding is partly supported by a study focusing on non-curative treatments for PCa patients, which observed similar trends in the low- and intermediate-risk groups age ≥65, but not in those age <65 (27). This may be due to differences in the study populations, but also means that their findings are difficult to generalize to the populations of interest to us. Notably, not all subgroups of CVD exceeded PCa, and PCa was consistently higher than CVD in high-risk PCa patients aged <65 years, suggesting that management of PCa remains a major concern despite the non-negligible risk of CVD-related death. Our study applied PCa risk stratification to cardiovascular risk assessment, which may provide a basis for individualized risk stratification and a more refined, individualized assessment reference.

We further quantified the risk of CVD-related death in PCa patients in different risk stratifications. Compared with the general population, PCa patients in all three risk stratifications had a higher risk of CVD-related death, which is consistent with a study focusing on short-term follow-up of PCa patients, with the substantially higher risk of CVD in the first month (39). Further support comes from another study using SMR, which found that patients with cancer of all sites, including PCa, consistently had a higher risk of death from CVD than the general population (40). However, another study observed a lower risk of CVD death than the general population (7), which may be explained by combining both localized and regional PCa populations, ignoring the prognostic differences between them (6). We also found that the risk of CVD-related death was higher in the intermediate- and high- risk groups compared with the low-risk group, and was most pronounced in the intermediate-risk group with increasing follow-up time. This is supported by a retrospective analysis focusing on PCa patients treated with ADT (41) that observed an excess risk of cardiac death in intermediate-risk PCa patients compared with the low-risk group. There could be several possible explanations, first, as they expressed, they found that the intermediate risk group was older and therefore had a higher risk of CVD death, which was also observed in our study. Second, compared with low-risk PCa patients diagnosed by PSA screening, the intermediate-risk population is less health-conscious (42) and may have more CVD risk factors and comorbidities. Third, compared with low-risk PCa patients, intermediate-risk patients receive more aggressive treatments (16), which may be associated with cardiotoxicity.

The traditional treatment approach prioritizes cancer treatment, but attention must also be paid to the competing risks associated with cancer, especially CVD, which may provide a further step in survival. An RCT study of ADT couldn’t even get enough expected events because of the involvement of cardiologists to control for risk factors, making shared management especially important (43). This should be of interest to multidisciplinary teams working together to manage and reduce the risk of CVD death in PCa patients. As recommended by the ESC guidelines on cardio-oncology (44), practical cardioprotective strategies should be developed and implemented, including optimization of common risk factors, active surveillance, adjustment of dose and infusion time of anticancer drugs, and maintenance of adequate physical activity (45).

Although the mechanisms underlying the elevated risk of CVD in patients with PCa remain controversial, these factors may help explain. These include cardiotoxicity of anticancer therapy, aging, immediate psychological stress, common risk factors for CVD and cancer, and cardiovascular damage from PCa. First, several studies have suggested that anticancer treatment may be associated with coronary artery disease, myocardial infarction, sudden cardiac death and metabolic syndrome, which can increase the risk of CVD-related death (10, 46). Second, vascular changes occur subsequently with age, including central artery stiffness and systemic endothelial dysfunction (47), and most PCa occurs in the elderly (23), with a correspondingly increased risk of CVD-related death. Third, PCa shares common risk factors with CVD, including smoking and diabetes, which are recognized to increase the risk of CVD-related death (11). Fourth, the diagnosis of PCa can cause immediate psychological stress and trigger sudden cardiac arrest, which can manifest as various forms of arrhythmias, myocardial infarction, and sudden death (39, 48). Fifth, PCa may induce arterial-venous thromboembolism and increase the risk of cardiovascular events such as stroke (49).



Limitations

Several limitations of the study should be considered. First, the SEER database does not provide specific treatment information, comorbidities, risk factors, and demographic characteristics, which limits our further analysis, evaluation, and generalization of conclusions (50). Second, cause of death may be misclassified, but it is negligible. Third, given the wide period of this retrospective study, some confounding factors are inevitable. For example, the treatment and management of PCa and CVD have changed during follow-up and can, therefore, confound the results.



Conclusions

CVD-related death is the primary competing risk in patients with localized PCa. In the low- and intermediate-risk groups, the risk of CVD death exceeded that of PCa almost as soon as PCa was diagnosed, whereas in the high-risk group, the excess of CVD death risk occurred at approximately 90 months. In all 3 risk stratifications, PCa patients have a higher risk of CVD-related death than the general population. These results highlight differences in CVD mortality risk between PCa risk stratifications and may provide insights into cardiac oncology care, detection, screening, prevention, and treatment strategies for PCa patients.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found here: http://seer.cancer.gov.



Author contributions

ZL: study design, data collection, analysis, interpretation of results, figure design, drafting of the manuscript, and review and editing of the manuscript. KC, HZ and LL: analysis, interpretation of results, drafting of the manuscript, and review and editing of the manuscript. WY, ZL, YL and LZ: interpretation of results and drafting of the manuscript writing. RZ, MF, YL and GH: study design, and drafting of the manuscript; HR: data collection and editing of the manuscript. XL and MY: conception, funding acquisition, project administration and supervision, and review and editing of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version. All authors contributed to the article and approved the submitted version.



Funding

This study were funded by the Science and Technology Program of Guangzhou (Grant No. 202102010092), the National Natural Science Foundation of China (Grant No. 82000343), the Special Funds for the Cultivation of Guangdong College Students' Scientific and Technological Innovation. (“Climbing Program” Special Funds) (pdjh2021a0409); the College Students' Innovation Entrepreneurship Training Plan Program of China (Grant Nos. 2021C006 and 2021C005).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.1130691/full#supplementary-material



References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer J Clin. (2022) 72(1):7–33. doi: 10.3322/caac.21708

2. Aizer AA, Gu X, Chen MH, Choueiri TK, Martin NE, Efstathiou JA, et al. Cost implications and complications of overtreatment of low-risk prostate cancer in the United States. J Natl Compr Canc Netw. (2015) 13(1):61–8. doi: 10.6004/jnccn.2015.0009

3. Mottet N, Bellmunt J, Bolla M, Briers E, Cumberbatch MG, De Santis M, et al. EAU-ESTRO-SIOG guidelines on prostate cancer. Part 1: screening, diagnosis, and local treatment with curative intent. Eur Urol. (2017) 71(4):618–29. doi: 10.1016/j.eururo.2016.08.003

4. Trogdon JG, Falchook AD, Basak R, Carpenter WR, Chen RC. Total medicare costs associated with diagnosis and treatment of prostate cancer in elderly men. JAMA Oncol. (2019) 5(1):60–6. doi: 10.1001/jamaoncol.2018.3701

5. Vickers AJ, Roobol MJ, Lilja H. Screening for prostate cancer: early detection or overdetection? Annu Rev Med. (2012) 63:161–70. doi: 10.1146/annurev-med-050710-134421

6. Siegel DA, O’Neil ME, Richards TB, Dowling NF, Weir HK. Prostate cancer incidence and survival, by stage and race/ethnicity—United States, 2001–2017. MMWR Morb Mortal Wkly Rep. (2020) 69(41):1473–80. doi: 10.15585/mmwr.mm6941a1

7. Weiner AB, Li EV, Desai AS, Press DJ, Schaeffer EM. Cause of death during prostate cancer survivorship: a contemporary, US population-based analysis. Cancer. (2021) 127(16):2895–904. doi: 10.1002/cncr.33584

8. Guo Y, Dong X, Mao S, Yang F, Wang R, Ma W, et al. Causes of death after prostate cancer diagnosis: a population-based study. Oxid Med Cell Longev. (2022) 2022:8145173. doi: 10.1155/2022/8145173

9. Garg T, Young AJ, Kost KA, Danella JF, Larson S, Nielsen ME, et al. Burden of multiple chronic conditions among patients with urological cancer. J Urol. (2018) 199(2):543–50. doi: 10.1016/j.juro.2017.08.005

10. Keating NL, O’Malley AJ, Smith MR. Diabetes and cardiovascular disease during androgen deprivation therapy for prostate cancer. J Clin Oncol. (2006) 24(27):4448–56. doi: 10.1200/JCO.2006.06.2497

11. Koene RJ, Prizment AE, Blaes A, Konety SH. Shared risk factors in cardiovascular disease and cancer. Circulation. (2016) 133(11):1104–14. doi: 10.1161/CIRCULATIONAHA.115.020406

12. Saigal CS, Gore JL, Krupski TL, Hanley J, Schonlau M, Litwin MS, et al. Androgen deprivation therapy increases cardiovascular morbidity in men with prostate cancer. Cancer. (2007) 110(7):1493–500. doi: 10.1002/cncr.22933

13. Alaia C, Boccellino M, Zappavigna S, Amler E, Quagliuolo L, Rossetti S, et al. Ipilimumab for the treatment of metastatic prostate cancer. Expert Opin Biol Ther. (2018) 18(2):205–13. doi: 10.1080/14712598.2018.1420777

14. Klimis H, Pinthus JH, Aghel N, Duceppe E, Fradet V, Brown I, et al. The burden of uncontrolled cardiovascular risk factors in men with prostate cancer: a RADICAL-PC analysis. JACC CardioOncol. (2023) 5(1):70–81. doi: 10.1016/j.jaccao.2022.09.008

15. Sun L, Parikh RB, Hubbard RA, Cashy J, Takvorian SU, Vaughn DJ, et al. Assessment and management of cardiovascular risk factors among US veterans with prostate cancer. JAMA Netw Open. (2021) 4(2):e210070. doi: 10.1001/jamanetworkopen.2021.0070

16. Eastham JA, Auffenberg GB, Barocas DA, Chou R, Crispino T, Davis JW, et al. Clinically localized prostate cancer: AUA/ASTRO guideline, part I: introduction, risk assessment, staging, and risk-based management. J Urol. (2022) 208(1):10–8. doi: 10.1097/JU.0000000000002757

17. Bhatia N, Santos M, Jones LW, Beckman JA, Penson DF, Morgans AK, et al. Cardiovascular effects of androgen deprivation therapy for the treatment of prostate cancer: ABCDE steps to reduce cardiovascular disease in patients with prostate cancer. Circulation. (2016) 133(5):537–41. doi: 10.1161/CIRCULATIONAHA.115.012519

18. Robinson D, Garmo H, Lindahl B, Van Hemelrijck M, Adolfsson J, Bratt O, et al. Ischemic heart disease and stroke before and during endocrine treatment for prostate cancer in PCBaSe Sweden. Int J Cancer. (2012) 130(2):478–87. doi: 10.1002/ijc.26022

19. Kang DW, Fairey AS, Boule NG, Field CJ, Wharton SA, Courneya KS. Effects of exercise on cardiorespiratory fitness and biochemical progression in men with localized prostate cancer under active surveillance: the ERASE randomized clinical trial. JAMA Oncol. (2021) 7(10):1487–95. doi: 10.1001/jamaoncol.2021.3067

20. Matthes KL, Pestoni G, Korol D, Van Hemelrijck M, Rohrmann S. The risk of prostate cancer mortality and cardiovascular mortality of nonmetastatic prostate cancer patients: a population-based retrospective cohort study. Urol Oncol. (2018) 36(6):309 e15–23. doi: 10.1016/j.urolonc.2018.02.016

21. Resnick MJ, Lacchetti C, Bergman J, Hauke RJ, Hoffman KE, Kungel TM, et al. Prostate cancer survivorship care guideline: American Society of Clinical Oncology Clinical Practice Guideline endorsement. J Clin Oncol. (2015) 33(9):1078–85. doi: 10.1200/JCO.2014.60.2557

22. Gerlinger M, Catto JW, Orntoft TF, Real FX, Zwarthoff EC, Swanton C. Intratumour heterogeneity in urologic cancers: from molecular evidence to clinical implications. Eur Urol. (2015) 67(4):729–37. doi: 10.1016/j.eururo.2014.04.014

23. Ketchandji M, Kuo YF, Shahinian VB, Goodwin JS. Cause of death in older men after the diagnosis of prostate cancer. J Am Geriatr Soc. (2009) 57(1):24–30. doi: 10.1111/j.1532-5415.2008.02091.x

24. Johnston TJ, Shaw GL, Lamb AD, Parashar D, Greenberg D, Xiong T, et al. Mortality among men with advanced prostate cancer excluded from the ProtecT trial. Eur Urol. (2017) 71(3):381–8. doi: 10.1016/j.eururo.2016.09.040

25. Shikanov S, Kocherginsky M, Shalhav AL, Eggener SE. Cause-specific mortality following radical prostatectomy. Prostate Cancer Prostatic Dis. (2012) 15(1):106–10. doi: 10.1038/pcan.2011.55

26. Guo Y, Dong X, Yang F, Yu Y, Wang R, Kadier A, et al. Effects of radiotherapy or radical prostatectomy on the risk of long-term heart-specific death in patients with prostate cancer. Front Oncol. (2020) 10:592746. doi: 10.3389/fonc.2020.592746

27. Rider JR, Sandin F, Andren O, Wiklund P, Hugosson J, Stattin P. Long-term outcomes among noncuratively treated men according to prostate cancer risk category in a nationwide, population-based study. Eur Urol. (2013) 63(1):88–96. doi: 10.1016/j.eururo.2012.08.001

28. National Cancer Institute.. About the SEER program. Available at: https://seer.cancer.gov/about/

29. D’Amico AV, Whittington R, Malkowicz SB, Schultz D, Blank K, Broderick GA, et al. Biochemical outcome after radical prostatectomy, external beam radiation therapy, or interstitial radiation therapy for clinically localized prostate cancer. JAMA. (1998) 280(11):969–74. doi: 10.1001/jama.280.11.969

30. Van Hemelrijck M, Folkvaljon Y, Adolfsson J, Akre O, Holmberg L, Garmo H, et al. Causes of death in men with localized prostate cancer: a nationwide, population-based study. BJU Int. (2016) 117(3):507–14. doi: 10.1111/bju.13059

31. Austin PC, Lee DS, Fine JP. Introduction to the analysis of survival data in the presence of competing risks. Circulation. (2016) 133(6):601–9. doi: 10.1161/CIRCULATIONAHA.115.017719

32. Ritchie LA, Harrison SL, Penson PE, Akbari A, Torabi F, Hollinghurst J, et al. Prevalence and outcomes of atrial fibrillation in older people living in care homes in Wales: a routine data linkage study 2003-2018. Age Ageing. (2022) 51(12):1–10. doi: 10.1093/ageing/afac252

33. Canouï-Poitrine F, Rachas A, Thomas M, Carcaillon-Bentata L, Fontaine R, Gavazzi G, et al. Magnitude, change over time, demographic characteristics and geographic distribution of excess deaths among nursing home residents during the first wave of COVID-19 in France: a nationwide cohort study. Age Ageing. (2021) 50(5):1473–81. doi: 10.1093/ageing/afab098

34. Altman DG, Bland JM. How to obtain the P value from a confidence interval. BMJ. (2011) 343:d2304. doi: 10.1136/bmj.d570

35. Curigliano G, Lenihan D, Fradley M, Ganatra S, Barac A, Blaes A, et al. Management of cardiac disease in cancer patients throughout oncological treatment: ESMO consensus recommendations. Ann Oncol. (2020) 31(2):171–90. doi: 10.1016/j.annonc.2019.10.023

36. Hamdy FC, Donovan JL, Lane JA, Mason M, Metcalfe C, Holding P, et al. 10-year outcomes after monitoring, surgery, or radiotherapy for localized prostate cancer. N Engl J Med. (2016) 375(15):1415–24. doi: 10.1056/NEJMoa1606220

37. Nguyen PL, Alibhai SM, Basaria S, D’Amico AV, Kantoff PW, Keating NL, et al. Adverse effects of androgen deprivation therapy and strategies to mitigate them. Eur Urol. (2015) 67(5):825–36. doi: 10.1016/j.eururo.2014.07.010

38. Mohler JL, Antonarakis ES, Armstrong AJ, D’Amico AV, Davis BJ, Dorff T, et al. Prostate cancer, version 2.2019, NCCN clinical practice guidelines in oncology. J Natl Compr Canc Netw. (2019) 17(5):479–505. doi: 10.6004/jnccn.2019.0023

39. Fang F, Keating NL, Mucci LA, Adami HO, Stampfer MJ, Valdimarsdottir U, et al. Immediate risk of suicide and cardiovascular death after a prostate cancer diagnosis: cohort study in the United States. J Natl Cancer Inst. (2010) 102(5):307–14. doi: 10.1093/jnci/djp537

40. Sturgeon KM, Deng L, Bluethmann SM, Zhou S, Trifiletti DM, Jiang C, et al. A population-based study of cardiovascular disease mortality risk in US cancer patients. Eur Heart J. (2019) 40(48):3889–97. doi: 10.1093/eurheartj/ehz766

41. Pickles T, Tyldesley S, Hamm J, Virani SA, Morris WJ, Keyes M. Brachytherapy for intermediate-risk prostate cancer, androgen deprivation, and the risk of death. Int J Radiat Oncol Biol Phys. (2018) 100(1):45–52. doi: 10.1016/j.ijrobp.2017.08.042

42. Pinsky PF, Miller A, Kramer BS, Church T, Reding D, Prorok P, et al. Evidence of a healthy volunteer effect in the prostate, lung, colorectal, and ovarian cancer screening trial. Am J Epidemiol. (2007) 165(8):874–81. doi: 10.1093/aje/kwk075

43. Lopes RD, Higano CS, Slovin SF, Nelson AJ, Bigelow R, Sørensen PS, et al. Cardiovascular safety of degarelix versus leuprolide in patients with prostate cancer: the primary results of the PRONOUNCE randomized trial. Circulation. (2021) 144(16):1295–307. doi: 10.1161/CIRCULATIONAHA.121.056810

44. Lyon AR, Lopez-Fernandez T, Couch LS, Asteggiano R, Aznar MC, Bergler-Klein J, et al. 2022 ESC guidelines on cardio-oncology developed in collaboration with the European hematology association (EHA), the European society for therapeutic radiology and oncology (ESTRO) and the international cardio-oncology society (IC-OS). Eur Heart J. (2022) 43(41):4229–361. doi: 10.1093/eurheartj/ehac244

45. Bates-Fraser LC, Riley S, Stopforth C, Moertl K, Edgar K, Stoner L, et al. Home-based exercise improves quality of life in breast and prostate cancer survivors: a meta-analysis. PLoS One. (2023) 18(4):e0284427. doi: 10.1371/journal.pone.0284427

46. Braga-Basaria M, Dobs AS, Muller DC, Carducci MA, John M, Egan J, et al. Metabolic syndrome in men with prostate cancer undergoing long-term androgen-deprivation therapy. J Clin Oncol. (2006) 24(24):3979–83. doi: 10.1200/JCO.2006.05.9741

47. Paneni F, Diaz Canestro C, Libby P, Luscher TF, Camici GG. The aging cardiovascular system: understanding it at the cellular and clinical levels. J Am Coll Cardiol. (2017) 69(15):1952–67. doi: 10.1016/j.jacc.2017.01.064

48. Esler M. Mental stress and human cardiovascular disease. Neurosci Biobehav Rev. (2017) 74(Pt B):269–76. doi: 10.1016/j.neubiorev.2016.10.011

49. Navi BB, Reiner AS, Kamel H, Iadecola C, Okin PM, Elkind MSV, et al. Risk of arterial thromboembolism in patients with cancer. J Am Coll Cardiol. (2017) 70(8):926–38. doi: 10.1016/j.jacc.2017.06.047

50. Guan T, Jiang Y, Luo Z, Liang Y, Feng M, Lu Z, et al. Long-term risks of cardiovascular death in a population-based cohort of 1,141,675 older patients with cancer. Age Ageing. (2023) 52(5):1–10. doi: 10.1093/ageing/afad068












	
	TYPE Review

PUBLISHED 08 September 2023
DOI 10.3389/fcvm.2023.1150569






[image: image2]

Cardiotoxicity of anti-cancer drugs: cellular mechanisms and clinical implications

Cecilia Kwok1 and Mark Nolan2,3*

1Department of Medicine, Western Health, Melbourne, VIC, Australia

2Department of Medicine, Peter MacCallum Cancer Centre, Melbourne, VIC, Australia

3Cardiovascular Imaging, Baker Heart and Diabetes Institute, Melbourne, VIC, Australia

EDITED BY
Ionut Tudorancea, Grigore T. Popa University of Medicine and Pharmacy, Romania

REVIEWED BY
Federico Quaini, University of Parma, Italy
Jiankai Zhong, Southern Medical University, China

*CORRESPONDENCE Mark Nolan mark.nolan@baker.edu.au

RECEIVED 24 January 2023
ACCEPTED 17 July 2023
PUBLISHED 08 September 2023

CITATION Kwok C and Nolan M (2023) Cardiotoxicity of anti-cancer drugs: cellular mechanisms and clinical implications.
Front. Cardiovasc. Med. 10:1150569.
doi: 10.3389/fcvm.2023.1150569

COPYRIGHT © 2023 Kwok and Nolan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Cardio-oncology is an emerging field that seeks to enhance quality of life and longevity of cancer survivors. It is pertinent for clinicians to understand the cellular mechanisms of prescribed therapies, as this contributes to robust understanding of complex treatments and off-target effects, improved communication with patients, and guides long term care with the goal to minimise or prevent cardiovascular complications. Our aim is to review the cellular mechanisms of cardiotoxicity involved in commonly used anti-cancer treatments and identify gaps in literature and strategies to mitigate cardiotoxicity effects and guide future research endeavours.
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1. Introduction

There is increasing survivorship of patients with cancer due to improvements in early cancer detection and treatments (1–3). While cardiovascular disease is a leading cause of morbidity and mortality worldwide (4), the added metabolic stress and adverse effects of anti-cancer drugs can lead to detrimental effects on the cardiovascular system (5). Consequences of chest radiotherapy, chemotherapy and immunotherapy can manifest as cardiomyopathy, vascular disease including hypertension, thromboembolism, conduction abnormalities, and metabolic disorders that are collectively described under the term, cancer therapy-related cardiovascular toxicity (6).

Cardio-oncology is an emerging field that seeks to improve quality of life and survival of many survivors of cancer. Improved clinician understanding of mechanisms of prescribed therapies is pertinent, as it can contribute to increased accuracy of and empowering communication with patients. Explaining to patients the basic science behind pathologies and maladies promote patient engagement and active participation in complex treatment decision-making (7). Clinical research and drug development informed by understanding of cellular mechanisms will be less likely to produce off-target effects, which makes understanding the biological basis of anti-cancer therapies critical for clinical researchers in cardio-oncology (8).

An better understanding of the cellular mechanisms behind chemotherapy-related cardiotoxicity could assist with appropriate use of imaging and biomarkers to monitor myocardial damage, guide long term cardiac care, with the goal to ultimately minimise or prevent cardiovascular complications. Thus, our aim is to review the cellular mechanisms of cardiotoxicity involved in commonly used anti-cancer treatments. We hope to identify gaps in literature and strategies to mitigate the effects of cardiotoxicity that could guide future research endeavours.



2. Anthracyclines

Anthracycline agents (e.g., doxorubicin, daunorubicin, epirubicin, idarubicin) remain highly effective and are first-line treatment options for haematological cancers, breast cancers and sarcomas in both adults and children (9, 10), however, recent prescribing patterns suggest a fall in anthracycline use (11). Anthracycline-induced cardiotoxicity (ACT) is a final by product of iterative myocardial damage that begins at time of first exposure and may trigger a continuous remodelling process, though this may not manifest clinically until decades. Clinically, ACT can be characterized by the time of presentation into three categories: acute, early-onset progressive, or late-onset progressive (10). Acute manifestations of toxicity may include sinus tachycardia, arrhythmias or atrioventricular block. Early-onset progressive disease presents within a year of treatment completion, with subclinical findings of reduced left ventricular (LV) fractional shortening, loss of myocyte contractility and increased afterload that is indicative of abnormal LV function. Late-onset progressive disease present more than a year after treatment with increased afterload, LV wall thinning, dilated cardiomyopathy with symptoms of congestive heart failure. Genetic variation of multiple genes associated with anthracycline-induced cardiotoxicity play a significant role in determining individual sensitivity to ACT, in both adult and paediatric populations, with certain genes also impacted in other oncological mechanisms of cardiotoxicity (7). This adds to the complexity to identifying the exact mechanism of ACT, although several theories have been proposed—(i) topoisomerase-2 inhibition (12–14), (ii) reactive oxygen species (ROS) generation (15), (iii) mitochondrial dysfunction leading to reduced adenosine triphosphate (ATP) production (16–18), and (iv) effects on other programmed cell death pathways (Figure 1) (19, 20). As the mechanism of doxorubicin has been extensively studied, it will be the focus of this discussion.
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FIGURE 1
Mechanisms of doxorubicin-induced myocardial dysfunction. Doxorubicin inhibits DNA replication by intercalating with DNA and stabilising Topoisomerase 2 cleavage complex, triggering its degradation and intrinsic apoptosis. Doxorubicin's quinone structure is prone to free radical generation leading to increased generation of reactive oxygen species. Proteins of the electron transport chain in the mitochondria undergo conformational changes that result in loss of mitochondrial membrane potential, loss of ATP production, and activation of casepase-3 mediated apoptosis. Various cell death receptors in cardiomyocytes have been shown to be upregulated including proteins pivotal in apoptosis, such as autophagy, RIPK1/3-dependent necroptosis, ferroptosis, and pyroptosis. The net effect is decreased cardiomyocyte contractility and cell death, resulting in fibrosis and continuous compensatory hypertrophic remodelling of remaining cardiomyocytes. The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.


Topoisomerases are intracellular enzymes and work as part of the DNA replication machinery by catalysing breaks in DNA and then repairing these breaks (21). Anthracyclines have the ability to inhibit topoisomerase activity and hence prevent cellular proliferation or repair. There are two major forms of topoisomerase-2 (Top2); Top2α is only expressed in proliferating cells and is widely regarded as the main target of doxorubicin's anti-cancer effects, while Top2β is present in all mammalian cells including cardiomyocytes. Due to their sequence similarity, doxorubicin binds non-selectively to both isoforms. Doxorubicin intercalates with DNA, stabilises Top2 cleavage complex and blocks DNA replication fork progression (22). As the replication machinery fails to proceed with DNA replication, the cleavage complex triggers proteasomal degradation of Top2β, which exposes double stranded DNA breaks and initiate a cascade of p53-mediated events, such as mitochondrial dysfunction and intrinsic apoptosis (22–24). This is consistent with findings that Top2β deletion in murine embryonic fibroblasts and cardiomyocytes protect against doxorubicin-induced DNA damage, ROS accumulation, and apoptosis (14, 25). p53 deletion attenuates doxorubicin-induced cardiotoxicity in mice (26).

Oxidative damage from ROS accumulation was one of the first proposed mechanisms of doxorubicin-induced cardiotoxicity. It's based upon doxorubicin's ability to undergo redox cycling, and mainly attributed to its quinone structure that is prone to free radical generation leading to increased levels of ROS (15). There are higher levels of ROS generating enzymes such as NADPH oxidase 2 (Nox2) (27) and increased levels of transcriptional antioxidant proteins via activation of nuclear factor erythroid 2-related factor 2 (Nrf2), a key factor in cardioprotection from doxorubicin (28). Cardiomyocytes are thought to be highly susceptible to free radical damage due to an abundance of mitochondrial electron transport chain (ETC), a prominent location for ROS formation (29). However, this theory has been challenged in recent years by lack of evidence of redox cycling in cell lines treated with doxorubicin (30), and this level of oxidative damage was not able to be replicated in an in vivo rat model of doxorubicin-induced cardiotoxicity (29, 31). Further, oxidative stress can make the myocardium more sensitive to pro-arrhythmic effects of drugs that block potassium channels, reducing their repolarisation reserve, thereby increasing their vulnerability to drugs that trigger Torsades de pointes (32).

The link between increased ROS and onset of cellular senescence is firmly established (33, 34). Senescence is characterized as a cellular stress response that can elicit cell reactions resulting in temporary adaptations to stressors, induce autophagy, or activate cell death (35). Senescent cells play a role in the aging process by not only entering a state of cell cycle arrest but also by manifesting a senescence-associated secretory phenotype. Cellular senescence has been observed in cardiac fibroblasts (36), endothelial cells (37), and myocytes (38), and others have proposed a link between the accumulation of senescent cells in the heart and the primary cause of cardiovascular complications that manifest in patients undergoing anthracycline chemotherapy (39). Doxorubicin is known to induce cells into senescence though the mechanism is yet to be fully elucidated (39).

Doxorubicin downregulates nuclear factors important in cardiac metabolism and promotes mitochondrial biogenesis, such as peroxisome proliferator-activated receptor gamma co-activator 1α (PPARPGC1α) and co-activator 1B (PPARPGC1β). Their scarcity contribute to increased ROS generation and apoptosis (40). Transcriptional analysis of mouse cardiac muscle treated with doxorubicin or DMNQ, a redox-cycling agent with similar redox properties, revealed that mitochondrial ETC proteins underwent conformational changes that led to loss of mitochondrial membrane potential, loss of ATP production, and activation of caspase-3 mediated apoptosis (41). Doxorubicin has also been shown to play a role in upregulating inflammatory factors such as interleukin-1 (IL-1) and tumour necrosis factor-α (TNF-α) in the myocardium, which can trigger immune responses (42). Additionally, doxorubicin can activate cell death receptors in cardiomyocytes (19) leading to further immune activation. Other cell death pathways, such as RIPK1/3-dependent necroptosis (43), abnormal iron homeostasis leading to ferroptosis (38), and nucleotide-binding domain, leucine-rich-containing family, NOD-like receptor family pyrin domain-containing 3 (NLRP) inflammasome activation resulting in pyroptosis have all been implicated in doxorubicin-induced cardiotoxicity (20, 44). The net effect is decreased cardiomyocyte contractility and cell death, eventuating in fibrosis and continuous compensatory hypertrophic remodelling of remaining cardiomyocytes (45). The clinical consequences of doxorubicin, which acts through the various mechanisms outlined, is extensive. Acutely, it can cause arrhythmias and hypotension, while in the long term, doxorubicin can contribute to cardiac hypertrophy and manifest as symptoms of heart failure (46).

Dexrazoxane is the only approved pharmacological treatment for doxorubicin-induced cardiotoxicity, however recent studies suggest that it does not completely mitigate all effects (47). Metabolites of dexrazoxane are effective iron chelators that prevent free oxygen radical formation, which supports the ROS theory (48). Interestingly, other iron chelators (e.g., deferoxamine, deferiprone, deferasirox) have only demonstrated variable cardioprotective effects against doxorubicin in various cell and animal models of cardiotoxicity (49–51). Potentially dexrazoxane may work by stabilising Top2 before doxorubicin is able to form the cleavage complex (52). Other potential novel cardioprotective strategies such as using liposomal-encapsulated anthracyclines (53), requires further research. Navitoclax, an orally active Bcl-2 inhibitor, shows promise as a senolytic agent specifically targeting senescent cells (54). Cellular senescence and oxidative and stress remain possible targets for treatment of ACT and are an active area of research with specific targets still under investigation. Future cardioprotective drug development of anthracycline alternatives that selectively inhibit Top2β may prove to be less cardiotoxic (14).



3. Anti-HER2 monoclonal antibodies

Currently, there are three anti-human epidermal growth factor receptor (HER2) monoclonal antibodies approved for use--trastuzumab, pertuzumab, and margetuximab. Trastuzumab is a humanised monoclonal antibody that target the extracellular domain of HER2, a member of the erythroblastic leukemia viral oncogene homolog 2 (ErbB2) family of transmembrane receptor tyrosine kinases. Twenty percent of all breast and gastric cancers are HER2 over-expressing (55, 56), and trastuzumab is the recommended first line treatment. Clinically, trastuzumab treatment alone may cause reduced LV ejection fraction but typically do not cause arrhythmias. However, cardiotoxic effects are potentiated when used in combination with anthracyclines or other chemotherapies, such as in the case of metastatic HER2 positive breast cancers (57). Trastuzumab must be used sequentially rather than concomitantly with anthracyclines along with careful consideration of background cardiac risk factors and individualised cardiac surveillance is recommended (57).

HER2 activation can also occur independently without specific ligand binding, leading to homo and hetero-dimerization and autophosphorylation of tyrosine kinase residues on its cytoplasmic domain. Overexpression HER2 cancer cells lead to uncontrolled activation of three major downstream growth signalling pathways—phosphoinositide 3-kinases (PI3K)/AKt (58), mitogen-activating kinase (MAPK) (59) and Focal Adhesion Kinases (FAK) (60) that regulate cell proliferation, differentiation, and survival, carefully coordinated by a complex network of intracellular feedback loops (Figure 2). Trastuzumab binding to HER2 inhibits uncontrolled cell growth by HER2 receptor downregulation, and enhances apoptosis via mitochondrial ROS and increased pro-apoptotic protein transcription (61). It also triggers antibody-dependent cell-mediated cytotoxicity—increased antigen presentation by cancer cells via upregulation of MHC molecules (62), as well as increased activation of dendritic cells (63), natural killer cells (64), and macrophages (65).
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FIGURE 2
Trastuzumab inhibits HER2 receptor activation Overexpression of human epidermal growth factor receptor 2 (HER2) in malignant cells result in uncontrolled downstream activating effects of three major growth signalling pathways of phosphoinositide 3-kinases (PI3K), Akt, mitogen-activating kinase (MAPK), and Focal Adhesion Kinases (FAK) that regulate cell proliferation, differentiation, and survival. Neuregulin-1 is a growth factor released from myocardial cells that stimulate HER2, promoting cell survival. Trastuzumab binds to HER2 and inhibit uncontrolled cell growth by HER2 receptor downregulation and cell death. The Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.


Cardiomyocytes also express members of the ErbB2 family of proteins (HER1, HER2, and HER4), and ErbB2 knock out mice develop dilated cardiomyopathy (66). Neuregulin-1 (NRG1) is a growth factor released from myocardial endothelial cells that induces HER2/HER4 heterodimerisation or HER4/HER4 homodimerization which activates major survival pathways of PI3K/AKt, MAPK/Erk, and FAK (67).

The MAPK/Erk signalling pathway is driven by numerous G protein coupled receptors, receptor tyrosine kinases, and integrins during times of myocardial stress. The precise activity of the MAPK/Erk pathway in cardiomyocyte homeostasis has been reviewed by Gilbert et al. (68). FAK is an intracellular tyrosine kinase that, when autophosphorylated, mediates signal transduction from integrins, growth factors and cytokine receptors (69) and is also a key scaffolding protein. Its central role in signal transduction and activating downstream cell proliferation and survival make it an essential oncoprotein in breast cancer (69). In a highly regulated cooperative series of phosphorylation events and effector protein recruitment, all three signalling cascades ultimately converge into cardioprotective mechanisms particularly important during times of oxidative stress (70, 71). Hence, trastuzumab interferes with these pathways and contribute to increased cardiomyocyte damage from ROS accumulation and mitochondrial dysfunction, proteasomal degradation, and foetal sarcomeric gene expression.

Trastuzumab increases oxidative stress and associated caspase 3/7 activity suggestive of apoptosis in a model of murine cardiomyocytes (72). Receptor-mediated cell death occurs via upregulation of Bcl-2 family (73). Thus, HER2 blockade by Trastuzumab affects HER2 ability to dimerise with HER4, inhibitory effects on downstream cell survivla cascade, result in ROS accumulation, mitochondrial dysregulation and upregulation of proapoptotic factors that lead to apoptosis (74, 75).

Another cell death pathway, autophagy, is also affected by trastuzumab binding. A process negatively regulated by mammalian target of rapamycin (mTOR) in nutrient rich conditions, it is the main process of protein recycling and is important for myocardium remodelling and cardiac development (76). mTOR supresses autophagy by disrupting Ulk1 and AMP-activated protein kinase (AMPK) interaction during nutrient-rich conditions and is at least partially regulated by the upstream MAPK/Erk (77). Trastuzumab blockade of HER2 signalling result in autophagy dysregulation by mTOR activation, resulting in inhibition of key autophagosome proteins, increased ROS generation and subsequent cardiotoxicity (77, 78). Compensatory mechanisms such as cardiac hypertrophy can result in autophagy inhibition.

Calcium/calmodulin-dependent protein kinase 2 (CaMK2) is a serine/threonine protein kinase that regulates cardiac excitation-contraction coupling, calcium homeostasis, and activate pathways of hypertrophy and apoptosis (79, 80). The main isoform expressed in the heart is CaMK2δ and is an attractive therapeutic target as dysregulated calcium homeostasis and excitation-contraction coupling are key contributors to arrhythmia and heart failure (79). The CaMK2 inhibitor AS105 is able to suppress calcium leak from the sarcoplasmic reticulum, preserving calcium homeostasis and suppressing arrhythmia (81). The development of CAMK2 inhibitors is challenging due to the risk of off-target effects due to its multifunctionality. For example, the splice variants of CaMK2 (e.g., CaMK2δB and CaMK2δC) localise to the nucleus compared with cytoplasm, and can exert opposing cardioprotective and proapoptotic effects respectively (80). The two isoforms also respond differently to calcium homeostasis and transcriptional regulation (82). β-adrenergic receptor antagonists are effective treatment of trastuzumab-related cardiomyopathy as β-adrenergic receptor stimulation result in disrupted calcium homeostasis in a CaMK2-dependent manner (83).



4. Bruton tyrosine kinase inhibitors

Ibrutinib, a first-generation oral small molecule, is a selective inhibitor of Bruton's Tyrosine Kinase (BTK), a critical component of the B cell receptor (BCR) pathway in B cell lymphomas. Due to its efficacy, it was rapidly approved for first line treatment of chronic lymphocytic leukaemia and is now also used for mantle cell lymphoma, Waldenström's macroglobulinemia and marginal zone lymphoma (84, 85).

The BCR is composed of immunoglobulin heavy and light chains, enabling it to recognize a wide array of unique antigens pivotal for B cell growth, development, and maturation via four main signaling cascades—MAPK, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-кB), Akt, and mTOR—all of which play crucial roles in cell survival (86). Downstream in this process, BTK remains consistently active in B cell lymphomas. Ibrutinib functions by covalently binding to a cysteine residue within the active site of BTK, resulting in irreversible inhibition of this pathway.

It is well established that ibrutinib is independently associated with developing atrial fibrillation (AF) (87–89), with an estimated cumulative incidence at two years after treatment of 10.3% (90). AF is associated with significant morbidity, as it can lead to heart failure, stroke and death. Ibrutinib also exhibits interactions with agents commonly used to treat AF, such as diltiazem, verapamil, digoxin, and amiodarone, via the cytochrome 3A4/5 pathways (91). Further, ibrutinib is associated with increased risk of bleeding (92), which complicates anticoagulation therapy. Supraventricular tachycardia, nonsustained ventricular tachycardia (93), heart failure, hypertension (94, 95), conduction disorders (96) and Takotsubo cardiomyopathy have also been reported following ibrutinib treatment (97).

C-terminal SRC kinase (CSK) is an inactivator of the inflammation-associated Src kinases by phosphorylation of its C-terminus (98). Ibrutinib binds reversibly to CSK, leading to Src-related inflammation. A study by Xiao et al found a cardiomyocyte-specific CSK knock out mouse, high serum inflammatory markers (TNF-α and IL-6), increased apoptotic cells, macrophage/monocytic infiltration, and left atrial fibrosis were found in the cardiomyocyte-specific CSK knock out mouse compared with wild type, which they postulated was possibly related to the IL-6/JAK/STAT pathways (99). They also found higher incidence of AF, left atrial enlargement, fibrosis, and elevated CaMK2 in ibrutinib-treated mice compared with wild type, that was not replicated in a BTK knock out mouse model or mice treated with a more specific BTK inhibitor, acalabrutinib. This supports the hypothesis that ibrutinib causes AF via off-target effects by binding to other kinases that contain similar cysteine residues, which is consistent with clinical reports (100). It was suggested that left atrial inflammation and fibrosis leading to AF may be due to persistently reduced CSK levels when ibrutinib is used long term (99).

CaMK2-dependent phosphorylation of the ryanodine receptor 2 in cardiomyocyte may impair intracellular calcium homeostasis and abnormal atrial electrical conductance, which may be linked with higher AF inducibility, increased left atrial mass and fibrosis (12). Others reported that CaMK2 can induce NLRP3 inflammasome (101), and while NLRP3 inflammasome has been linked with AF (102), the direct effects of CSK and CaMK2 have yet to be elucidated (103).

Other potential mechanisms of ibrutinib-induced cardiotoxicity under investigation are the BTK-mediated cardioprotective PI3K/Akt pathway and increased ROS production. Neonatal rat ventricular myocytes treated with ibrutinib were found to have reduced PI3K/Akt levels (104), while an increase in PI3K activity resulted in less atrial fibrosis and cardiac conduction (105). Mice with reduced PI3K/Akt activity were found to be more susceptible to AF (105) and had increased ROS production which promoted CaMK2 activation in mice treated with ibrutinib, a likely contributor to atrial fibrosis, remodelling and AF (106). These effects were ablated by apocynin, an inhibitor of NADPH oxidase that resulted in less oxidative stress.

Ibrutinib has the propensity to bind to other enzymatic structures similar to BTK that contain the target cysteine residue, such as IL-2-inducible T cell kinase (ITK), tyrosine kinase expressed in hepatocellular carcinoma (TEC), and hematopoietic cell kinase (HCK), resulting in off-target effects (107). Furthermore, plasma analysis from patients treated with ibrutinib revealed six plasma biomarkers related to cardiovascular diseases, which may be representative of some of the off-target effects observed. Estupiñán et al. generated a novel knock in mouse (serine substituted for cysteine 481 in the BTK active site) resistant to ibrutinib binding could be useful in future studies to further elucidate molecular mechanisms of ibrutinib-induced cardiotoxicity (108). Finally, ibrutinib may exert its hypertensive effects by downstream VEGF inhibition leading to reduced nitric oxide and increased production of endothelin-1, resulting in increased vascular tone (109, 110).



5. 5-flurouracil-based agents

5-fluorouracil (5-FU) and its oral prodrug, capcitabine, is a synthetic pyrimidine antimetabolite commonly used for breast, head and neck, and gastrointestinal malignancies. Its anti-tumour effects mainly occur during the S phase of the cell cycle by inhibiting thymidylate synthase (TS), which is encoded by the gene TYMS and incorporating its active metabolites into RNA and DNA, causing genomic instability. Patients with pre-existing CVD or risk factors of CVD, concurrent or history of chest radiotherapy, or administration of other cardiotoxic drugs are more likely to develop 5-FU cardiotoxicity. Furthermore, variants in the genes encoding TS and dihydropyrimidine dehydrogenase (DPYD), the main enzyme in fluorouracil catabolism, are associated with cardiotoxicity (111–114). Administration schedule with continuous infusion compared with bolus infusion is also associated with more severe cardiac events (115, 116). Effects of 5-FU cardiotoxicity appear reversible upon drug withdrawal (117, 118). The most well-studied mechanisms are vasospasm likely secondary to endothelial and smooth muscle cell (SMC) dysfunction and thrombosis.

Coronary vasospasm clinically presents similar to ACS with chest pain, dyspnoea, palpitations, blood pressure variation and can be accompanied with serum troponin rise and ECG features of ST segment changes (119), however with normal findings on coronary angiography (120). Coronary vasospasm is mediated by vasoconstrictor peptides like endothelin-1 and protein kinase C leading to increased vascular tone (121, 122), and studies have noted its dose-dependent effects are effectively terminated with nitrates and calcium channel blockers (123, 124).

5-FU has effects on reduced levels of protein C and increased fibrinopeptide A (122, 125), which promotes a hypercoagulable environment. In addition to endothelial dysfunction, these effects trigger the clotting cascade of platelet and fibrin accumulation and lead to thrombus formation. In addition, myocardial ischaemia can result from erythrocyte membrane changes that lead to increased blood viscosity and decreased oxygen carrying capacity (126). Other processes such as direct myocardial damage from apoptosis and ferroptosis (127, 128), ROS accumulation and autophagy (129), Krebs cycle dysfunction (130), and vacuolization of sarcoplasmic reticulum (131) have also been reported.



6. Vascular endothelial growth factor antagonists

Vascular Endothelial Growth Factor (VEGF) is a signaling protein that promotes angiogenesis with additional positive effects on endothelial function, cardiac contractility, and vasodilation (132). VEGF is produced in nearly all vascularized tissue by endothelial cells, fibroblasts, macrophages and platelets and production is particularly high in fenestrated and sinusoidal blood vessels. VEGF antagonists have been demonstrated to be efficacious in several cancers, including colorectal cancer, renal cancer, non-small-cell lung cancer and gastric cancer.

Adverse cardiovascular effects of VEGF inhibitors include hypertension, QTc prolongation, LV systolic dysfunction and nephrotic syndrome. Approximately 80%–90% of patients will have a rise in their blood pressure with VEGF inhibitors (133) and an estimated 25% will develop hypertension requiring treatment (134). The odds of clinical hypertension are increased more than five-fold in patients with cancer treated with VEGF Inhibitors. (134) The pathophysiology of hypertension due to VEGF inhibitors include; (i) reduced nitric oxide (NO) production by endothelial cells which can trigger immune cell infiltration and vascular inflammation causing damage to the endothelium (135); (ii) increased endothelin-1 production by endothelial cells (136); and (iii) capillary rarefaction (137). VEGF inhibitors enhances the activity of intracellular protein C, leading to the activation of the Akt/PKB pathway. This fosters the growth of endothelial cells and processes that enhance survival during hypoxia, including fatty acid oxidation, glycolysis, and improved mitochondrial homeostasis (138, 139). The mechanisms by which VEGF inhibitors increase endothelin-1 levels is currently unknown.

VEGF is likely essential for healthy renal glomerular function and VEGF inhibitors may also cause renal dysfunction. Knockout mice with VEGF-A gene deletion demonstrated loss of podocyte foot processes and endothelial fenestrations and perturbations of renal glomerular protein barrier. Human podocyte-specific VEGF-A deletion in adult kidneys similarly result in kidney injury (140). The mechanisms of which are likely due to reducing local NO production and by inhibiting nephrin production by renal podocytes via the Akt/PKB pathway (141). These intracellular actions have the cumulative downstream effects of abnormal glomerular barrier function and proteinuria. This pathophysiology shares similarities with that of pre-eclampsia, where the soluble VEGF-A receptor, Flt-1, is produced in excess and traps circulating VEGF rendering it inactive (142).

VEGF inhibitors are associated with increased risk of both venous and arterial thromboembolic events (143). This is likely secondary to reduced endothelial NO production, as NO down-regulates IL-1 induced expression of leukocyte adhesion molecules, and thereby prevents inflammatory cell recruitment and proliferation within the endothelium (144). Endogenous VEGF inhibitors have a role in activating platelets as NO reduces function of the platelet thromboxane A2 receptor thereby increases local coagulability (145).



7. Small molecule tyrosine kinase inhibitors

Constituting 15% of newly diagnosed leukemia cases, chronic myeloid leukemia (CML) arises due to a reciprocal translocation between chromosomes 9 and 22. This translocation results in the formation of the BCR-ABL fusion oncogene, which fuels the proliferation of cells (146). Novel small-molecule tyrosine-kinase inhibitors (TKI) directed specifically against the BCR-ABL gene has changed CML from a cancer with high mortality to largely a chronic disease managed with medications (147). However cardiovascular toxicity is an increasing concern with each progressive generation of TKI agents.

The first TKI developed for CML was imatinib, which was initially very effective. However, over 30% of patients would develop resistance over time; as the kinase domain pocket that interacts with imatinib was vulnerable to disruption by large number of mutations that did not affect oncogenic properties. Second-generation TKI agents nilotinib and dasatinib were developed as alternatives to imatinib for patients with resistance. Cardiovascular adverse effect profiles for these agents differ, suggesting possible role of off-target effects as these TKIs can inhibit over 60 different intracellular kinases with differing specificity profiles for each agent (148).

Nilotinib is associated with higher rates of clinically significant peripheral arterial disease compared to imatinib (36% vs. 6%) (150). The mechanism was proposed to be due to increased serum levels of leukocyte adherence molecules, VCAM and ICAM-1. It is possible that nilotinib induces dose-dependent downregulation of adipogenic regulatory genes, such as peroxisome proliferator-activated receptor-alpha, PPARA and LPIN1, which increases endothelial inflammation and local levels of oxidized low-density lipoprotein (151). Nilotinib has not been associated with LV dysfunction (143) or observed to demonstrate any effect on in vitro foetal rat cardiomyocytes (152). Nilotinib is associated with increased QTc prolongation and higher risk of ventricular arrythmias (153). The pro-arrhythmic mechanism has yet to be identified and raises the intriguing possibility that tyrosine kinases may be involved in the natural anti-arrhythmic protection of cardiomyocytes.

Dasatinib is a second-generation TKI that is active in most imatinib-resistant CML cases. It is complicated by pleural effusion in approximately 30% of patients (143), and high numbers of natural killer cells in pleural fluid suggest an inflammatory aetiology (153). Pulmonary arterial hypertension occurs in about 0.5% of dasatinib-treated patients (154), and can occasionally be progressive despite withdrawal of treatment. It is possible that this may be due to dasatinib inhibition of two kinases of the Src family protein tyrosine kinase that are highly expressed in human pulmonary artery smooth muscle cells (155).

Ponatinib, a third-generation TKI treatment for CML, contrasts the first and second generation TKIs due to its efficacy against the T315Z mutation variant of BCR-ABL oncogene (156). Ponatinib has been associated with higher rates of cardiovascular side-effects than first and second generation TKIs, with approximately 26% of ponatinib-treated patients developing cardiovascular complications in the PACE study at 3 years (157). The most common adverse effects were arterial and venous thromboembolic events. Around 25% of individuals experienced deteriorating hypertension, and approximately 5% encountered heart failure as well (158). It is likely that cardiomyopathic effects are mediated by interference with cellular pro-survival pathways as ponatinib inhibits Akt/Erk kinases which increases intracellular caspase-3-induced apoptosis (159). Pre-treating cell-cultures with neuregulin prevented ponatinib-induced apoptosis, providing further support for cellular survival pathways in ponatinib-cardiotoxicity. Furthermore, ponatinib affects endotheilal survival and reduces angiogenesis by inhibiting the Notch-1 pathway (160), and may also increase circulating levels of von Willebrand factor due to endothelial damage, which may explain high incidence of arterial thromboembolism (161).



8. Proteasome inhibitors

Proteasome inhibitors (PI) are considered standard maintenance therapy for multiple myeloma and have been demonstrated to increase 5-year survival from 25% to 52% (162). They block the 26S proteasome of the ubiquitin-proteasome system, which normally identifies proteins marked for degradation. Proteasome inhibition causes transport failure of undesirable proteins to lysosomes leading to increased intracellular accumulation and apoptosis. As multiple myeloma cells produce greater amounts of potentially toxic proteins than non-cancer cells, myeloma cells are especially vulnerable to proteasomal inhibition (143).

Bortezomib is a first-generation proteasome inhibitor and is first-line treatment for multiple myeloma. It is associated with clinical hypotension and hypertension (6) but is considered to have less cardiotoxicity than other PIs (163). Bortezomib is associated with higher rates of peripheral neuropathy than other PIs due to off-target effects on intra-cellular serine proteases (164).

Carfilzomib, an irreversible PI used for relapsed or refractory multiple myeloma, has been demonstrated to cause a 31% reduction in disease progression when added to the standard regimen of lenalidomide and dexamethasone (165). Its use is associated with high incidence of adverse cardiovascular side-effects. An analysis of four prospective studies found 22% incidence of adverse cardiovascular events, including 13% incidence of arrhythmia, 7% incidence of heart failure, and 14% incidence of clinical hypertension (166). Carfilzomib is also associated with increased risk of AF, venous thromboembolism, hypertension (165) as well as QTc prolongation and pericardial effusion (166). Cardiotoxicity risk appears to be reversible with cessation of treatment (167).

The wide spectrum of manifestations of carfilzomib cardiotoxicity possibly suggests multiple pathophysiologies, including increased vascular oxidative stress, endothelial dysfunction and inhibition of endothelial proliferation. Carfilzomib has been shown to enhance the function of intracellular enzymes, specifically serine-threonine protein phosphatase 2A. This, in turn, leads to the inhibition of the AMPKα/mTORC1 pathway, a key player in the down-regulation of autophagy-related proteins (168), which has been associated with the development of left ventricular dysfunction (169). Interestingly, metformin is an activator of AMPKα pathway and in vitro experiments suggest it could prevent carfilzomib cardiotoxicity without impairing proteasomal inhibition (170). Further studies are needed to determine if this approach has clinical utility.

Carfilzomib may also cause endothelial dysfunction by inhibiting the PI3K/Akt pathway which is required for nitric oxide synthase activation, leading to lower levels of endothelial NO production (170). This is supported by human studies which have demonstrated impaired endothelial function after carfilzomib administration (171, 172). Carfilzomib-related endothelial dysfunction may also increase risk of myocardial ischemia as it has been observed to cause coronary vasoconstriction in rabbit models (173).



9. Chimeric antigen receptor T-cell therapy

Chimeric Antigen Receptor T-cell Therapy (CAR-T) is a novel therapy for relapsed or refractory leukemias or aggressive lymphomas (174). Described as a “living drug,” CAR-T involves extracting a patient's T-cells from their plasma. These T-cells are subsequently subjected to bench-side re-engineering using a viral vector, a process where artificial proteins known as chimeric antigen receptors are introduced onto the surface of the T-cells and are designed to identify cancer antigens. The modified T-cells are then reintroduced into the patient's bloodstream.

Cardiotoxicity from CAR-T usually occurs in the context of a generalized cytokine release syndrome (CRS) or immune-mediated myocarditis (175). CRS, which cause excessive release of pro-inflammatory cytokines leading to systemic and cardiac inflammation, occurs in 60%–90% of treated patients depending on CAR-T product and tumour burden (176) and has a variable presentation in terms of both symptoms and severity with common presenting symptoms including fever, tachypnoea, tachycardia, hypotension or hypoxia. CRS is graded on a scale from 1 (mild) to 4 (life-threatening). Activation of re-introduced T-cells can cause cascade activation of further inflammatory cells including T-helper cells, B-cells and macrophages, leading to high serum levels of inflammatory cytokines such as interleukin-2 (IL-2), interleukin-6 (IL-6), interferon-γ (IFN-γ) (177). These proinflammatory cytokines can generate oxidative stress, mitochondrial dysfunction and altered intracellular calcium cycling which may culminate in myocardial ischemia and impaired myocardial contractility (178). Elevated inflammatory proteins activate the vascular endothelium to release further cytokines, creating a positive CRS feedback loop (179). Further downstream complications of this inflammatory cascade can include capillary leakage and consumptive coagulopathy in severe cases.

Cardiotoxicity presentations can range from asymptomatic myocardial biomarker elevation to severe heart failure. A prospective single-centre registry of 137 patients treated with CAR-T for haematological malignancy found that 54% developed a detectable rise in troponin and 28% had a significant drop in their left ventricular ejection fraction (LVEF), defined as an absolute LVEF decrement >10% to <50% (180). There was a 12% incidence of severe cardiovascular events including cardiovascular death, clinical heart failure or arrhythmia. For patients with a serious cardiovascular clinical event, 95% were preceded by a detectable troponin elevation, suggesting that serial troponin measurements could be a viable monitoring strategy, and the risk of events was reduced by early administration of tocilizumab, a monoclonal antibody against IL-6 receptor.



10. Immune checkpoint inhibitors

Immune Checkpoint Inhibitors (ICI) are a novel class of therapeutics designed to boost anti-cancer effects of the native immune system and are associated with substantial improvements in overall and progression-free survival in a number of malignancies (181). It has been estimated that ICIs can be beneficial in over 60 different cancer types and that approximately 43% of all cancer patients may be eligible for ICI therapy (182).

The activation of T-cells in response to threats such as microbes or cancerous cells necessitates a connection between a T-cell and an antigen-presenting cell (APC). T-cell activation is initiated by foreign peptides showcased on APCs coupled with the major histocompatibility complex (MHC). The co-stimulatory signal is conveyed through the APC ligand CD80, which triggers cell activation and subsequent proliferation. To prevent autoimmunity against self-antigens, T-cells have inhibitory ligands such as cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) or programmed-cell-death-protein-1 (PD-1) that compete for binding to APC ligand CD80 which result in T-cell anergy by inhibiting intracellular signaling. These immunosuppressive ligands act as “checkpoints” that can allow cancer cells to escape immunological surveillance. Immune checkpoint inhibitors such as monoclonal antibodies against CTLA-4, PD-1 and other inhibitory ligands, promote T cell activation and anti-cancer effect, which is partially offset by increased autoimmune side-effects.

ICI are associated with a spectrum of cardiotoxicity presentations, of which the most severe is fulminant myocarditis. Although rare with reported incidence of 0.5%–1.7% (183, 184), ICI myocarditis is associated with mortality rates of 35%–50%. Majority of cases present early with ∼76% myocarditis cases presenting within 6 weeks of ICI administration and overall median time to onset of 27 days. Exact mechanism of ICI myocarditis is unknown but possibilities include shared antigen between cardiomyocytes and immune-mediated upregulation of pre-existing autoantibodies, myocardial metabolism dysregulation by inflammatory cytokines or response to CRS (185).

Supporting the hypothesis of T cell activation against shared or homologous myocardial antigens, T cell infiltrate has been observed in myocardial biopsies of fulminant ICI myocarditis (186). Inflammatory cytokines such as IFN-γ increases expression of programmed death-ligand (PD-L1) in cardiomyocytes and might potentially play a protective role for the heart, as evidenced by the development of premature dilated cardiomyopathy in PD-1 knockout mice (187, 188). The potential involvement of PD-L1 can be supported by animal studies that reveal T-cell infiltration into the myocardium, accompanied by the presence of detectable PD-1 and PD-L1 molecules (189).

ICI agents are also associated with three-fold increased risk of myocardial infarction in large patient registries (190). Potential mechanisms include increased caspase production by activated T-cells, subsequently increasing intra-plaque production of IL-6 and TNF-α. This cascade results in macrophage activation and the destabilization of caps on atherosclerotic plaques. Further support for this pathophysiology was an imaging substudy of 40 ICI-treated patients patients that reported a three-fold increase in the rate of total atherosclerotic plaque progression (190). An autopsy study of 11 patients treated with ICIs identified an inflammatory infiltrate primarily composed of lymphocytes within coronary arteries, which contrasts with the usual macrophage-pre-dominant infiltrate observed in atherosclerotic plaques (191).

Pericardial disease also account for 0.4% of adverse effects attributed to ICI agents in pharmacovigilance studies while pericardial disease has been reported to four-fold higher in ICI-treated patients than in controls (192). Case reports of Takotsubo cardiomyopathy secondary to ICI exposure have also been published (193).



11. Summary

Recent advances in cancer treatments have translated into substantial improvements in patient survival and quality of life. These treatments have become increasingly better targeted to specific intracellular and extracellular pathways and as a result, these pathways are now increasingly recognized to play a role in cardiomyocyte function and survival (Figure 3 and Table 1). It is now essential for the practicing cardio-oncologist to understand these molecular pathways to predict and identify phenotypes of chemotherapy-related cardiotoxicity, both in existing and investigational agents. With the advent of future generations of anti-cancer drugs, the spectrum of cardiovascular complications from anti-cancer treatments is likely to expand.
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FIGURE 3
Overall summary of molecular mechanisms of cardiotoxicity for commonly-used agent classes. 5-FU, 5-Flurouracil; AMPK, adenosine monophosphate-activated protein kinase; CAR-T, chimeric antigen receptor T-cell therapy; Erk, extracellular signal-regulated kinase; HER2, human epidermal growth factor receptor 2; ICAM1, Intercellular adhesion molecule-1; mTORC1, mammalian target of rapamycin complex 1; NO, nitric oxide; PP2A, Protein phosphatase 2A; Top2, Topoisomerase-2; VEGF, vascular endothelial growth factor; vCAM1, vascular cell adhesion molecule-1; vWF, von Willebrand factor. Figure was partly generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.



TABLE 1 Mechanism of action and cardiotoxicity for anti-cancer agents.
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Congestion is the permanent mechanism driving disease progression in patients with acute heart failure (AHF) and also is an important treatment target. However, distinguishing between the two different phenotypes (intravascular congestion and tissue congestion) for personalized treatment remains challenging. Historically, carbohydrate antigen 125 (CA125) has been a frequently used biomarker for the screening, diagnosis, and prognosis of ovarian cancer. Interestingly, CA125 is highly sensitive to tissue congestion and shows potential for clinical monitoring and optimal treatment of congestive heart failure (HF). Furthermore, in terms of right heart function parameters, CA125 levels are more advantageous than other biomarkers of HF. CA125 is expected to become a new biological alternative marker for congestive HF and thereby is expected be widely used in clinical practice.
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1 Introduction

According to the 2021 European Society of Cardiology (ESC) Guidelines, the underlying cause of cardiac insufficiency is important in the diagnosis of heart failure (HF). This is because understanding the specific pathophysiology can help determine appropriate treatment options (1). Congestion is the culprit in the progression of HF and end-stage organ damage, which can eventually lead to direct cytotoxicity, myocardial fibrosis, arrhythmia, and pump failure. Congestion symptoms mainly manifest at the pulmonary, systemic or mixed levels. With the increase in venous pressure, plasma gradually infiltrates into the interstitial space. The current research mainly focuses on two different types of congestion, including intravascular congestion and tissue congestion. The majority of patients with congestive HF frequently experience intravascular and tissue congestion (Figure 1) (2, 3). However, with the development of precision medicine, it cannot be denied that it is crucial to identify the main phenotype in the formulation of personalized treatment and the assessment of prognosis.




Figure 1 | Tissue versus intravascular congestion. Interstitial fluid is formed by filtration through capillaries and subsequently drained by many lymphatic vessels. 1) Normal state: the hydrostatic pressure and osmotic pressure of capillaries are balanced. 2) Compensated HF (isolated circulatory congestion): with the increases in blood volume in capillaries, hydrostatic pressure rises and osmotic pressure decreases, but a balance is generally maintained by the compensatory mechanism. 3) Decompensated HF (circulatory congestion with tissue congestion): During the early stages of decompensated HF, there may be circulatory congestion with subclinical tissue congestion. At this point, apart from weight gain, there may not be any obvious symptoms or signs of congestion. As the condition progresses, there may be an increase in plasma volume and interstitial water, leading to circulatory congestion with tissue congestion and with development of symptoms during exercise and possibly interstitial lung edema (B lines). In the terminal stage, severe dyspnea at rest may even occur. Lymphatic drainage becomes less efficient, and the hydrostatic pressure and osmotic pressure of capillaries continue to increase so that many sodium and water molecules begin to accumulate in the interstitial space. The interstitial space contains a large number of glycosaminoglycans (GAGs), which form a strong network connected by hydrogen bonds and have important regulatory functions. However, high concentrations of sodium eventually alter the conformation of macromolecules in the GAG network, resulting in a loss of interstitial network integrity and buffering capacity. Hence, a slight increase in capillary blood pressure may cause interstitial fluid accumulation during this stage.



Classical theory suggests that N-terminal pro-B-type natriuretic peptide (NT-proBNP) is the gold standard for the diagnosis of intravascular congestion in patients with congestive HF. Nevertheless, existing studies indicate that NT-proBNP is not an appropriate marker in the assessment of tissue congestion (4–6). Since Nägele et al. (5) first observed in 1999 that the increase in serum carbohydrate antigen 125 (CA125) levels in HF patients was significantly correlated with clinical severity and filling pressure. Numerous studies have been carried out to explore the correlation between CA125 and HF clinical, neurohumoral and hemodynamic data (Tables 1, 2). Therefore, further studies are needed to identify a more comprehensive biomarker to guide treatment and inform prognosis to meet clinical needs. This article aims to provide a better understanding of the contributory role of CA125 in clinical application and shed light on a novel therapeutic target for congestive HF.


Table 1 | Relationship between CA125 levels and both sides of the heart.




Table 2 | Relationship between CA125 and the severity of symptoms, physical fitness and decompensation of heart failure.






2 Overview of the characteristics of CA125 and congestive heart failure

CA125 (also known as MUC16) is a transmembrane protein that is highly glycosylated and has a high molecular weight. It is mainly composed of three parts: the N-terminal domain, tandem repeat domain, and C-terminal domain (Figure 2) (27–29). Research shows that CA125 is not expressed in tumor cells but instead originates from the cell surfaces of various tissues of the coelomic epithelium (30). Its main function is to hydrate, lubricate and protect the surface of the epithelial cavity from physical pressure (24, 31, 32). CA125 is considered a valuable biomarker for diagnosing ovarian cancer and evaluating the therapeutic prognosis of patients (31–33).




Figure 2 | Structure of CA125/MUC16. CA125 is mainly composed of three parts: (1) The N-terminal domain (heavily glycosylated). (2) The tandem repeat domain, which is highly O-glycosylated, has repeating sequences that are high in serine, threonine and proline. (3) The C-terminal domain contains multiple extracellular SEA (sea urchin sperm protein, enterokinase, and agrin) modules, a transmembrane (TM) domain, and a short 31-amino acid cytoplasmic tail (CT). In addition, CA125 is thought to be putatively cleaved at a potential tyrosine phosphorylation site in SEA.



The exact biological mechanism of CA125 remains unclear, but it is believed that several biological pathways may be involved. (a) It induces the movement of tumor cells through the interaction between cadherin and epithelial-mesenchymal and combines with mesothelin to facilitate the invasion of cells to the peritoneum (34). (b) CA125 not only promotes the progression and metastasis of ovarian cancer but also acts as a barrier for trophoblasts to adhere to the endometrium, protects cancer cells from natural killer (NK) cell-mediated destruction, and controls red blood cell aggregation. (c) CA125 can also act as a barrier for bacterial and viral infections in the ocular epithelium (35, 36). Felder et al. (6) reported that the N-glycan structure presented in CA125 may have a role in regulating both innate and adaptive immune responses. Furthermore, CA125 can function as a lectin anti-receptor and has a strong affinity for galectin-1 and galectin-3 (37). Galectin-3 may also contribute to cardiac remodelling by regulating galectin activity and modifying the quality and hardness of the intercellular matrix.

In addition to malignant tumors, elevated CA125 levels can also be observed in various physiological or pathological conditions such as early pregnancy, menstruation, peritoneal injury and ascites of any cause (34, 38, 39), such as ascites due to cirrhosis (40). Subsequent studies have highlighted congestive HF as a special cause of increased serum CA125 levels. Moreover, CA125 levels are closely associated with the severity of congestion and are often accompanied by significant volume overload and fluid accumulation (41). Indeed, up to two-thirds of patients with AHF exhibit CA125 levels (35-200 U/mL) above the normal range (32, 42), and in patients with stable HF is mostly lower than 35 U/mL. In contrast, patients with ovarian cancer may exhibit serum concentrations as high as 2000-3000 U/mL (43, 44).

The mechanism behind the upregulation of serum CA125 in patients with congestive HF has not been confirmed. In the existing studies, mechanical stress and inflammatory stimulation are considered crucial factors in this process, and two hypotheses have been proposed (Figure 3): (1) Mesothelial cells are stimulated by the mechanical stress caused by tissue tension due to fluid overload, leading to the release of CA125 (45, 46). (2) The overexpression of CA125 in mesothelial cells is stimulated by activation of the inflammatory cytokine network (42). According to Colombo et al. (47, 48), venous congestion leads to endothelial activation, upregulation of inflammatory cytokines, hepatic dysfunction, and intestinal villus ischemia. Intestinal villus ischemia can eventually cause abnormal function and loss of barrier function in intestinal epithelial cells, allowing the lipopolysaccharides and endotoxins produced by gram-negative bacteria in the intestinal lumen to enter the circulation. It further aggravates the inflammatory environment that is already established by venous congestion and neurohormonal activity. Fluid overload and inflammatory processes interact to form a vicious cycle in congestive HF. Moreover, mechanical stress and inflammatory stimuli activate the JNK pathway within the cytoplasm of mesothelial cells and jointly initiate the synthesis of CA125 (49–51). There are data showing that interleukin-6 (IL-6), interleukin-10 (IL-10), and tumor necrosis factor-α (TNF-α) can promote CA125 synthesis by stimulating mesothelial cells in the case of HF (46, 48, 52, 53). In an in vitro model, Zeillemaker et al. demonstrated that the ability of mesothelial cells to synthesize CA125 is enhanced when they are stimulated (27, 54). It has been suggested that CA125 may act as a secondary cytokine, and its level could be increased due to the activation of primary cytokine networks such as TNF-α and IL-1, 4 (55). However, the relationship between the primary and secondary factors is not fully understood and requires further research. Myocardial remodelling can result in pathological cardiomyocyte hypertrophy and re-expression of embryonic genes. This process is accompanied by the activation of proto-oncogenes, which further stimulate growth factors in the embryo, leading to increased levels of CA125 (56).




Figure 3 | Schematic diagram of CA125 synthesis. On the one hand, intravascular congestion (venous congestion) can lead to endothelial activation, upregulation of inflammatory cytokines, liver dysfunction, and intestinal villus ischemia, which can promote the release of inflammatory factors. However, tissue congestion (pleural effusion) activates mesothelial cells in the pleura through mechanical stress and inflammatory stimuli. This activation initiates the synthesis of CA125 via the JNK pathway. At the same time, changes in cell morphology and membrane stability cause shedding of the extracellular domain of CA125 from mesothelial cells.



It is crucial to provide a comprehensive explanation for elevated CA125 levels to differentiate between ovarian cancer and HF accurately. While fluid retention can cause tissue damage and elevate CA125 levels in both ovarian cancer and HF patients, the level of CA125 is considerably higher in ovarian cancer patients compared to HF patients (57). Furthermore, it is important to note that CA125 alone is not an ideal diagnostic tool for either condition due to its limited specificity and sensitivity (57). Therefore, for better clinical effectiveness in screening and early detection, it should be combined with symptoms/signs, other biomarkers or ultrasound and other multimodal methods.




3 Potential clinical applications of CA125



3.1 Diagnostic utility of CA125 for heart failure and its LV phenotype

In cases of myocardial hypertrophy and failure, compensatory mechanisms, which mainly include the renin-angiotensin-aldosterone system (RAAS), vasopressin activation, and sympathetic nerve excitation, can cause water and sodium retention, as well as peripheral vasoconstriction. These mechanisms increase the cardiac pre- and postloads, leading to an increase in venous pressure. Additionally, an imbalance of capillary hydrostatic pressure and colloid osmotic pressure in the mesenchyme can result in peripheral edema, serosal cavity effusion, and an increase in the pulmonary capillary wedge pressure (2). B-type natriuretic peptide (BNP) is a neurohormone synthesized in ventricular myocardium that is released into the circulation during ventricular dilatation and pressure overload. As a result, increased circulating natriuretic peptides (NPs) may indicate intravascular and intracardiac congestion rather than tissue congestion. Symptoms and signs, such as ascites, rales, and peripheral edema, are established indicators of tissue congestion, but they are poorly sensitive to the diagnosis of interstitial edema in HF.

In chronic HF patients, those with serous cavity effusion (SCE) had significantly higher serum CA125 levels than those without SCE (22). ROC curve analyses of CA125 and NT-proBNP showed that NT-proBNP was more suitable for predicting the presence of chronic HF than CA125. However, CA125 was found to be a better predictor of chronic HF patients with SCE than NT-proBNP. Additionally, CA125 was identified as an important predictor of AHF with pleural effusion and peripheral edema (21, 32). The increase in CA125 is influenced by the mechanical extension of mesothelial cells from SCE (45, 46). It is not yet clear whether the serum CA125 threshold is still less than 35 U/mL in HF. In HF patients with aortic stenosis (AS), the area under the ROC curve was 0.85 for CA125 and 0.78 for BNP. The best cut-offs were determined to be 10.3 U/mL and 254.64 pg/mL, respectively (58). In patients with chronic obstructive pulmonary disease (COPD), CA125 levels can predict the presence of right ventricular failure with an AUC of 0.902. High levels of CA125 (≥35 U/mL) increase the risk of having a diagnosis of right ventricular failure by echocardiography by 51-fold (13). It is worth noting that during the process of diagnosing HF, several confounding factors need to be ruled out. These include malignant tumors, active inflammatory diseases, and women who are menstruating or pregnant, as these conditions may lead to conflicting results (34, 38, 39). In addition, it is necessary to adjust for the interference of age, sex, obesity, and atrial fibrillation (AF) on the level of CA125 (13, 59, 60). Therefore, a comprehensive evaluation should be conducted before making any clinical explanations.

The relationship between CA125 levels and echocardiographic parameters has produced conflicting results in some studies, particularly in regards to left ventricular function (Table 1). In a study of 77 patients with congestive HF, CA125 levels were weakly correlated with right ventricular systolic pressure (RVSP) and were not correlated with Doppler echocardiography E wave deceleration time(DT), left ventricular ejection fraction (LVEF), or left ventricular end diastolic diameter (LVEDD) (8). Duman et al. (8, 10, 18) analyzed the relationship between serum CA125 levels and left ventricular (LV) filling pressure parameters in patients with advanced HF. They also measured plasma BNP and used the left atrial volume index (LAVI) to reflect the severity and duration of LV diastolic dysfunction. The study found a positive correlation between ln CA125 and ln BNP, LAVI, and the ratio of mitral inflow early diastolic velocity to annulus velocity (E/e). However, there was no correlation with ejection fraction (EF), mitral deceleration time (DT), isovolumic relaxation time (IVRT), mitral E-wave velocity, or the ratio of mitral inflow early to late (A) diastolic velocity (E/A). In a study by Varol et al. (9), CA125 was not found to be associated with left ventricular functional parameters. However, Yilmaz et al. (12) discovered that CA125 levels were positively correlated with pulmonary systolic pressure and negatively correlated with ejection fraction. Furthermore, a decrease in EF, right ventricular dilatation, and pericardial effusion were independent predictors of high CA125 levels. Although the relationship between CA125 and left ventricular function parameters is controversial in different studies, the level of CA125 is always related to pulmonary artery wedge pressure and right atrial pressure. This suggests that CA125 may be advantageous in evaluating right ventricular function.




3.2 CA125: symptom severity, physical capacity and decompensation

As a biomarker reflecting congestion, CA125 is related to disease severity, hemodynamics and echocardiographic parameters. Patients with HF had a much higher serum level of CA125 than healthy controls (Table 2). In a study of 529 patients with AHF, the average plasma level of CA125 was 7-fold higher than that of a control group of asymptomatic HF patients matched for age, sex and cardiovascular risk factor (60). Durak et al. (15) found that the median serum CA125 level was significantly higher in patients with decompensated HF than in those with compensated HF. Kouris et al. (8) used the New York Heart Association (NYHA) classification method and found that the serum CA125 values were higher in patients with NYHA Class III/IV than in those with NYHA Class I/II. Meanwhile, 44 patients with HF were prospectively evaluated, whose CA125 levels were positively correlated with NYHA functional class (61), and the subsequent findings were also consistent with this finding (15). In addition, CA125 levels are also associated with right ventricular enlargement and dysfunction. For example, Nägele et al. (5) found that CA125 values were positively correlated with right atrial pressure and pulmonary capillary wedge pressure in patients with advanced HF receiving heart transplantation. In patients with COPD, CA125 levels were negatively correlated with tricuspid annular plane systolic excursion and tricuspid lateral annulus S velocity but positively correlated with the severity of tricuspid regurgitation (TR) and right atrial size (13). Therefore, CA125 can serve as a useful surrogate index for assessing the severity of HF.




3.3 CA125 and prognosis

CA125 has been shown to be associated with poor outcomes in patients with AHF (Table 3). A study found that repeated measurements of serum CA125 (3402 observations) over the long term can independently predict the risk of long-term death in a group of 946 patients who were discharged from AHF. Patients with normal serum CA125 levels (median of 31 days) at their first outpatient visit had the lowest risk of death, while those with reduced but not normal levels were at intermediate risk. The changes in serum CA125 levels can be used to predict the long-term prognosis of patients with HF and improve risk stratification (69). The current study found that CA125 was significantly associated with the risk of death and readmission in multiple AHF regimens (7, 32, 42, 69). The BioStat-CHF cohort study found a strong association between CA125 levels and a combined risk of 1-year all-cause death, HF all-cause death, and hospitalization (24). A study of 1111 cases of AHF found that a higher level of CA125 (> 60 U/mL) was associated with increased mortality at 6 months. Another study by Hung et al. (64) reported that adding CA125 to NT-proBNP improved the prediction of hospitalization for female HF patients with preserved ejection fraction (HFpEF). In conclusion, CA125 is a useful short- and long-term prognostic factor for HF patients. When paired with other biomarkers, it can enhance the precision of predicting adverse events.


Table 3 | Prognostic role of CA125 in patients with heart failure.






3.4 CA125: response to treatment

Recent studies indicate that an alteration of CA125 is in line with the evolution of clinical status (Table 4). For instance, a study involving 77 patients who underwent heart transplantation revealed that the concentration of CA125 in individuals with a notable improvement in NYHA class after the procedure decreased. Conversely, the level of CA125 in subjects with deteriorating HF increased (5). Similarly, Núñez et al. (76) reported that peritoneal dialysis resulted in a sustained decrease in plasma CA125 levels in patients with advanced congestive HF. This decrease was accompanied by improvements in the patient’s clinical and congestion status, despite the serosal irritation caused by infusion of the osmotic solution into the peritoneum. Further studies have also observed a decrease in CA125 levels with enhanced diuretic therapy (74, 77, 78). Therefore, after effective medication or surgical treatment, serum CA125 decreased with the improvement of clinical symptoms, and vice versa (79).


Table 4 | Response of CA125 level to treatment.






3.5 CA125 for guiding therapy for heart failure

Diuretics have been shown to alleviate symptoms of pulmonary and systemic venous congestion (1). Paradoxically, studies have shown that the use of higher doses of loop diuretics is associated with a poor prognosis (80, 81), a view shared by Ahmed et al. (82) López-Vilella et al. (78) found that the combination of diuretics required to improve patients with decompensated HF is associated with the CA125 level, site of congestion, renal function, and right ventricular functionality. Compared with patients with pulmonary congestion who used a single diuretic, those with systemic congestion with more diuretic combinations had higher levels of CA125. However, the optimal use boundary of loop diuretics relies heavily on subjective empirical assessment rather than evidence-based guidance. This highlights the need for further research in this area. Notably, CA125 has the potential to be a useful tool in monitoring and guiding diuretic therapy following episodes of AHF (75, 83). A prospective randomized multicenter trial aimed to assess treatment effects based on a series of measurements of serum CA125 levels in HF patients (84). These include adjusting the dose of diuretics based on serum CA125 levels, increasing the number of outpatient visits, administering intravenous iron in patients with iron deficiency, upregulating of statins in those with high serum CA125 levels, and initiating mineralocorticoid antagonists, with the goal of maintaining serum CA125 levels below 35 U/ml. The results suggest that the CA125-guided regimen is superior to the standard regimen and that its effect is primarily driven by a significantly lower rate of readmissions rather than mortality. The study also found that the effect of CA125-guided therapy was time-dependent, with the effect being more pronounced in the first 6 months, after which the Kaplan-Meier curve tended to converge. The study indicates that monitoring serum CA125 levels in patients can aid in detecting and treating congestion early, potentially preventing rehospitalization for HF. However, the serum CA125-guided approaches focus on empirical and sometimes controversial interventions. It is still noteworthy that these therapeutic options regimens for reducing serum CA125 are not specific to relieving congestion. Statins seem to reduce the expression of CA125 by inhibiting the inflammatory response (85, 86), while Cleland et al. (87) found that statins appeared to be ineffective in patients with HF and more severe congestion. From this, it may be inferred that an elevated CA125 was likely to indicate that statins would be ineffective. Likewise, more direct evidence is needed to verify the value of CA125 in optimizing diuretics to relieve congestion.

A significant proportion of patients admitted with AHF exhibit renal dysfunction or experience worsening of renal function during hospitalization. These conditions contribute significantly to prolonged hospital stays and poor prognosis (88, 89). The kidneys play a key role in congestion. Traditionally, reduced cardiac output leads to decreased glomerular filtration and increased tubular reabsorption, resulting in water and sodium retention (69). However, the kidneys themselves may contribute to HF-related congestion before the neurohormonal system intervention (88). Therefore, further consideration should be given to the clinical effectiveness of CA125 levels in adjusting the intensity of diuretic therapy in patients with cardiorenal syndrome. In a randomized study involving 160 patients with AHF and renal dysfunction, a CA125-guided diuretic strategy was found to be more effective than conventional treatment in improving short-term renal function in these patients (90). Other uses for CA125 in cardiovascular medicine.

Given that CA125 is not a specific cardiac biomarker, Table 5 summarizes the current clinical applications of CA125 in various cardiovascular diseases. Among them, some studies have found that elevated levels of CA125 were associated with an increased risk of new-onset AF in HF patients (101), and the inflammatory response associated with AF may be a key factor in inducing serum CA125 synthesis (91, 102–104). Serum CA125 can independently predict the recurrence of AF after radiofrequency ablation, and patients with serum CA125 levels above 13.75 U/mL had a higher risk of AF recurrence than patients with serum CA125 levels below the critical value (102). A study conducted on 228 patients with severe aortic valve disease revealed that the longitudinal history of CA125 levels can be used to predict adverse clinical outcomes after transcatheter aortic valve implantation (94). When assessing the prognosis of AHF patients with functional TR, the use of CA125 and NT-proBNP yielded different results. That study found that NT-proBNP was significantly associated with mortality in nonsevere TR patients, while elevated levels of CA125 were significantly associated with mortality risk in all patients, with a greater impact on severe TR patients (72). Recent studies have indicated that CA125 may have a positive impact on patients with COPD and PAH who have impaired right heart function (99). Therefore, in addition to aid in diagnosis and treatment, CA125 levels have been found to be correlated with the severity and prognosis of various cardiovascular diseases.


Table 5 | Research progress of CA125 and other cardiovascular diseases.







4 Value of CA125 compared to other cardiovascular biomarkers



4.1 Added value of CA125 over NPs

Secretion of B-type natriuretic peptides (BNP) is stimulated by increasing atrial and ventricular wall tension, reflecting the degree of congestion. Accordingly, increased plasma concentrations of BNP/NT-proBNP are associated with more severe symptoms of HF and a worse prognosis, and they are also useful markers of therapeutic response (105). CA125 was positively correlated with NT-proBNP, although the correlation were mostly weak (24, 26, 41, 42). However, from a clinical point of view, CA125 was positively correlated with parameters of congestion (serous effusion, peripheral edema, inferior vena cava pressure (106), pulmonary wedge pressure, and severity of TR) (8, 41, 42, 60, 72, 84, 107). That study found that NT-proBNP values were only positively correlated with pleural effusion and IVC diameter, and the correlation was weaker compared to CA125 (69, 77, 83). Another study showed that neither clinical parameters of congestion nor surrogate echocardiographic parameters of right ventricular dysfunction were associated with higher values of NT-proBNP (25). It can be inferred that CA125 is more appropriate to evaluate patients with right ventricular dysfunction. Additionally, studies have reported that CA125 provides better prognostic information than NPs. Notably, as a pathophysiological biomarker different from NT-proBNP, CA125 also complements NT-proBNP in other ways. First, the effectiveness of NT-proBNP in guiding HF therapy occasionally leads to contradictory result, especially in elderly patients, despite their NT-proBNP being apparently improve (26), whereas serum CA125 production was not influenced by age, sex or renal function, which bypasses many of the limitations of NT-proBNP (41). Second, the average half-life of BNP is short, approximately 20 minutes, and its responses to initial therapy vary significantly. CA125, typically having a half-life of more than one week, is a biomarker of delayed response to acute hemodynamic changes. Combining acute hemodynamic information from the initial therapy (provided by BNP) with information on the chronicity of HF (provided by CA125) provides better prognosis and risk stratification (21, 41), which is similar to blood sugar and glycated hemoglobin in diabetic patients. Therefore, for patients with decompensated HF, CA 125 is a reliable surrogate that reflects fluid status over the past few weeks (20, 41, 42).




4.2 CA125 and other biomarkers

In addition to the association between proinflammatory cytokines (TNF-α and IL-6) and NPs, CA125 also shows a high affinity for Galectin-1 and Galectin-3. A study (108) reported that Gal-3 was closely associated with a higher risk of long-term death and repeated hospitalization but only in AHF patients with CA125 values greater than 67 U/ml. Furthermore, CA125 levels are also positively correlated with biomarkers that represent filling pressure/congestion, such as BIO-ADM (109). ADM is expressed by various cells including vascular endothelial cells, cardiomyocytes, leukocytes, and vascular smooth muscle cells, and it plays a vital role in maintaining endothelial barrier function. Increased levels of plasma ADM may suggest excessive fluid overload and are significantly related to symptoms and adverse consequences in patients with congestive HF (110–112). Serum BIO-ADM, soluble CD146, and CA125 were categorized together by Boorsma et al. (2) As valuable biomarkers for evaluating tissue congestion, this result provides a new method for evaluating congestion in multiple parameters. However, further research is still needed to compare this marker with the other recognized HF markers.





5 Problems and prospects

Undeniably, the following challenges still exist: (1) The pathophysiological role of CA125 upregulation in HF is not clear, and most of the relevant studies remain speculative at the moment. Whether the overexpression of CA125 is a consequence of mechanical stress and inflammatory stimulation caused by congestion or appears as a reason for exacerbating congestion is still being debated. (2) The threshold of CA125 for diagnosing HF has not yet been clarified yet. (3) There was a high level of heterogeneity between studies, and larger prospective studies and more controlled studies are needed to confirm the clinical value of CA125. (4) CA125 does not have organ specificity or disease specificity. In the absence of a diagnosis of HF, elevated CA125 may indicate a wide range of heterogeneous diseases, and thus a comprehensive clinical evaluation is needed.




6 Conclusions

The close relationship between CA125 and congestive HF is a surprising discovery, which further distinguishes between intravascular congestion and tissue congestion. To a certain extent, it compensates for the lack of a standardized biomarker for assessing congestion in daily clinical practice. CA125 has the capacity to predict beyond NT-proBNP and has important prognostic, risk stratification, monitor, and treatment guidance functions. Furthermore, its wide availability and low cost facilitate its application in clinical practice.
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Duration of dips, + 30 min

Dips minus nighttime MAP, —10 mm Hg
Dips minus forgoing reading, —6 mm Hg

Ratio dip/forgoing reading, —0.05 mm Hg

MAP, mean arterial pressure; VIM, variability independent of the mean. Estimates are association sizes, given with 95% confidence interval (CI), and relate to longitudinal changes in the
mean deviation through the follow-up period. For the visual field, negative estimates indicate worsening in the visual field defects, while higher estimates for the cup-to-disc ratio indicate

enlargement in the optic disc cupping.

*Mixed models accounted for the within-participant and eye side clustering, and were adjusted for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking habits, in-office
intraocular pressure closest to the visual field test, past untreated (max) intraocular pressure, eye drops and surgical treatment for lowering the intraocular pressure, use of antihypertensive
medication, follow-up time, and time-difference between the visual field test and the ambulatory blood pressure monitoring. Models additionally accounted for diurnal; MAP level are

shown in Supplementary Table 4.
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Progression of optic disc cupping

field defects (dB) (cup-to-disc ratio)
Unadjusted Adjusted by covariables* Unadjusted Adjusted by covariables*
Estimate (95% CI) Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

—0.43 (—0.94, 0.08)
—1.90 (—8.20, 4.40)
—2.85 (—4.05, —1.66)%

—1.59 (—2.63, —0.55)*
—1.67 (—2.45, —0.88)S
—2.47 (—3.66, —1.29)%
—3.05(—4.28, —1.83) S

—0.21 (—0.77,0.36)
—1.18 (—7.61, 5.25)
—2.57 (—3.86, —1.27)%

—1.70 (—=2.75, —0.58)F
—2.56 (—3.61, —1.51)$
—3.19 (—4.53, —1.84)%
—3.00 (—4.34, —1.67)%

0.01 (—0.01, 0.02)
—0.05 (—0.17, 0.05)
0.03 (0.01, 0.05)

0.01 (—0.01,0.03)
0.02 (0.01, 0.03)*
0.02 (—0.01, 0.05)
0.03 (0.01, 0.05)*

0.01 (—0.01, 0.02)
0.07 (—0.05, 0.19)
0.03 (—0.01, 0.05)

0.01 (—0.01,0.03)
0.02 (—0.01, 0.04)
0.03 (0.01, 0.06)T
0.02 (—0.01, 0.05)

MAP, mean arterial pressure; VIM, variability independent of the mean. Estimates are association sizes, given with 95% confidence interval (CI), and relate to longitudinal changes in the

mean deviation through the follow-up period. For the visual field, negative estimates indicate worsening in the visual field defects, while higher estimates for the cup-to-disc ratio indicate

enlargement in the optic disc cupping.

*Mixed models accounted for the within-participant and eye side clustering, and were adjusted for sex, age, body mass index, diabetes mellitus, dyslipidemia, smoking habits, in-office

intraocular pressure closest to the visual field test, past untreated (max) intraocular pressure, eye drops and surgical treatment for lowering the intraocular pressure, use of antihypertensive

medication, follow-up time, and time-difference between the visual field test and the ambulatory blood pressure monitoring. Models additionally accounted for nocturnal MAP level are

shown in Supplementary Table 3.
tp <0.05; P <0.01;°P < 0.001.
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Ambulatory mean arterial
pressure measurements

Ambulatory mean arterial pressure
Diurnal measures

Average level, mm Hg

Low MAP level, < 84 mm Hg

VIM, mm Hg

Extreme dips during daytime

Dips minus daytime MAP, mm Hg
Dips minus forgoing reading, mm Hg
Ratio dip/forgoing reading, mm Hg
Nocturnal measures

Average level, mm Hg

Low MAP level, < 74 mm Hg

VIM, mm Hg

Night-to-day MAP ratio, mm Hg
Extreme dips during nighttime

Dips minus nighttime MAP, mm Hg
Dips minus forgoing reading, mm Hg

Ratio dip/forgoing reading, mm Hg

Primary-open angle
glaucoma (n = 110)

99.5 9.8
16 (5.4%)
10.6 £2.8

76.2 £13.5
—16.8+55
0.84 £ 0.04

88.4+11.2
17 (5.8%)
8.0 +£2.9

0.88 £ 0.07

82:3+13.1
—17.0+ 6.1
0.83 £ 0.05

POAG, primary open-angle glaucoma; VIM, variability independent of the mean.
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Characteristics Primary-open angle
glaucoma (n = 110)

Demographics

Women, 1 (%) 45 (40.9)
Age,y 68.5+10.8
Clinical characteristics

Current smoking, 7 (%) 3(2.7)
Drinking alcohol, n (%) 23(20.9)
Body mass index, kg/m2 257+34
Obesity, 1 (%) 14 (12.7)
Dyslipidemia, n (%) 6(5.4)
Diabetes mellitus, n (%) 14 (12.7)
Previous cardiovascular disease 6(5.4)
Office hypertension, 1 (%) 92 (83.6)
Office mean arterial pressure, mm Hg 102.0 £10.9
Diurnal mean arterial hypertension*, n (%) 165 (62.3)
Nocturnal mean arterial hypertension, 1 (%) 183 (69.1)
Anti-hypertensive treatment, n (%) 7(6.4)

Ophthalmic characteristics

Averaged max untreated IOP registered, mm Hg 24 (22,28)
IOP closest to first visual field test, mm Hg 14 (11, 18)
Eye drops medications, 7 (%) 46 (41.8)
Surgical intervention to lower the IOP, 1 (%) 40 (36.4)
Ophthalmic outcomes

Functional glaucomatous damage (visual field defects)

Number of visual field tests, n 11 (6, 20)
Follow-up time, years 9(4,12)
Mean deviation at baseline, dB —8(—14, —-3)
Mean deviation at last follow-up, dB —11(—16, —6)

Structural glaucomatous damage (optic disc cupping)

Number of cup-to-disc ratio measures, n 5.3(2.3,8.4)
Follow-up time, years 5(3,8)
Cup-to-disc ratio at baseline, dB 0.84 (0.70, 0.90)
Cup-to-disc ratio at last follow-up, dB 0.85 (0.75,0.93)

IOP, intraocular pressure; ABPM, ambulatory blood pressure monitoring; dB, decibels.
Values are arithmetic mean + SD or median (interquartile range).

*Diurnal and nocturnal mean arterial hypertension defined as an oscillometric calculated
24-h MAP > 96 or > 82 mm Hg, respectively.
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Patients hospitalized during days of Patients hospitalized during control period p-value

matches involving Italy (1 = 499) (n="736)
Male sex (1, %) 333, (66.7%) 506, (68,7%) 050
Age (3, £5D) 66951331 67.52:£1231 044
STEMI (%) 205, (41.1%) 287 (39.0%) 0.49
NSTEMI (1, %) 213 (426%) 343 (46.6%) 018
UA (n,%) 63 (12.6%) 93 (12.6%) 093
TTS (n, %) 18(36) 13 (18%) 007
Weight (kg, :5D) 7839 41591 774 15.07 0.12
Height (cm, SD) 168.65 £12.68 169.04  10.06 013
BMI (Kglmz, +SD) 2939 312+39 <0.0001
Hypertension (1, %) 361 (723%) 516 (70.1%) 044
Family history CVD (1, %) 130 (26.1%) 189 (25.7%) 093
Dyslipidemia (i, %) 284 (56.9%) 429 (58.3%) 0.66
Active smoker (1, %) 197 (39.5%) 296 (40.2%) 085
Diabetes (1, %) 145 (29.1%) 192 (26.1%) 027
Prior TIA/stroke (1, %) 21 (42%) 24(33%) 050
Prior AMI (1, %) 88 (17.6%) 133 (18.1%) 0388
Prior PCI (1, %) 100 (20.1%) 132 (17.9%) 036
Prior CABG (n, %) 17(3.4%) 34(46%) 037
CKD (%) 70 (1.1%) 96 (13.0%) 061
Atial fbrillation (, %) 40 (8.0%) 66(9.0%) 061
COPD (1, %) 35 (7.0%) 45(6.1%) 060
Hemoglobin (g/dl, £5D) 1347179 13592 191 027
Creatinine (mg/dl, £SD) 1.07 £ 0.67 1.1£0.80 0.49
€GER (ml/min, 5D) 824347 793454 013
LDL-Chol (mg/dl, D) 113,13 45.20 110,58 £ 41.09 030

EMI, ST-elevation myocardial infarction; NSTEMI, N
MI, acute myocardial i

elevation myocardial infarction; UA, unstable angina; TS, Takotsubo; BMI, body mass index; CVD, cardiovasculardisease
farction. Bold values indicate statistically significant results.
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Incidence rate during days of Incidence rate during Incidence rate Incidence rate P

matches involving Italy control period difference ratio
STEMI 0.40 (0.35-0.46) 039 (0.35-0.44) 0013 (—0.06-0.08) 1.03 (0.86-1.24) 072
NSTEMI 0.4 (0.38-0.50) 045 (0.40-0.50) ~0.014 (~0.09-0.06) 097 (0.81-1.15) 071
UA 0.12(0.09-0.16) 014 (0.11-0.17) ~0.01 (~0.05-0.03) 0.90 (0.64-125) 052
TS 0.04 (0.02-0.06) 0.2 (0.01-0.03) 0.015 (0.004-0.034) 1.66 (0.80-3.48) 014

ion; NSTE! table angina; TTS, Takotsubo.

1, No ST-clevation myocardial infarction; UA,

ation myocardial infar
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Incidence rate during days of
‘matches involving Italy

STEMI 0.39(0.29-0.50)
NSTEMI 0.42(0.32-0.54)
UA 0.12(0.07-0.19)
TTS 0.07 (0.03-0.13)

ion myocardial infay

Incidence rate during
control period

0.38 (0.29-0.48)

0.43 (0.34-0.55)

0.18 (0.12-0.26)
001 (0.0002-0.03)

tion myocardial infarction; UA, unstable

Incidence rate
difference

0011 (=0.13-0.15)

~0.009 (~0.16-0.14)

—0.06 (=0.15-0.02)
0.06 (0.02-0.11)

ina; TTS, Takotsubo. Bold val

Incidence rate
ratio

1.03(0.70-1.51)
0.98 (0.68-1.40)
065 (0.33-1.21)
1141 (1.62-495.1)

088

090

015
0.0034
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0dds 95%CI 4

ratio
septum < 7 cm/sec
Univarite
GWI 0999 0.998-1.001 0267
Ea/ Ees 0.063 0.001-6.234 0238
Ea 0980 0.425-2.261 0.963
Ees 1161 0.738-1.827 0518
LAVI>34 ml/m*
Univarite
GwI 1.002 1.001-1.004 0.006
Ea/ Ees 0.162 0.001-44.733 0.526
Ea 0740 0251-2.185 0.586
Ees 0907 0529-1.553 0722
Multivarite

GWI corrected for age, sex MAP, BMI and antihypertensive therapy
GwI 1.002 1.001-1.003 0031

Average E/e > 14

Univarite

GWI 1.002 1.000-1.003 0.058
Ea/ Ees 2973 0.004-2,297.512 0748
Ea 2494 0.857-7.258 0.093
Ees 1511 0.829-2.753 0.178

BMI, body m:
end-systolic elastanc

G GWI, global work
LAV, left atrial volume

dex; Ea, effective arterial elastance;






OPS/images/fcvm-09-951882/crossmark.jpg
(®) Check for updates





OPS/images/fcvm-09-951882/fcvm-09-951882-g001.gif
Evonts duriog Somfioa and il IRR [€195%)

| nasea-asn
oestoas-tay
osmioss- 140

13t070-15)





OPS/images/fcvm-09-951882/fcvm-09-951882-g002.gif
NORTHERN
ALY,






OPS/images/fcvm-09-958426/fcvm-09-958426-g003.gif
ROC curve

— PP (AUC=0.758,P<0.001)
(CU2110, Sensoy TS, Specy 8%)
— BaPWV (AUC-0770, P=0.005)
(Cukot 1813 Sty 0%, Sty 76%)

— LA (AUC=0679,P=0013)

(Cukot 2260, Sty $0%, Sty 83%)
— LV (AUC=0674, P=0.003)

(Cutata1te Soniviy 534, Spacicty 76%)
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Variable Overall (n =173) Control group (1 = 69) Hypertensive (n = 104) P

Demographic data
Age (years) 49.00 (43.00-56.00) 48.00 (38.50-54.00) 50,00 (44.25-56.75) 0.102

Male/Female 94/79 26/43 68/36 <0.001
SBP (mmHg) 132,00 (118.00-147.50) 116.00 (108.50-121.00) 144.00 (135.00-154.00) <0.00
DBP (mmHg) 82.00 (76.00-93.00) 74.00 (68.00-81.00) 90.50 (84.25-97.75) <0.001
MAP (mmHg) 100.67 (89.33-109.50) 88.00 (81.50-92.33) 107.67 (101.33-115.58) <0.001
HR (bpm) 76.16 (64.60-84.76) 75.05 (64.38-85.28) 7658 (6.42-83.67) 0564

BMI (kg/mz) 24.42(22.15-26.91) 22.83 (21.12-25.01) 25.33(23.60-27.47) <0.001
‘Waist (cm) 84884997 80.429.00 87794953 <0.001
Current smoking 36/(20.8%) 12(17.4%) 34 (327%) 0026
Current drinking 36 (20.8%) 12 (17.40%) 34(32.7%) 0.026
LVH in UCG 50 (28.9%) 5(7.2%) 45 (43.3%) <0.001
baPWV 1,493.50 (1,328.00-1,715.00) 1,310.50 (1,220.00-1,465.25) 1,615.00 (1,469.00-1,827.5) <0.001
ABI 1124007 1.08£0.07 L13:£007 <0.001

Standard echocardiographic data

IVST (mm) 10.00 (9.00-11.00) 9.00 (9.00-10.00) 11.00 (10.00-12.00) <0.001
PWT (mm) 10.00(9.00-11.00) 9.00 (8.00-10.00) 11.00 (9.00-12.00) <0.001
LVEDD (mm) 46.00 (43.00-48.00) 45.00 (42.00-47.00) 47.00 (44.00-49.00) 0.001

LVESD (mm) 30.00 (28.00-31.00) 29.00 (27.00-30.00) 30.00 (28.25-32.00) <0.001
FS (%) 35.00 (33.00-37.00) 35.00 (34.00-36.75) 35.00 (35.00-37.00) 0.562

LVEF (%) 64.00 (62.00-67.00) 64.50 (63.00-66.00) 64.00 (61.00-67.00) 0.559
CI (L/min/m?) 2.75£061 2.70£0.65 278 £0.56 0.404

SV (ml) 61.69 £ 11.72 57.97 £9.96 64.24 £ 12.08 <0.001
LVMI (g/m?) 97.47 £21.95 83.01 £15.49 106.37 £ 21.11 <0.001
LAVI (ml/m?) 24.93(21.57-29.55) 25.46 (21.29-28.74) 25.14(22.13-31.00) 0.378

Average E/e’ 8.86+2.23 7.98 £2.00 953 £2.18 <0.001
€ Septum 6.45 (5.50-8.90) 7.8 (6.35-9.50) 6.10 5.00-7.60) <0.001
Myocardial work and strain data

GWI (mmHg?%) 1,912.66 + 328.43 1,757.45 & 225.86 2,021.69 + 348.02 <0.001
GWE (%) 95.00 (93.00-96.00) 96.00 (94.00-97.00) 94.00 (91.25-96.00) <0.001
GCW (mmHg%) 2,315.90 + 359.02 2,116.88 + 228.59 2,454.30 £ 371.31 <0.001
GWW (mmHg%) 100.50 (64.25-163.00) 79.00 (52.50-106.50) 128.00 (84.25-204.75) <0.001
GLS (%) 19.64 £ 2.09 2057 £1.71 19.03 £2.10 <0.001
Ventricular-arterial coupling data

Ea (mmHg/mL) 1.92 (1.69-2.21) 1.79 (1.62-2.00) 2.08 (1.79-2.37) <0.001
Ees (mmHg/mL) 358 +0.85 329 +0.60 3.76 £0.934 <0.001
Ea/ Ees 0.55(0.50-0.61) 0.55(0.51-0.59) 0.56(0.50-0.63) 0.577

SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; HR, heart rate; BMI, body mass index; LVH, left ventricular hypertrophy; UCG, ultrasound
cardiogram; baPWV, brachi:
end-diastolic
left ventricular mass index; LAV, left at
longitude strai

nkle pulse wave veloity ABL, ankl brachialindex; VST, nterventricular septal wal thickness: PWT, posteior wall thicknesss LVEDD, lef vntricular
3 , stroke volume; LYMI,
. global wasted work; GLS, global

imension; LVESD, left ventricular end-systolic
lex; GWI, global work index; GWE, global work efficiency; G
tolic elastance.

S, fractional shortening; LVEF,

left ventricular ejection fraction; CI, cardiac index;

1 volum

, global constructed work; GW!

Ea, effective arterial elastance;
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0dds 95%CI P

ratio
baPWV > 1,400 cm/s
Univarite
GWI 1003 1.000-1.005 0023
Ea/ Ees 492 0.004-6,607.22 0.665
Ea 214 2.36-207.98 0.007
Ees 286 111-7.37 0.029

Multivarite

GWI corrected for age, sex, MAP, BMI and antihypertensive therapy

GWI 1.002 1.000-1.005 0.030
PP > 60 mmHg

Univarite

GWI 1.004 1.002-1.005 0.023
Ea/ Ees 6477 0,062-675.80 0431
Ea 250 1.001-6.230 0.050
Ees 129 0.831-2.014 0.254

Multivarite

GWI corrected for age, sex MAP, BMI and antihypertensive therapy

GwI 1005 1.003-1.007 <0.001
Sex (Femal vs. male) 3912 1122-13.64 0032
LVH by LVMI >115 g/m? for men and >95 g/m? for women

Univarite

GwI 1002 1.001-1.003 0.002
Eal Ees 0250 0.003-20.094 0536
Ea 0.848 0.378-1.900 0.688
Ees 0934 0.614-1.421 0751

Multivarite

GWI corrected for age, sex MABBMI and antihypertensive therapy

GWI 1.002 1.000-1.003 0018
age 1071 1012-1.134 0018
MAP 1058 1.012-1.106 0.013
Antihypertensive 0286 0.286-0.102 0017

therapy (yes vs. n0)

baPWV, brachia
index; Ea, effective arte

ankle pulse wax BMI, body mass index; GWI, global work
elastance; Ees, end-systolic elastance; MAP, mean arterial
pressure; PP, pulse pressure; LVH, left ventricular hypertrophy; LVMI, left ventricular

velocit

mass index.
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Data at enrolment

Age (years) 65£10
Males (1, %) 61 86%
NYHA I (1, %) 65 829%
NYHA I (, %) 14 18%
SBP (mmHg) 11516

DBP (mmHg) 739

Heart rate (bpm) 6811

BMI (kg/m?) 269+43
NT-proBNP (pg/ml) 1,196 [648-2,891]
Hemoglobin (g/dl) 143£16
Creatinine (mg/dl) 1204026

GER (ml/min/1,73 m?) 66£17

Sodium (mmol/l) u1£3

Potassium (mmol/l) 4.32£042
Therapy

ACE-I (n, %) 53 75%
ARBs (1, %) 16 23%
Beta blockers (1, %) 70 99%
MRA (1, %) 49 69%
Diuretic (n, %) 57 80%
Ivabradine (1, %) 9 13%
Digoxin (1, %) 6 8%
Amiodarone (1, %) 30 2%

NYHA, New York Heart Association; SB, systolic blood pressure; DBP, diastolic blood
pressure; BMI, body mass index; NT-proBNP, amino terminal pro-B-type natriuretic
peptide; GFR, glomerular filtration rate assessed by Modification of Diet in Renal
Disease (MDRD) equation; ACE-
in receptor blockers; MRA, mineralocorticoid receptor antagor

1, angiotensin-converting-enzyme inhibitors; ARBs,

angiot
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Baseline End study

n P

Echocardiography

LVEDV (ml) 7 205£69 181:£62 0.000
LVESV (ml) 7 143457 118454 0.000
LVEF (%) 7 3145 3749 0.000
E (cm/s) 63 70427 58422 0.000
A(cm/s) 52 61426 72424 0.002
E/A 52 15412 09407 0.000
DT (ms) 47 21061 232467 0.052
Efe 53 119£45 100£3.1 0.003
TAPSE (mm) 68 203+47 195450 0.100
LAVi (ml/m?) 69 452(37.3-622]  41.6(34.0-528] 0002
PAPs (mmHg) 63 3404121 283129 0,001
Lung function test

ve ) 66 35409 37409 0.021
EVC () 67 34209 3509 0.060
FEVI () 67 26408 2707 0010
PEF (I/s) 67 73%24 76%22 0227
DLCO (ml/min/mmHg) 62 203458 19757 0326
DLCO (% of predicted) 62 7704201 7394153 0215
VA () 62 57425 56%13 0759

left ventricle end diastolic volume; LVESV, left ventricle end systolic volume; LV

left ventricle cjection fraction; E, carly peak velocity by pulsed wave Doppler; A, late
(atral) peak velocity by pulsed wave Doppler; E/A, ratio of the early (E) to late (A)

ventricular filling velocities; DT, deceleration time; E/€) ratio of the transmitral early
pesk velocity by pulscd wave Doppler and the carly diastolic mitral annulus velocity
tricuspid annular plane systolic excursion; LAV, lefi atrial
; PAPs, systolic pulmonary artery pressure; VC, vital capacity; FVC, forced
vital capacity; FEV, forced expiratory volume in 1s
diffusing capacity of the lungs for carbon monoxide (data corrected for hemoglobin); VA:
s volome.

¥, Peak expiratory flow; DI
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FEV1 FVC

Q1 Q Q3 Q4 Pfortrend Q1 Q2 Q3 Q4 Pfor

>2883 2307.5-2882.9 1818-2307.4 <1818 23750.5 2995.5-3750.4  2379-2995.4 <2379 trend
Cancer mortality
Age
260 N=997
Deaths/N 201125 331210 48/300 417362 0265 15/306 18/221 17134 11765 0,036
Multivariable HR (95% CI) 100 [Reference]  1.08(0.42,2.77) 125(033,4.67)  137(0267.16) 0697 100 [Reference]  222(0.73,6.76) 334(086,1299)  550(0565433) 0085
<60 N=726
Deaths/N 15/306 18/221 /134 11765 00102 131267 177212 147162 185 0.085
Multivariable HR (95% CI) 100 [Reference]  1.32(0.45,3.89) 074(017323)  201(0537.60) 0462 100 [Reference]  3.01(0.71,12.74) 7.06(113,4529)  8.86(0.74,1068)  0.047
P for interaction 0033 0070
BMI
225 N=1387
Deaths/N 29/353 417360 417344 407330 0310 33342 46/349 371354 35/342 0.499
Multivariable HR (95% CI) 1.00 [Reference]  1.54(0.67,3.54) 1820062539 2690.66,1099) 0178 100 [Reference]  1.48(0.5,4.01) 134(036497)  271069,1062) 0216
<25 N=332
Deaths/N 6178 1071 18/88 12/95 0121 989 1781 14/76 12/86 0.498
Multivariable HR (95% CI) 1.00 [Reference] 1.18(0.39,3.55) 1.42(0.17,12.11) 0.87(0.07,11.54) 0.968 1.00 [Reference] 3.84(1.41,10.5) 1.65(0.27,10.29) 15.03(3.54,63.75) 0.061
P for interaction 0741 0.19%
History of hypertension
Yes N=895
Deaths/N 15/192 26/206 37242 381255 0,088 16/193 34213 331226 331263 [
Multivariable HR (95% CI) 100 [Reference]  1.19(0.35,4.09) 199(047,841)  209031,1394) 0354 100 [Reference]  222(0.84,5.89) 165(0.446.15)  524(177,1555) 0005
No N=823
Deaths/N 207238 25/224 20191 14170 0553 26/237 237217 18/205 14/164 0.788
Multivariable HR (95% CI) 100 [Reference]  1.77(0.84,3.70) 2270060855  254(04613.95) 0205 100 [Reference]  186(0.62,5.63) 224(041,1226)  3.03(0.37,469) 0276
P for interaction 0.057 0.098
Dyslipidemia
Yes N=1495
Deaths/N 297361 437361 54/394 511379 0.064 33/361 18/362 497388 477384 0320
Multivariable HR (95% CI) 1.00 [Reference]  1.55(0.68,3.51) 2110736.14)  284(076,1058) 0119 100 [Reference]  1.90(0.76,4.77) 199(060,654)  546(1.92,1553) 0008
No N=228
Deaths/N 6/70 8/70 540 1/48 0262 970 9/69 244 0745 0039
Multivariable HR (95% CI) - - - - - - - -
P for interaction 0245 0357

Multivariable Mod
and/or wheezi
CHD, coronary heart disease.
CVD, cardiovascular discase.
BMI, body mass index.
FEV1, forced expiratory volu
EVC, forced vital capacity.

fjusted for sex, age, education, BMI, alcohol, and smoking, HDL-cholesterol, serum C-reactive protein, serum albumin, fevl/fyc and fev1%pred or fvc%pred, history of hypertension and history of dyslipidemia, history of whistling
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Variable

Age (years)

Sex (male)
Paroxysmal AF
Prior stroke or TIA
Diabetes mellitus
Hypertension

Congestive heart failure
CHA,DS,-VASC score

LVEF (%)
LA diameter (mm)

LPLD (n = 53)

60 (40-75)
32 (60%)
29 (55%)
8 (15%)
8 (15%)
33 (62%)

2 (4%)
2(1-9)
60 (55-63)
44 (39-48)

HPSD (n = 50)

58 (35-79)
27 (54%)
37 (74%)

0 (0%)

7 (14%)
37 (74%)

6 (12%)

2(1-3)
55 (53-61)
43 (38-46)

VvHPSD (n = 53)

68 (57-75)
33 (62%)
31 (59%)

1 (2%)

8 (15%)
35 (66%)
2 (4%)
3(2-4)
56 (54-62)
43 (41-46)

P-value

0.3840
0.6732
0.1037
0.0015
0.9839
0.4340
0.1472
0.0242
0.1583
0.6935

AF, atrial fibrillation; LA, left atrium; LPLD, low-power long duration; LVEF, left ventricular ejection fraction; HPSD, high-power short duration; TIA, transient ischemic attack.
The continuous variables were expressed as medians and interquartile ranges, while the categorical variables were expressed as percentages with event numbers. The

bold variables are statistically significant.
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Ablation characteristics LPLD (n =53) HPSD (n = 50) VvHPSD (n = 53) P-value

Procedure time (min) 85 (75-101) 79 (65-91) 70 (53-83) <0.0001
LA dwelling time (min) 61 (55-70) 53 (41-56) 45 (34-52) <0.0001
DAP (mGym?) 0.16 (0.11-0.25) 0.1 (0.08-0.18) 0.17 (0.11-0.27) 0.0014
Ablation points 61 (52-69) 56 (44-65) 85 (63-99) <0.0001
RF ablation time (s) 1,567 (1,366-1,761) 1,398 (1,021-1,711) 336 (247-386) <0.0001
Total RF energy (J) 47,010 (40,980-52,830) 69,900 (51,050-85,538) 30,240 (22,095-34,875) <0.0001
FPI both sides 30 (57%) 39 (78%) 43 (80%) 0.0097
FPI of the left PVs 35 (66%) 46 (92%) 46 (85%) 0.0015
FPI of the right PVs 38 (72%) 44 (88%) 48 (88%) 0.0188

DAR, dose area product; LA, left atrial; LPLD, low-power long-duration group;, HPSD, high-power short-duration group; LA, left atrium; RF, radiofrequency; FPI, first
pass isolation; PV, pulmonary vein. The continuous variables were expressed as medians and interquartile ranges, while the categorical variables were expressed as
percentages with event numbers. The bold variables are statistically significant.
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No. Age Device, size Access Reason BVF Time BVF Death Last FU Clinical status
(days) (days)

1. 82  Sapien XT, 23 mm TA Severe HVD (AS) 743 1 2,680 Refused ViV Poor-Performance
Status

2. 67  Sapien XT, 23 mm TF Severe HVD (AR), LV dysfunction 1,485 1 1,721 Dead

3. 75  Sapien XT, 23 mm TF SVD, Moderate HVD (AS), Valve-related Death 1,654 1 1,654 Dead

4. 78  Sapien XT, 23 mm TA SVD, Moderate HVD (AS), NSVD, Symptoms 1,834 1 2,031 Dead

5. 82  Sapien XT, 23 mm TA SVD, Severe HVD (AS) 1,896 1 2,026 Dead

6. 77  Sapien XT, 23 mm TF Severe HVD (AS), ViV TAVR 2,133 0 2,149 Alive: NYHA Il

7. 82  Sapien XT, 23 mm TF Severe HVD (AS + AR), Valve-related Death 2,190 1 2,438 Dead

8. 77  Sapien XT, 23 mm TF Severe HVD (AS) 2,205 0 2,892 Alive: NYHA I

9. 80  Sapien XT, 23 mm TF Severe HVD (AS) 2,589 1 3,223 Refused ViV Poor-Performance
Status

10. 76 Sapien XT, 23 mm TA Severe HVD (AS), Valve-related Death 2,674 1 2,681 Dead

11. 79 Sapien XT, 23 mm TF Moderate HVD (AS), Valve-related Death 2,805 1 2,805 Dead

12. 85 Sapien XT, 23 mm TF Severe HVD (AS) 2,941 0 3,954 Alive: NYHA I

13. 84 Sapien XT, 26 mm TA SVD, Severe HVD (AR), LV dilation 1,470 1 1,613 Dead

14. 87 Sapien XT, 26 mm TA SVD, Severe HVD (AS), LV dysfunction 1,821 1 2,545 Dead

16. 74 Sapien XT, 26 mm TF Thrombosis, Endocarditis, SAVR, Valve-related Death 2,174 1 2,174 Dead after unsuccessful SAVR

16. 81 Sapien XT, 26 mm TF Moderate HVD (AR), LV dilation, Valve-related Death 2,208 1 2,208 Dead

17. 75 Sapien XT, 26 mm TF Severe HVD (AS) 2,262 0 2,632 Alive: NYHA I

18. 67 Sapien XT, 26 mm TA Severe HVD (AR), Valve-related Death 2,432 1 2,439 Dead

19. 77  Sapien XT, 26 mm TF Severe HVD (AS) 2,556 0 2,666 Alive: NYHA |

20. 86 Sapien 3, 26 mm TA Thrombosis, Valve-related Death 0 1 0 Dead

21. 84  Sapien 3,29 mm TF NSVD, LV dysfunction 734 1 1,061 Dead

22. 86 Lotus, 23 mm TF Endocarditis, Valve-related Death 259 1 259 Dead

23. 70 Lotus, 23 mm TF Moderate HVD (AS), LV dysfunction 1,590 0 2,359 Alive: NYHA [I-111

24. 76 Lotus, 256 mm TF SVD, Severe HVD (AS) 1,611 1 1,733 Dead during ViV evaluation

25. 73 CoreValve, 26 mm TF Severe HVD (AS + AR), Valve-related Death 4,379 1 4,516 Dead

26. 85 CoreValve, 29 mm TF Severe HVD (AS + AR) 2,992 1 2,992 Refused ViV Poor-Performance
Status

AR, aortic regurgitation; AS, aortic stenosis; BVF, bioprosthetic valve failure; FU, follow-up; HVD, hemodynamic valve deterioration; LV, left ventricular; NSVD, non-structural
valve deterioration; NYHA, New York Heart Association; SAVR, surgical aortic valve replacement; SVD, structural valve deterioration; TA, transapical; TAVR, transcatheter
aortic valve replacement; TF, transfemoral; ViV, valve-in-valve.
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Clinical Total (604) Intra-annular Supra-annular p-value

characteristics (482) (122)

Age, years 82 (78, 85) 82 (78, 85) 81 (78, 85) 0.953
Female 321 (63) 255 (53) 66 (54) 0.893
BMI 26 (24, 29) 26 (24, 290 26 (23, 28) 0.429
Hypertension 543 (91) 436 (91) 107 (88) 0.404
Diabetes mellitus 175 (29) 145 (30) 30 (25) 0.279
Dyslipidemia 377 (62) 310 (64) 67 (55) 0.070
Atrial fibrillation 195 (33) 160 (34) 35 (29) 0.390
Coronary artery 345 (58) 266 (56) 79 (65) 0.073
disease

Previous myocardial 111 (18) 79 (16) 32 (26) 0.018
infarction

Previous PCI 198 (33) 154 (32) 44 (36) 0.449
Previous CABG 75 (12) 53 (11) 22 (18) 0.050
Previous cardiac 93 (15) 69 (14) 24 (20) 0.185
surgery

Previous stroke 78 (13) 58 (12) 20 (16) 0.258
COPD 151 (25) 125 (26) 26 (21) 0.349
Chronic kidney 295 (49) 222 (46) 73 (60) 0.009
disease*

Prior pacemaker 51(8) 43 (9) 8(7) 0.511
NYHA class IIl/IV 339 (56) 262 (54) 77 (63) 0.101
STS score 48(3.1,10.2) 4.6(3.1-10.2) 5.2(3.2,10) 0.537
Echocardiographic

data

Mean aortic gradient, 44 + 15 44 + 15 45+ 16 0.950
mmHg

Aortic valve area, cm?  0.79 +0.22  0.79 + 0.22 0.81 £ 0.24 0.380

Indexed aortic valve 0.45+0.13 045+0.12 0.47 £0.14 0.129
area, cm?/m?

LVEF, % 5512 56+ 12 53+ 13 0.029
Procedural data

Anesthesia 0.879
Local 395 (65) 314 (65) 81 (67)

General 209 (35) 168 (35) 41 (33)

Access <0.001
Trans-femoral 407 (68) 314 (66) 93 (77)
Trans-subclavian 5(1) 0 (0) 5(4)

Trans-apical 179 (30) 156 (33) 23 (19)

Trans-aortic 7 (1) 7 (2) 0 (0)

Pre-dilatation 420 (70) 321 (67) 99 (81) 0.003
Post-dilatation 84 (14) 40 (8) 44 (36) <0.001

*defined as estimated glomerular filtration rate < 60 mL/min. BMI, body
mass index; CABG, coronary artery bypass grafting; COPD, chronic obstruc-
tive pulmonary disease; LVEF, left ventricular ejection fraction; NYHA, New York
Heart Association; PCI, Percutaneous Coronary Intervention; STS, Society of
Thoracic Surgeons.
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Age (years)
Sex (female)
Body mass index

Arterial
hypertension

Ischemic heart
diseases

Diabetes
mellitus

Oncology
Dyslipidemia

Creatinine
(pmol/l)

CRP (mg/l)

Leukocytes
10%9/1

Aortic anulus
(mm)

Aortic sinus
(mm)

Ascending aorta
(mm)

Bicuspid aortic
valve

Stenosis
Insufficiency
Both

Tricuspid aortic
valve

Stenosis
Insufficiency

Both

DAA

N=30

48.5(37.8-57.3)
3(10)
28.8 (25.8-30.9)
13 (43.3)

2(6.7)

1(3.3)

1(3.3)
8 (26.7)
85 (75-96)

1.75 (0.78-2.4)
7.11 (6.2-8.05)

27.5(25.0-30.0)

50 (43.8-57.3)

51 (46.8-57.0)

16 (53.3)

2(6.7)

12 (40)

1(33)
14 (46.7)

0(0)
13 (43.3)
0(0)

NDAA

N=20

46 (40.5-48.5)
5 (25)

28.9 (24.4-31.0)
4(20)

0(0)

1(5)

2(10)
2(10)
81.5 (70.5-97.5)

1.2 (0.65-2.08)
6.4 (5.16-7.38)

26 (23.0-30.0)

40 (34.5-43.0)

39.5 (35.8-44.5)

15 (75)

4 (20)
9 (45)
0(0)
5 (15)

1(5)
2(10)
0(0)

N=40

39.5 (32.3-45.5)
19 (47.5)
249 (23.9-27.1)
0(0)

0(0)

0 (0)

0 (0)
0 (0)
79.5 (65.5-93.8)

0.75 (0.3-2.05)
6.71 (5.44-7.61)

20 (0-21.8)

335 (30.0-35.0)

30 (27.3-33.8)

0(0)

0(0)

0(0)

0(0)
40 (100)

0 (0)
2(5)
0 (0)

<0.05

<0.01
<0.001
<0.001

NS

NS

NS
<0.001
NS

NS
NS

<0.001

<0.001

<0.001

<0.001

<0.01
<0.001
NS
<0.001

NS
<0.001

CG, control group; DAA, dilated ascending aorta; NDAA, non-dilated ascending. Data are
expressed as median (IQR) or number (%).
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Variables

Anthropometry

Age (years)

Height (m)

“Weight (kg)

Race- White (n,%)

Body composition

*Total fat mass (kg)

“Lean mass (kg)

*Body mass index (kg/m?)
Metabolic profile

High density lipoprotein (mmol/L)
Low density lipoprotein (mmol/L)
“Triglyceride (mmol/L)

Glucose (mmol/L)

“Insulin (mU/L)

*HOMA-IR

“High sensitivity C-reactive protein (mg/L)
Vascular measures

Heart rate (beats per minute)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
*Carotid-femoral pulse wave velocity (m/s)
Lifestyle factors

Smoked cigarettes (1, %)

MVPA (mins/day)

Family history of H-D-C-V (1, %)

‘The values are means (standard deviations) and *median (interquartile range) except for categorical variables in frequency and percentage. Differences between sex
for normally distributed continuous variables, Mann-Whitney U test for skewed continuous variables, and Chi-square test for dichotomous variable.

using Students f-tes

N

1,678
1,667
1,670
1,524

1,678
1,678
1,667

1,247
1,247
1,247
1,247
1,229
1,220
1,247

1,678
1,678
1,678
1,678

1,462
678
1,677

Male

Mean (SD)

17.72(0.32)
1.79(0.07)
70 (14.7)

1,457 (95.6)

10.32 (9.9)
5497 (8.2)
21.6 (4.08)

1.18(0.26)
2.00 (0.56)
0.74(0.35)
5.16 (0.70)
6.08(4.26)
1.38 (1.04)
0.4 (0.69)

63(9)

120 (9)

63(6)
5.98 (0.84)

362 (24.8)
56 (31)
485 (28.9)

N

2,086
2,078
2,080
1,879

2,086
2,086
2,078

1,280
1,280
1,280
1,280
1,255
1,252
1,280

2,086
2,086
2,086
2,086

1,812
866
2,083

Female

Mean (SD)

17.72 (0.34)
1.65 (0.06)
60.3(13.3)
1,803 (95.9)

19.1(10.12)
37.94(5.27)
22,02 (4.32)

135 (0.31)
221(0.63)
0.7 (0.37)
491 (0.50)
7.33 (4.48)
1.61 (1.01)
0.67 (1.30)

67(10)

110 (8)

65(6)
547 (0.75)

521(28.8)
40(23)
653 (31.4)

P-value

0.876
<0.0001
<0.0001

0.608

<0.0001
<0.0001
0.001

<0.0001
<0.0001
0.082
<0.0001
<0.0001
<0.0001
<0.0001

<0.0001
<0.0001
<0.0001
<0.0001

0.011
<0.0001
0.108

s were tested

A2

sided P-value < 0.05 is considered statistically significant. H-D-C-V, hypertension/diabetes/high cholesterol/vascular disease; MVPA, moderate to vigorous physical activity; NA, not
available/applicable; BP, blood pressure. p-value for sex difference.
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Pre-matching Post-matching

Variable Robot-assisted Conventional ~ p-value  Robot-assisted Conventional  p-value
MIDCAB MIDCAB MIDCAB MIDCAB
(n=130) (n=599) (n=130) (n=130)
Conversion to sternotomy, 1 (%) 1(08) 14(23) 09 1(08) 2(15) >09
Length of surgery (min), median (IQR) 156 (140, 175) 155 (135, 176) >0.9 156 (140,175) 155 (135, 180) =09
Reintubation, 7 (%) 1(08) 13(22) 06 1(0:8) 2(16) >09
Artificial ventilation time (hours), 6(4,8) 7(5,11) <0.001 6(4,8) 7(5,10) 0.018
median (IQR)
24h Blood loss (ml), median (IQR) 300 (200, 450) 450 (300, 638) <0.001 300 (200, 450) 450 (300, 550) 0.002
Need of catecholamines >24h, 1 (%) 3406) 212(35) 011 34(26) 3507 =09
Need of inotropes, n (%) 461 90 (15) 0.001 461 1411 0083
ICU Length of stay (hours), median 23(19,30) 24 (21, 46) 0.10 23(19,30) 23(19,43) >09
(IQR)
Number of transfusions (1), median 1.0 (1.00, 1.00) 1.00 (1.00, 1.00) 05 1.00 (1.00, 1.00) 1.00 (1.00, 1.00) 04
(IQR)
Need of transfusions, n (%) 12(92) 76 (13) 05 12(92) 10(7.7) >09
Revision for bleeding, n (%) 2(15) 19(32) 06 2(15) 1(08) =09
Infarction, (%) 1(0.8) 9(1.5) >0.9 1(0.8) 2(15) >09
Fluidothorax, # (%) 26.(20) 160 (27) 02 26 (20) 30(23) =09
Pneumothorax, 1 (%) 00 17 (2.8) 0.13 0 1(08) >09
Subcutaneous emphysema, 1 (%) 14(11) 44(8.8) 0.6 14 (11) 10 (9.6) >09
Respiraty infection, 1 (%) 2(15) 31(52) 02 2(15) 5(38) >09
Oxygenation dysfunction, 1 (%) 5(.8) 57(9.5) 0.10 5(38) 12092) 04
Wound healing complication, (%) 5(3.8) 25(42) >0.9 5(38) 2(1.5) >09
Dialysis, # (%) 461 20(33) =09 4061 2(15) =09
SIRS, 1 (%) 108) 6(1.0) =09 1(0.8) 1(08) >09
Post-operative atrial fibrillation, 1 (%) 23.(18) 125 (21) 06 2318) 207 =09
Length of hospital stay (days), median 60(5.0,7.0) 80(7.0,10.0) <0.001 6.00(5.00,7.00) 8.00 (7.00, 9.00) <0.001
(1QR)
In-hospital mortality, 1 (%) 0(0) 4(07) >09 0(0) 0(0) >09

241, 24 hours, Fluidothorax—presence of at least 300ml of flui according to postoperative sonography;
ccording to the 4th universal def of myocardial infarction, Oxygenation dysfunction—hyposen
Bold values highlight statistically significant differe

in the pleural cavi

intensive care unit, Infarction—acute myocardial
SIRS, systemi

in arterial blood gas test post-ope

matory
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CHD mortality
Deaths, no. (%)
Deaths/person-years
Unadjusted

Model 1

Model 2

Model 3

Model 4

CVD mortality
Deaths, no. (%)
Deaths/person-years
Unadjusted

Model 1

Model 2

Model 3

Model 4

Cancer mortality
Deaths, no. (%)
Deaths/person-years
Unadjusted

Model 1

Model 2

Model 3

Model 4

All-cause mortality
Deaths, no. (%)
Deaths/person-years
Unadjusted

Model 1

Model 2

Model 3

Model 4

Q1
>2883

54(12.6)
689/7810
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]

68(15.0)
862/7810
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]

35(7.0)
385/7810
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]

230(49.5)
3015/7810
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]

Q2
2307.5-2882.9

69(14.0)
833/7102
115(0.59,2.25)
1.09(0.60,2.01)
1.06(0.58,1.95)
1.09(0.54,2.19)
1.11(054,2.25)

85(17.1)
97717102
1.19(0.65,2.17)
1.08(0.61,1.92)
1.08(0.61,1.89)
1.15(0.61,2.16)
1.19(0.65,2.19)

51(10.7)
579/7102
158(0.79,3.17)
1.45(0.66,3.18)
1.43(0.66,3.10)
1.37(0.57,3.27)
137(0.61,3.06)

277(56.4)
3445/7102
118(0.87,1.61)
1.14(0.88,1.48)
1.12(0.87,1.44)
117(0.85,1.60)
1.15(0.85,1.55)

Values are n or weighted hazard ratio (95% confidence interval).

Model 1: adjusted for sex, age.
Model
Model

‘model 1 + education, BMI, alcohol, and smol
model 2 + HDL-cholesterol, serum

cti

ng.
prot

FEV1

@
1818-2307.4

97(26.9)
840/5966
2.95(1.83,.75)
247(1.44,4.22)
2.31(1.39,3.84)
240(1.29,4.46)
246(1.34,451)

122(32.9)
1165/5966
3.05(1.95,4.77)
2.36(1.45,3.85)
2.30(1.46,3.63)
257(1.52,432)
270(1.61,4.53)

59(14.6)
569/5966
2.86(1.60,5.14)
2.29(0.89,5.87)
2.05(0.76,5.50)
1.97(0.56,6.96)
1.91(0.59,6.23)

332(76.9)
3604/5966
2.24(1.69,2.97)
191(1342.71)
176(1.30,2.38)
1.89(132,2.72)
1.81(1.29,2.55)

Q4
<1818

107(22.8)
839/4306
3.46(2.17,5.52)
2.41(1.27,4.56)
2.23(1.21,4.11)
2.59(1.06,6.34)
2.71(1.15,6.38)

131(26.4)
1028/4306
3.38(2.21,5.15)
2.17(1.22,3.88)
2.15(1.19,3.87)
2.75(1.25,6.02)
2.89(136,6.18)

52(122)
429/4306
3.34(179,623)
2.19(0.83,5.79)
2.07(0.73,5.88)
2.01(0.43,9.48)
2.23(0.54,9.17)

382(89.5)
3316/4306
3.78(2.88,4.95)
270(1.77,4.12)
2.51(1.693.75)
3.01(1.87,4.86)
2.96(1.92,4.56)

 serum albumin, fev1/fvc and fevi%pred or fve% pred.

Pfor trend

<0.001

<0.001
0.003
0.005
0.015
0.009

<0.001

<0.001
0.003
0.003
0.003
0.001

0.073

<0.001
0.079
0.139
0314
0247

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

Q1
>3750.5

58(13.2)
70517416
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]

74(15.4)
884/7416
1.00 [Reference]
1,00 [Reference]
1.00 [Reference]
1,00 [Reference]
1.00 [Reference)

42(9.9)
426/7416
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
1.00 [Reference]
100 [Reference]

258(54.4)
32777416
1.00 [Reference]
1.00 [Reference]
100 [Reference]
1,00 [Reference]
1,00 [Reference]

Q2

2995.5-3750.4

77(16.8)
790/6834
1.36(0.75,2.46)
154(0.89,2.67)
1.66(0.97,2.86)
192(1.11,3.32)
2.05(1.24,3.40)

91(20.2)
932/6834
1.40(0.84,2.34)
1.54(0.93,2.56)
1.74(1.02,2.98)
2.14(1.24,3.70)
2.28(1.39,3.76)

57(10.7)
622/6834
1.14(0.54,2.41)
1.14(0.51,2.53)
125(0.58,2.72)
1.63(0.72,3.73)
174(0.74,4.12)

281(58.3)
3256/6834
1.14(0.87,1.51)
1.28(0.99,1.65)
1.37(1.05,1.77)
1.56(1.17,2.08)
1.59(1.18,2.12)

FvC

Q3

2379-2995.4

85(22.2)
866/6412
2.05(1.21,3.47)
223(1214.13)
2.22(1.25,3.93)
2.89(1.58,5.25)
2.96(1.63,5.37)

)
)
)
)

108(27.3)

1148/6412
2.15(1.33,3.48)
2.19(124,3.89)
2.31(1.36,3.94)
3.29(1.87,5.78)
3.40(1.96,5.89)

51(10.5)
528/6412
1.28(0.63,2.62)
111(0.43,2.85)
1.03(0.41,2.64)
1.51(0.48,4.73)
1.53(0.45,5.27)

314(72.9)
3659/6412
1.67(1.23,2.26)
1.74(1.21,2.50)
1.67(1.23,2.28)
2.11(1.48,2.99)
2.08(1.49,2.92)

Q4<2379

107(23.4)
84074522
3.06(1.90,4.92)
2.84(1.36,5.94)
2.82(1.37,5.80)
4.54(2.02,10.20)
5.30(2.68,10.47)

133(28.0)
10684522
3.13(2.07,4.74)
272(1.41,5.26)
2.96(1.47,5.95)
5.45(2.48,11.97)
632(3.19,12.53)

47(12.0)
385/4522
2.10(1.15,3.84)
1.51(0.63,3.64)
1.61(0.64,4.05)
3.13(1.02,9.55)
385(131,11.32)

368(84.3)
3188/4522
2.87(210,392)
2.57(1.58,4.20)
2.62(1.59,4.32)
3.92(224,685)
4.15(2.58,6.65)

Model 4 model 3 + history of hypertension, history of dyslipidemia, history of whistling and/or wheezing, persist phlegm, persst cough, asthma, history of chronic bronchitis, history of emphysema, and history of cold or flu

CHD, coronary heart disease.
CVD, cardiovascular disease.
BMI, body mass index.

FEV1, forced expiratory volum
FVC, forced vital capaci

Pfor
trend

<0.001

<0001
0.006
0.005

<0001

<0.001

<0001

<0.001
0.003
0.002

<0001

<0001

0434

0052
0.402
0383
0.086
0.040

<0001

<0001
<0.001
<0.001
<0.001
<0.001
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FEV1 FVC

Q1 Q Q3 Q4 P for trend Q1 Q Q3 Q4 Pfor

>2883 2307.5-2882.9  1818-2307.4 <1818 >3750.5 2995.5-3750.4  2379-2995.4 <2379 trend
CHD mortality
Age
260 N=997
Deaths/N 261125 197210 85/300 1007362 0276 347164 57/219 711270 98/344 0324
Multivariable HR (95% CI) 1,00 [Reference] ~ 1.17(0.48,2.83) 228(091,569) 268080893 0063 100 [Reference]  2.49(1.46,4.25) 245(115521)  4.14(190903)  0.001
<60 N=726
Deaths/N 28/306 207221 121134 7765 0977 241267 207212 141162 985
Multivariable HR (95% CI) 100 [Reference]  1.07(0.34,3.41) 306(091,1031)  2900.42,1999) 0155 100 [Reference]  1.72(0.43,6.88) 631(1362932)  1033(122,87.67) 0028
P for interaction 0416 0503
BMI
>25 N=1387
Deaths/N 141353 57/360 66/344 751330 0.003 457302 56/319 65/354 76/312 0015
Multivariable HR (95% CI) 1,00 [Reference] ~ 1.49(0.78,2.86) 279(144541)  291(1197.10) 0007 100 [Reference]  237(1.23,4.57) 360(178732)  534(2261261) <0.001
<2 N=332
Deaths/N 10/78 1271 31/88 3195 0.001 13/89 2181 19/76 31/86 0014
Multivariable HR (95% CI) 1,00 [Reference]  0.22(0.05,1.04) 238(057,983)  365(07817.09) 0045 100 [Reference]  1.19(0.31,4.65) 405(099,16.48)  14.01(23882.62) 0013
P for interaction 0138 0116
History of hypertension
Yes N=895
Deaths/N 33192 381206 55/242 63/255 0171 35/193 477213 447226 63/263 0426
Multivariable HR (95% CI) 1.00 [Reference]  1.66(0.74,3.73) 338(1.46785)  387(121,1240) 0010 100 [Reference]  1.70(0.85,3.43) 226(085598)  389(1.47,0032) 0011
No N=823
Deaths/N 217238 31224 42191 44170 <0.001 231237 307217 417205 447164 <0.001
Multivariable HR (95% CI) 100 [Reference] ~ 0.75(0.28,2.01) 165(071,386)  225(061829) 0158 100 [Reference]  234(1.154.76) 3982247.07)  891(37621.13)  <0.001
P for interaction 0248 0.143
Dyslipidemia
Yes N=1495
Deaths/N 48/361 547361 91/394 92/379 <0.001 487361 63/362 781388 96/384 <0001
Multivariable HR (95% CI) 1.00 [Reference]  0.90(0.42,1.93) 217(118398)  229(095551) 0023 100 [Reference]  1.86(1.04,335) 289(157532)  537(2631095) <0001
No N=28
Deaths/N| 6/70 15/70 6/40 15/48 0015 10/70 14/69 7144 11/45 0526
Multivariable HR (95% CI) 100 [Reference] ~ 3.00049,1831)  290(0342454)  1279(0.84,19424) 0070 100 [Reference]  210(033,1345)  145(020,1045)  555(0.57.5378)  0.145
P for interaction 0.139 0.509
Mult ble Mod ducation, BMI, alcohol, and smoking, HDL-cholesterol, serum C-reactive protei erum albumin, fev1/fvc and fev1% pred or fve% pred, history of hypertension and history of dyslipidemia, history of

whistling and/or wheezing, persist phlegm, persist cough, asthma, history of chronic bronchi ory of emphysema, and history of cold or flu
HD, coronary heart di
CVD, cardiovascular disease.

BMI, body mass index.

EV1, forced expiratory volume in 1 s

FVC, forced vital capacity.
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FEV1 FVC

Q1 Q2 Q3 Q4 Pfor trend Q1 Q2 Q3 Q4 Pfor

>2883 2307.5-2882.9  1818-2307.4 <1818 >3750.5 2995.5-3750.4  2379-2995.4 <2379 trend
CVD mortality
Age
260 N=997
Deaths/N 34/125 617210 105/300 123/362 0266 15/164 681219 877270 123/344 0.001
Multivariable HR (95% CI) 100 [Reference]  1.50(0.66,3.41) 304(135688)  361(1231058) 0007 100 [Reference]  3.04(1.70,5.44) 322(160648)  5882711276)  <0.001
<60 N=726
Deaths/N 34/306 247221 170134 8/65 0948 291267 237212 21162 10785 0910
Multivariable HR (95% CI) 100 [Reference]  0.96(0.34,2.70) 267(0888.12)  245(039,1549) 0206 100 [Reference]  1.93(0.61,6.06) 609(150,2465)  1031(159,6687)  0.014
P for interaction 0.694 0810
BMI
>25 N=1387
Deaths/N 56/353 69/360 86/344 95/330 <0.001 571342 68/319 82/354 997342 <0.001
Multivariable HR (95% CI) 100 [Reference]  1.55(0.85,2.85) 301(169534)  3.19(1.40,7.24) 0001 100 [Reference]  2.76(1.46, 428(228803)  101(3.19,1539)  <0.001
<2 N=332
Deaths/N 12/78 1671 36/88 35/95 0.001 17/89 23/81 25/76 34/86 0.027
Multivariable HR (95% CI) 100 [Reference]  0.27(0.06,1.15) 2770741044)  335080,1402) 0027 100 [Reference]  1.10029,4.21) 364(1L04,1274)  1023(1935424) 0017
P for interaction 0.138 0116
History of hypertension
Yes N=895
Deaths/N 14192 16/206 76/242 80/255 0036 47193 56/213 61/226 821263 0.403
Multivariable HR (95% CI) 100 [Reference]  1.61(0.72,3.60) 388(175857)  430(1571179) 0002 100 [Reference]  1.97(0.89,4.36) 3100122785 5912211579 0001
No N=823
Deaths/N 23238 39224 46191 51/170 <0.001 26/237 350217 471205 51/164 <0.001
Multivariable HR (95% CI) 100 [Reference]  0.85(0.35,2.05) 154(068349)  2.15(0.62,7.41) 0196 100 [Reference]  2.66(1.34,5.30) 405(237692)  877(3.462225)  <0.001
P for interaction 0213 0116
Dyslipidemia
Yes N=1495
Deaths/N 617361 66/361 113/394 115/379 <0.001 621361 75/362 98/388 1207384 <0.001
Multivariable HR (95% CI) 1.00 [Reference]  1.02(0.52,1.99) 258(154433)  282(1.296.16) 0002 100 [Reference]  2.25(1.25,4.04) 349(197619)  704(337,1469) <0001
No 28
Deaths/N 7170 19770 9/40 16/48 0015 12/70 10144 13145 0526
Multivariable HR (95% CI) 1.00 [Reference]  2.82(0.74,10.71) 194(027,1406)  593(0546457) 0238 100 [Reference] 238(0451257)  426(0.89.20.44) 0084
P for interaction 0218

Multivariable Model: adjusted for sex, age, education, BMI, alcohol, and smoking, HDL-cholesterol, serum C-reactive protein, serum albumin, fev1/fvc and fev1%pred or fvc%pred, history of hypertension and history of dyslipidemia, history of whistling
nd/or wheezing, persist phlegm, persist cough, asthma, history of chronic bronchitis, history of emphysema, and history of cold or flu.
CHD, coronary heart disease.

CVD, cardiovascular disease.
BMI, body mass index.
FEVI, forced expiratory volume n 1s.

EVC, forced vital capacity.
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Characteristic

Total N

Age,y

20-60

260

Gender

Men

‘Women

Race/ethnicity
Non-Hispanic white
Non-Hispanic black
Mexican American

Other

Education, year

BMI, kg/m?

<25.0 (Normal)

25.0-29.9 (Overweight)
2300 (Obese)

Alcohol

Never drinker

Moderate drinking

Heavy drinking

Smoking

Never smoker

Former smoker

Current smoker
Fevl9%pred

Fvesopred

Fevl/Fvc
HDL-cholesterol (mg/dL)
Serum C-reactive protein (mg/dL)
Serum albumin (g/dL)
History of whistling and/or wheezing
No

Yes

Persist phlegm

Yes

No

Persist cough

Yes

No

History of asthma, %
History of chronic bronchitis, %
fHistory of emphysema, %
History of clod or flu/year
No

Itime

>2times

Dyslipidemia, %

History of hypertension,%

CVD, cardiovascular dise:

Q1
>2883

431

306(77.3)
125(22.7)

343(78.8)
88(21.3)

146(73.5)
109(12.1)
166(8.6)
105.8)
1025 % 4,07

78(16.5)
153(34.5)
200(49.0)

354(82.1)
33(7.1)
34(10.8)

148(34.1)

180(43.4)

103(22.5)
101013
101£0.12
0794006

4289+ 12.81

054058
412039

55(17.0)
376(83.0)

34(10)
397(90.0)

29(6.8)
402(93.2)
16(5.6)
20(7.4)
421

157(30.0)
156(41.8)
117(28.2)
361(80.4)
192(46.0)

CHD, coronary heart discase; BMI, body mass indes

Q2

2307.5-2882.9

431

221(95)
210(40.6)

220(42.5)
211(57.5)

143(71.8)
132(15.7)
145(7.2)
11(52)

9.66 %431

71(15.9)
186(37.8)
174(46.3)

377(87.5)
15(7.0)
24(5.5)

190(41.7)
161(36.3)
80(22.0)

0940.13

094£0.13
0.78 4 0.08

46,54 % 14.08
074%1.19

4036

67(18.6)
364(81.4)

44(8.5)
387(91.5)

36(11.9)
395(88.1)
252(7.7)
35(8.6)
11(2.6)

166(36.7)
164(39.5)
100(23.8)
361(86.0)
206(46.1)

FEV1

Q3
1818-2307.4

434

134(36.3)
300(63.7)

110(26.0)
324(74.0)

150(63.4)
143(20.7)
124(6.3)
17(9.6)
891427

88(23.6)
144(30.0)
200(46.4)

385(91.5)
11(3.0)
13(55)

221(45.9)

149(37.0)

64(17.1)
0924017
093£0.16
0774009

483841553

079£107
3984036

81(21.9)
353(78.1)

42(11.5)
391(88.5)

38(10.5)
396(89.5)
25(9.2)
38(13.3)
13(4.7)

194(50.4)
147(30.6)
91(19.0)
394(93.9)
242(57.0)

V1, forced expiratory volume i

Q4
<1818

227

65(16.4)
362(83.6)

87(20.5)
340(79.5)

157(62.7)
156(23.4)
100(4.8)
14(9.1)
8034425

95(25.7)
149(31.0)
181(43.3)

364(94.0)
6(2.4)
12(37)

238(45.6)
121338)
68(20.5)

074023
077:£020
0.73£0.15

4957 £ 16,09

091:£1.13
391042

102(27.4)
325(726)

50(12.4)
377(87.6)

46(14.4)
381(85.6)
60(13.7)
62(18.5)
29(94)

203(49.4)
132(32.6)
86(18.0)
379(90.1)
255(59.9)

FVC,

P-value

<0.001

<0.001

<0.001

<0.001
0.034

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0309

0212

<0.001
<0.001
<0.001
<0.001

0.002
<0.001

forced vital capacity; HD]

FVC
Q1 Q2 Q3
>3750.5 2995.5-3750.4  2379-2995.4
431 431 432
267(707) 212(57.9) 162(39.9)
164(29.3) 219(42.1) 270(60.1)
377(849) 233(44.4) 97(18.9)
54(15.1) 198(55.6) 335(81.1)
176(79.0) 139(69.0) 136(65.0)
100(10.3) 133(16.3) 139019.1)
147(6.8) 148(7.7) 139(7.8)
8(3.9) 11(7.0) 18(8.1)
101542 9714417 8744428
89(16.3) 8120.0) 76(19.9)
166(36.2) 173(34.9) 156(34.8)
176(47.5) 176(45.1) 198(45.3)
347(81.6) 378(85.8) 385(93.5)
37(8.9) 16(6.2) 8(1.7)
34095) 27(8.0) 12(4.8)
119(27.6) 189(44.1) 220(43.5)
203(47.8) 157(36.9) 145(36.2)
109(24.6) 85(19.0) 67(203)
0.990.14 09340.16 0912018
1024012 0954013 0914016
0764009 0774009 0774009
43.07 1286 45.65 % 13.19 48441549
0.46 £ 0.61 0734103 0824109
4132037 3994039 3.98£0.36
53(14.5) 76(23.7) 86(25.5)
378(85.5) 355(76.3) 346(74.5)
40(9.8) 52(12.9) 34(8.1)
391(90.2) 379(87.2) 398(91.9)
36(7.3) 39(14.5) 3007.8)
395(927) 392(85.5) 402(922)
20(6.6) 28(9.1) 31(98)
20(7.7) 43(11.4) 38(14.3)
8(2.6) 18(5.6) 13(5.0)
161(33.7) 169(33.8) 187(48.2)
163(41.9) 155(38.2) 144(322)
106(24.4) 106(28.0) 98(19.5)
361(81.3) 362(85.6) 388(92.3)
193(46.0) 213(48.2) 226(56.5)

high-de

ity lipoprotein cholesterol.

Q4
<2379

429

85(23.5)
344(76.5)

53(12.8)
376(87.2)

145(54.9)
168(27.9)
101(5.5)
15(11.7)

82543

86(25.0)
137(263)
205(48.7)

370(95.5)
4(17)
10028)

269(56.8)
106(25.8)
54(17.4)
0784023
0764020
0.78 +0.13
502121672
0924123
3.90£0.40

90(21.3)
339(78.7)

44(10.8)
384(89.2)

44(13.5)
385(36.5)
4709.7)
54(13.7)
18(4.6)

203(50.0)
137(32.0)
84(18.0)
384(91.2)
263(58.1)

P-value

<0.001

<0.001

<0.001

<0.001
0152

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.004

0210

0372

<0.001

<0.001
0.169
0.066

0.006
<0.001
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DAA

N=30

TGF-B1 (ng/ml) 32.50 (28.37-40.03)

CG, control group; DAA, dilated ascending aorta; NDAA, non-dilated ascending.

Data are expressed as median (IQR).
P < 0.001 DAA vs. CG.

P < 0.001 NDAA vs. CG.

P =NS DAA vs. NDAA.

NDAA

N=20

27.68 (25.46-38.24)

N=40

63.92 (50.49-77.22)

<0.001
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DAA + NDAA

N =50
Age —0.0737
Aortic anulus —0.107
Aortic sinus —0.0111
Ascending aorta 0.218

CG, control group; DAA, dilated ascending aorta; NDAA, non-dilated ascending.

Spearman’s
P-value

0.653
0.443
0.934
0.484

N=30

—0.194
—0.0159
—0.101
—0.169

DAA

Spearman’s
P-value

0.328
0.674
0.782
0.933

N=20

0.0849

—0.106

—0.111
0.126

NDAA

Spearman’s
P-value

0.653
0.374
0.673
0.36

N=40

0.227
—0.0634
0.261
0.383

Spearman’s
P-value

0.244

0.309

0.101
0.0738
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EFF/L

0. No involvement
1. Low

2. Middle

3. High

MEMA

0. No involvement
1. Low

2. Middle

3. High
SMCNL/LMC

0. No involvement
1. Low

2. Middle

3. High

MF

0. No involvement
1. Low

2. Middle

3. High

TGF-B1

30.7 (29.25-40.05)
None
29.16 (13.6-44.72
31.29 (27.49-39.11)

36.67 (28.86-41.98)
24.06 (14.5-41.27)
4003
31.36 (28.67-38.13)

3227 (26.09-42)
34.01 (30.91-37.11)
4003
31.71 (25.86-38.13)

36.67 (26.9-41.98)
36.47 (30.91-42.03)
27.76 (15.25-32.45)
32.74 (29.66-38.68)

P-value

0.593

0.603

0.705

0.887

EFF/L, Elastic fiber fragmentation and loss; MEMA, Mucoid extra cellular matrix
accumulation; ME Medial fibrosis; SMCNL/LMC, Smooth muscle cell nuclei loss/laminar
medial collapse. Data are expressed as median (IQR).
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Patient characteristics (n = 85)

Age (years) 65 (59-71)
Female, n (%) 29 (34)
AF type

Paroxysmal, n (%) 51(60)

Persistent, n (%) 34 (40)
BMI (kg/m?) 29(26-31)
Hypertension, n (%) 64 (75)
Hyperipidemia, n (%) 18 21)
Diabetes, n (%) 15(18)
Prior stroke/TIA, 0 (%) 46
CAD, n (%) 16 (19)
Thyroid gland disease, n (%) 6(7)
CHADS,-VASC score 3(1-4)

Procedure characteristics (n = 85)

Procedure time (min) 70 (60-90)
LA dweliing time (min) 49 (42-58)
Fluoroscopy time (min) 7(6-11)
RF time (5) 312 (287-365)

AF, atral ibrllation; BMI, body mass index; CAD, coronary artery disease; LA, left atrium;
R, radiofrequency; TIA, transient ischemic attack. Continuous variables are expressed as
medians and interquartile ranges.
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Mean delivered power (W)
Maximum temperature (°C)
Temperature change (°C)
Generator impedance drop (Ohm)
Contact force (g)

Minimum contact force (g)
Maximum contact force (g)

84 (84-86)
47.6 (45.1-50.4)
13 (10.6-15.8)
8(6-10)
14(10-21)
6(3-11)
24 (17-35)

Variables are expressed as medians and interquartile ranges.
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Danlou Tablet for Coronary Heart Disease

Patient or population: patients with Coronary Heart Disease
tings:

Intervention: Danlou Tablet

llustrative comparative risks" (95% C1)
bopad e

Convo| Danlou Tablet

Study population

757 per 924 per 1000
1000 78 to 969)

Medium risk population
761 per
1000

R 1. 1352
(1.16 t0 1.28) (14 studies)

928 per 1000
(88310 974)

Frequency of Angina The mean Frequency of Angina Pectoris in the 836 SMD -248 (34210 -
Pectoris (10 studies)  low'? 154)

(34210 1.54 lower)
Duration of Angina The mean Duration umngmz Pectoris in the 836 000
Pectoris intervention groups ws (10 studies) low'?2

2.15 lower

(29110 1.4 lower)
Degree of Angina Pectoris The mean Degree nﬂAngina Pectoris in the 504 000 SMD -0.96 (139 to -

intenvention groups. (6 studies) low'2 053)

0.9 standard doviatins lower

(139 to 0.53 lower)

“The mean TC in the intervention groups was, 28 666

0.71 lower (3 studies) very low?3¢

(09210 051 lower)

o D s 28 &

0.38 lower (3 studies) very low?**

(053100 22 lower)
toLc The mean LDL-C in the intervention groups was 2% 000

.64 lower (3 studies) very low?*

(07610 0.5 lower)
HDL.C The mean HDL-C in the intervention groups was 228 ]

0.16 higher (3 studies) very low?3¢

(0.1 to 0.21 higher)
Adverse events Study population

98 per 1000 45 per 1000
(241086

RRO46 538
(0.24 t0 0.88) (7 studies) Tow'?2

Medium risk population
0per 1000 0 per 1000
(0t00)

“The basis for the assumed risk (e.g. the median contral group risk across studies) is prowded in footnotes The corresponding risk (and its 95% confidence interval)
is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI)

Cl: Confidence intenval: RR: Risk ratio
‘GRADE Working Group grades of evidence
High quality: Futther research is very unlikely to change our confidence i the estimate of eflect
Modume quality: Futther research is fikely to have an important impact on our confidence in the estimate of eflect and may change the estimate.
it resaichn vy sy o i an otz gact o o combiric 1 he eniels o st sy 13 cange i st
Very low quallty: W are very unceftai about th o
T Some of the studies did not describe randomization, and only one study desciibed blinding of partcipants and personnel, blinding of outcome assessment
2 Funnel plot test showed publication bias in the results.
3 Some of the studies did not describe randomization, and none of the studies described biinding of partcipants and personnel, biinding of outcome assessment
# Downgrading a notch was conducted because the number of included studies is small, and the confidence intenvl is wide.
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Pre-matching Post-matching

Variable Robot-assisted Conventional ~ p-value  Robot-assisted Conventional  p-value
MIDCAB MIDCAB MIDCAB MIDCAB
(n=130) (n=599) (n=130) (n=130)

Female sex, n (%) 15(12) 139 (23) 0.015 15(12) 20(15) >09
Age (years), median (IQR) 66(57,73) 66.(58,74) 06 66(57,73) 64(55,72) >09
BMI (kg/m?), median (IQR) 284 (26.6,31.3) 28.0(255,31.3) 05 28.4(26.6,31.3) 287 (257,319) >09
Diabetes, 1 (%): 07 >09

Diet 463.0) 26(43) 4(.1) 3(23)

0AD 24(18) 117 20) 24(18) 26 (20)

Insulin 18 (14) 60 (10) 18 (14) 14(11)
Hypertension, (%) 110 (85) 470 (78) 02 110 (85) 114 (88) =09
Smoking status, 1 (%): 012 >09

Non-smoker 39(30) 245 (41) 39(30) 47 (36)

Exsmoker 4807 205 (34) 48 (37) 47 (36)

Smoker 43(3) 149 (25) 4333) 36(28)
Renal failure, 7 (%) 3023 32(53) 03 3023) 3(23) >09
Dyslipidemia, (%) 108 (83) 388 (65) <0.001 108 (83) 112 (86) >09
Heart Rhythm, 1 (%): 03 >09

Sinus 122 (94) 549(92) 122 (94) 121(93)

Atrial fibrillation/flutter 3(23) 36 (6.0) 3(23) 5(3.8)

Pacemaker 5(38) 12(20) 5(8) 161
Cerebral atherosclerosis 5(338) 46(7.7) 02 5(38) 6(4.6) >09
Peripheral atherosclerosis, 7 (%) 16 (12) 86 (14) 07 16(12) 15(12) >09
COPD, 1 (%) 1310) 80 (13) 05 13 (10) 9(69) >09
Stroke, 7 (%) 8(6.2) 53(838) 05 8(62) 5(38) =09
CCS class, 1 (%): 0.003 >09

1 55(42) 193 (32) 55(42) 51(39)

I 47 36) 181 (30) 47 (36) 44 (34)

1 24(18) 13122) 2418) 30(23)

v 161 94 (16) 161 5(38)
NYHA dlass, 7 (%): 04 >09

1 59 (45) 263 (44) 59 (45) 64 (49)

1 47.36) 224(37) 47 (36) 43(33)

1 23(18) 87 (15) 23(18) 23.(18)

v 1(08) 25(42) 1(08) 0(0)
History of infarction, (%) 73 (56) 314 (52) 0.6 73 (56) 63 (48) >09
Previous cardiac surgery, 1 (%) 3023) 19(8.2) 0.065 3023) 3023) >09
Coronary disease, 1 (%): 0071 02

1-vessel disease 77 (59) 86 (48) 77 (59) 64 (49)

2-vessel disease 2701 195 (33) 2701 46 (35)

3-vessel disease 26.20) 118 20) 26 (20) 20(15)
History of PCI, 1 (%) 49(38) 184 (31) 02 49038 45 (35) >09
LVEE (%), median (IQR) 60 (50, 65) 60/(48, 65) >09 60 (50, 65) 60 (50, 65) =09
Severe heart valve disease, 1 (%) 5(38) 72(12) 0.024 5(38) 161 =09
Intravenous nitrates preop, 7 (%) 2(1.5) 14(23) 09 2(15) 2(1.5) >09
Intravenous inotropes preop, 1 (%) 00) 305) >09 00) 000) =09
Medication—Aspirin, 7 (%) 114 (88) 477 (80) 0.10 114 (88) 112 (86) >09
Medication—other antiagregants, 7 (%) 28(22) 72(12) 0019 28022 28(22) =09
Medication—anticoagulants, 7 (%) 17 (13) 123 (21) 0.12 17 (13) 16 (12) >09
Urgency of surgery, 7 (%): 0.004 =09

Elective 130 (100) 554(92) 130 (100) 130 (100)

Urgent 0(0) 40(6.7) 0(0) 0(0)

Emergent 00 5(0.8) 0(0) 0(0)
EuroSCORE I (%), median (IQR) 0.93(0.67, 1.80) 118 (078, 2.12) 0.029 0.93(0.67, 1.80) 0.90 (0.67, 1.44) =09

anadi

BMI, body mass index, cerebral and peripheral atheroscler Cardiovaseular

o

logically proven significant stenos

of corresponding vessels; C

ication, Cerebral atherosclerosis—radiologically proven s sis of marginal cerebral arteries; COPD, chronic obstructive pulmonary diseas
state when the patient had to be operated on the day of admission; EuroSCORE I, risk prediction model for 30 day post-operative mortality; IQR, interquartile range; LV]
ciection fracton; NYHA, New York Heart Association dysprea classifcation; OAD, oral antidiabetic drugs; PCI, percutancous coronary intervention; preops preoperatively
atherosdlerosis—radiologically pro of limb arteries, Renal failure—patient on dialysis stage 3 or higher according to the National Kidney
Foundation, Urgent surgery—non-elect . Bold values highlight statistically significant differences

ere stenosi
state when the patient had to be operated within one admi
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Odds ratio 95% CI p-Value

(Intercept) 0.000056 0-0.0041 <0.001
Age | 0.98-1.01 06
Male sex 236 136-4.19 <0.001
BMI 105 1.01-1.08 0.01

Contrast phase (vs. native)

Aterial phase 208 0.97-4.45 0.06
Pulmonary-arterial phase 292 161-5.44 <0.001
Venous phase 248 121-5.13 0.01
Mixed contrast phase 3.07 121-8.16 0.02
Other L64 036-7.56 051
Scan with ECG-triggering 368 0.39-82.52 03
DLP 1 1-1 029
Measurement location
As 094 09-099 0.02
STJ 109 103-115 <0.001
AA L2 1.06-1.19 <0.001
PA 1.04 0.96-1.13 035
MA 095 0.87-1.03 021
DA 101 0.96-1.06 073
Dilatation found at higher number of locations 142 L1-184 0.01

MLRM 2 revealed that dilatation reported by AIRad was more likely to be correct in male patients with higher BMI, when contrast was adn
J, AA and at more than one location.

AA, ascending aorta; AS, aort is; BMI, body mass index; DA, distal arch; DDA,
descending aorta; MLRM, multivariable logistic regression model; PA, proximal arch;

istered as well as when dilatation was reported

istal descending aorta; DLP, dose length product;
otubular junctic

ctrocardiogram; MA, mid arch; MDA,
ignificant.
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Parameter

Number of scans

Age (years)

Female sex

Weight (kg)

Height (m)

BMI (kg/m?)

Exam type

CT chest

CT chest + abdomen

Contrast phase
Non-contrast
Arterial phase
Pulmonary-arterial phase
Venous phase
Mixed contrast phase
Other

Scan with ECG-triggering

DLP (mGycm)

18,243
623£159
8,330 (45.7%)
74£17.2
1740.1
256454

13260 (72.7%)
4,983 (27.3%)

5,935 (32.5%)
2233 (12.2%)
4,203 (23%)
4,888 (26.8%)
768 (4.2%)
216 (1.2%)
153 (0.8%)
3304+ 3857
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Total reviewed cases True positive cases False positive cases p-Value

Number of scans 1,004 452 (45%) 552 (55%) -
Age (years) 682124 683£113 68.1:£132 085
Female sex 136 41(30.1%) 95 (69.9%) 0.001
BMI (kg/m?) 27453 279455 262449 0.001
Contrast phase
Non-contrast 598 224 (37.5%) 374 (62.5%) 0.001
Arterial phase 59 27 (45.8%) 32 (542%) 10
Pulmonary-arterial phase 114 73 (64%) 41(36%) 0.001
Venous phase 193 107 (55.4%) 86 (44.6%) 0.005
Mixed contrast phase 27 16 (59.3%) 11 (40.7%) 018
Other 13 5(38.5%) 8 (61.5%) 078
Scan with ECG-triggering 9 1(11.1%) § (88.9%) 0.09
DLP (mGycm) M324377 3748 £369.2 3173818 007
Locations, AIRad_positive
AS 556 256 (46%) 300 (54%) 035
ST 196 120 (61.2%) 76 (38.8%) 0.001
AA 414 250 (60.4%) 164 (39.6%) 0.001
PA 48 27 (56.3%) 21 (43.8%) [OE}
MA 105 42 (40%) 63(60%) 037
DA 68 32(47.1%) 36 (529%) 077
MDA 27 7 (25.9%) 20 (74.1%) 007
DDA 40 14 (35%) 26 (65%) 028
ABA 34 5(14.7%) 29 (85.3%) 0.001
Number of positive locations
1 612 244 (39.9%) 368 (60.1%) 0.001
2 198 106 (53.5%) 92 (46.5%) 0.006
3 7 53.(67.1%) 26 (329%) 0.001
4 19 14/(73.7%) 5(26.3%) 0.02
5 7 5(71.4%) 2 (28.6%) 026
Demographics, CT scan parameters and location-specific information on all cases reported as dilated by AlRad.

AA, ascending aorta; AS, aortic sinus; BMI, body ma
descending aorta; PA, proximal arch; ST}, sinotubular j

electrocardiogram; MA, mid arch; MDA, mi

dex; DA, distal arch; DDA, distal descending aorta; DLP, dose length product; EC
\ction. Bold p values were statistically significant.
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True positive cases

Number of cases 452
Locations

AS (mm) 44424433
STJ (mm) 4251403
AA (mm) 4463 £355
PA (mm) 4021 £327
MA (mm) 36,134 3.06
DA (mm) 33894391
MDA (mm) 3167328
DDA (mm) 31134395
ABA (mm) 2937 £417

Mean diameters and standard deviation per loca
AA, ascending aorta; ABA, abdominal aorta;
inotubular junction.

on for true positive, false positive and negative cases.
S, aortic sinus; DA, distal arch; DDA, distal descending aorta; MA, mid arch; MDA, mid descending aorta; PA, proximal arch; ST,

False positive cases
552

4398475
40.74 £ 4.10
278£372
39024350
35624342
33764527
31594 4.67
31404 4.97
29904 5.76

Non-dilated cases

17,239

3520439
33494 4.01
3569+ 4.14
33074382
30254349
2814334
2654351
2611375
2512379
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Odds ratio 95% CI p-Value

(Intercept) 0.000031 0-0.0002 <0.001
Age 1.04 1.03-1.04 <0.001
Male sex 10.11 7.05-15.06 <0.001
BMI 1.09 1.06-1.11 <0.001

Contrast phase (vs. native)

Arterial phase 031 0.19-046 <0.001
Pulmonary-arterial phase 04 029-055 <0.001
Venous phase 0.43 0.28-065 <0.001
Mixed contrast phase 06 0.34-0.99 006
Other 0.64 0.19-157 04
Scan with ECG-triggering 2,65 0.55-47.72 034
DLP 1 0.9997-1 073

Results from the MLRM Model 1 showed that cases reported as dilated (AIRad_positive) were more likely older, male patients with hi
reported in contrast-enhanced scans.
BMI, body mass index; DLP, dose length product; ECG, electrocardiogram; MLRM, multivariable logistic regres

er BML. Furthermore, dilatation w often

ion model. Bold p values were statistically significant.
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Characteristics
Female

No. (%) or mean + SD
32 (48)

Age

76.73 + 9.14

NYHA functional class

i

48 (73)

/v

18 (27)

Left ventricular ejection fraction (%)

61.83 £ 8.11

Diabetes

19 (29)

Hypertension

59 (89)

Severe COPD

3 (45)

STS Risk Score

Low

23 (35)

Intermediate

39 (59)

High

4(6)

PreLVMI (kg.m®)

90.40 + 25.18

One-year LVMI

89.51 + 22.96
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Variables

Female
Hypertension

Univariate

OR (95% Cl)
95 (051-1.76)
171 (0.86-3.41)

p
088

012

Multivariate

OR (95% CI)

p

Diabetes mellitus

157 (0.82-3.0)

016

Hyperlipidemia

143 (0.73-2.79)

029

Smoker

1.82 (0.98-3.38)

0.05

1.77 (0.92-341)

Arterial spasm

390 (1.77-862)

0.001

276 (1.18-6.45)

Catheterization time
>15 min

1.03 (1.01-1.05)

001

1.03 (1.01-1.05)

CHA2DS2-VASc

155 (1.27-1.89)

<0.001

1.44 (1.17-1.78)
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CHA2D2s- Patients | Radial artery | Successful Radial
VASc score (n:500) occlusion Flow After
(n, %) LMWH (n, %)

94 (18)
130 (26)
135 (27)
72 (144)
47 (94)
14 (28)
6(12)
2 (0.4)
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C

nonRAO
(n=455)

Electively

295 (64,8)

38 (844)

Diagnostics

261 (57.4)

32 (711)

Interventional

34(75)

6(133)

Urgent

160 (35.2)

7(156)

Diagnostics

30 (6.6)

0(0,0)

Interventional

130 (28.6)

7 (15,6)

Systolic blood pressure
(mmHg)

135+17.01

13121536

Diastolic plood pressure
(mmHg)

Heart rate/min

74,6 +8.31

75,1108

73854

69,2905

Procedure time/min

19.4+9.1

153829

Arterial spasm
Heparin dose/IU

4456 +2,729

4,008 2,521

TR band follow time/min

13118

128 £21






OPS/images/fcvm-10-1130152/fcvm-10-1130152-g006.jpg
o
s ~ > Ll
S b [
ﬂ N Ry S
] ) n A ]
L 6. & e &
o
S § S
g . v
I I ]
4 5 3
& &

o
5 8 g
| _ i
_1 n ]
& & g
g 3 S
N S ]
]
. I 1

< o

S G5 & &

I spow 7 apour € opowt

S1d S1d S1d





OPS/images/fcvm-10-1157087/fcvm-10-1157087-t001.jpg
Variables

Age

62+12.64

65+127

Gender Male, (n, %)

206 (45.3)

11 (244)

Hypertansion (r, %) 286 (62.9) 28 (622) 0526
Hyperlipidemia (n, %) 109 (24.1) 17 (37.8) 0931
Diabetes (n, %) 117 (25.7) 16 (35.6) 0.155
Smoker (1, %) 119 (41.8) 22 (489) 0428
Family history (n, %) 94 (297) 6(13.3) 0242
BMI 253 (+36) 238 (+28) | 0713
AF 17 (103) 122) 0003

Mean CHA2DS2-VASc score

175+ 139

277155

Medication (1, %)

391 (85.9)

26 (57.7)

Antiaggregant and
anticoagulant

2(04)

ASA 112 (246) 8(17.8) 0307
Clopidogrel 14(.) - <0001
ASA and Clopidogrel 160 (35.2) 15 (333) 0829
ASA and Ticagrelor 58 (12.7) 2 (44) 0024
Warfarin 18 (4.0) - <0.001
Rivaroxoban 27(5.9) 12) 0143
‘Without medication (1, %) 64 (14.1) 19 (422) 0.001

RAO, radial artery occlusion; BMI, body mass index; ECG, elctrocardiogram; AF,
atrial fibrillation;
ASA, asetil salicylclic acid.
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Experimental Control Risk Ratio Risk Ratio

Study or Subgroup _ Events _ Total Events Total Weight M.H, Fixed, 95% Cl M-H, Fixed, 95% Cl
Kang RK 2013 0 20 0 20 Not estimable

Ma XF 2017 2 40 8 40 308%  0.25(0.06,1.11) —
RenDZ 2014 0 34 0 34 Not estimable

‘Wang L 2015 0 30 0 Not estimable

‘wang M 2018 4 50 3 50 11.5% 1.33(0.31,5.65) =i
Wei Q2015 0 40 0 30 Not estimable

Xing XH 2020 6 60 15 60 57.7%  040(0.17,0.96] —

Total (95% CI) 274 264 100.0%  0.46[0.24,0.88] >

Total events 12 2

Heterogeneity. Chi*= 2.83, df= 2 (P = 0.24); F= 29% 0002 o1 10 500

Testfor overall eflect Z= 2.35 (P = 0.02) Favours [experimental] Favours [control]
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utcome index Course (days) | Number of studies Heterogeneity Meta-analysis results
P Model 95%Cl

Clinical treatment effect 28 6 7% 037 RR Fixed 1.24 (116, 1.34) <0.00001
30 5 0% 099 effect 119 (111, 1.29) <0.00001
56 1 NA NA 1.20 (1.06, 1.36) 0.003
180 2 0% 056 120 (099, 1.44) 006

Duration of angina pectoris 28 6 89% <0.00001 MD —1.69(-2.29, -1.09) | <0.00001
30 3 67% 005 Random | —369(~433, —3.05) | <0.00001
180 1 NA NA effect —0.40(~1.15, 0.35) 0.30

Frequency of angina pectoris 23 6 96% <0.00001 SMD —222(-343,-1.01) | 00003
30 3 94% <0.00001 Random | —359(~5.02, —2.16) | <0.00001
180 1 NA NA efiect —0.67(=1.31, —0.03) 004

Degree of angina pectoris 28 3 80% 0006 SMD —0.84(~1.45, —0.22) 0.008
30 2 72% 006 Random | —1.42(-2.01, -0.83) | <0.00001
180 i NA NA effect -0.26(~0.89, 0.36) 0.41

NA, data MD,

Rl R e

: SMD, standard

: Cl, confidence interval. The bold font indicates a statistically significant difference between the
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Adverse event Treatment group | Control group
(n=264)
Abnormal blood routine [n (%)] 1 (0.0036) 4(00152)
Abdominal distension [ (%)] 1(0.0036) 4(00152)
Diarrhea [n (%)] 4 (00146) 5 (0.0189)

Nausea, vomiting [n (%)] 2 (0.0073) 4(0.0152)
Thirst [ (%)] 0 2 (0.0076)
Abnormal liver function [# (%)] 1(0.0036) 3 (00114)
Erythra [ (%)) 2 (00073) 2 (0.0076)
Insomnia [n (%)] 1 (0.0036) 1 (0.0038)
Add up [n (%)] 8 (0.0292) 23 (0.0871)
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Experimental Control Mean Difference Mean Difference
Study or Subroup _ Mean _SD_Total Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 95% CI
RenDZ 2014 14 056 34 112 018 34 65% 0.28(0.08 048
Wei Q2015 129 02 40 115 026 30 20.4% 0.14[0.03,0.25] —
Zang JH 2018 142 017 45 127 0N 45 730% 0.15(0.08,0.21] -+
Total (95% CI) 19 109 100.0% 0.16[0.11,0.21] &>
Heterogeneity. Chi*=1.63, df= 2 (P = 0.44), F= 0% 05
Test for overall effect Z= 6.07 (P < 0.00001)

-0.25 0.2
Favours [control] Favours [experimental]
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Experimental Control

Study or Subgroup _Mean _SD_Total Mean SD Total Weight

Mean Difference
IV, Fixed, 95% CI

Mean Difference
IV, Fixed, 95% CI

RenDZ 2014 255 103 34 33 098
Wei Q 2015 183 07 40 239 072
Zang JH 2018 218 033 45 284 035
Total (95% CI)

Heterogeneity: Chi*=1.38, df= 2 (P = 0.50); F'= 0%
Testfor overall effect: Z=10.00 (P < 0.00001)

34
30
45

109

6.9%
13.8%
79.3%

100.0%

0.751.23,-0.27)
-0.46-0.80,-0.12)
-0.66 [-0.80,-0.52)

-0.64[-0.76,-0.51]

-+
>

Favours [experimental] Favours [control]
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Variable Group 1 Group 2 (General | p
(Chemo admission
n=239) n=9,304)

Age (Years), mean, SD 6540 (12.39) 5085 (20452)

Gender n Male (%) 106 (44.35%) 4,009 (43%)

Indigenous Status Yes (%) 11 (46%) 776 (8.3%)

Marital Status n (%)

Never Married 31 (13.1) 1,924 (20.7)

Widowed 27 (11.4) 932 (10)

Divorced 20 (8.4) 472 (5.1)

Separated 11 (4.6) 303 (3.3)

Married 147 (62) 5,651 (60.7)

Not stated 1(04) 21 (02)

(30 days)

Heart failure - Yes, N (%) 0 31(03)

Acute coronary syndrome 1(04) 15 (02)

Yes, N (%)

Aurial fibrillation 1(04) 28 (03)

Stroke 0(0) 701

Al cause cardiac 301 96 (1.0)

(12 months)

Heart failure - Yes, N (%) 15 (5.6) 459 (4.9)

Acute coronary syndrome- 16 (5.9) 259 (2.8)

Yes, N (%)

Atrial fibrillation 22(82) 414 (4.5)

Stroke 4015 122 (1.3)

All cause cardiac 46 (17.1) 1225 (13.2)

Mortality Analysis

Deceased (Yes), N (%) 136 (495) | 952 (10.2)
Days to death from first | 510.13 (401.06) | 134836 (99491)
admission, Mean (SD)
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Search

’IncludedH Eligibility H Screening ‘

5844 articles were identified databases ) ) .
" A total of 5 five articles were obtained
as follows: Cochrane library,1308; ]
by consulting conference papers,

il palild academic reports,and dissertations
Web of Science,2144 ports,

l

[1 852 duplicate studies were excluded and 3997 remained]

|

3874 articles were excluded by 3874 articles were excluded
reading the titles and abstracts, —2454: not relevant to the subject
and 123 remained -1420: other interventions

102 articles were excluded

-28: research objective was inconsistent
-63: intervention was inconsistent

—11: other types of research

102 articles were excluded by
reading the full text and 21
remained

[21 articles were finally includedj
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First author Study design | Patiens (n) | ECMO (n) A ECMO + IABP (n) Mean age Male AHT CAD | Pre. stroke | Pre. Mi
Aoyama et al. (21) 2014  |Japan Retrospective cohort 38 3 35 60 88 NC NC NC NC NC
Chung et al. (22) 2011 |Korea Retrospective cohort 20 6 14 61 70 45 35 NC NC NC
Kagawa et al. (25) 2012 |Japan Retrospective cohort 76 15 61 63 70 54 27 NC NC 19
Muller et al. (26) 2016 |France Retrospective cohort 138 42 96 55 80 NC NC NC NC NC
Negi et al. (27) 2016 |US Retrospective cohort 15 6 9 57 60 NC NC NC NC NC
Overtchouk et al. (28) 2016 | France Retrospective cohort 106 43 63 53 84 39 21 23 NC 22
Park et al. (29) 2014 | Korea Retrospective cohort 96 55 41 65 76 23 31 19 NC 12
Sakamoto et al. (30) 2012 |Japan Retrospective cohort 98 4 94 72 66 45 35 NC 9 6
Van den Brink et al. (32)| 2021  |Netherland Retrospective cohort 18 11 7 60 78 32 NC 17 NC NC
Xuetal. (31) 2016 |Australia Retrospective cohort 16 11 5 62 62 NC 38 NC NC NC
Kuroki et al. (23) 2021  |Japan Retrospective cohort 627 89 538 65 84 NC NC NC NC NC
Nishi et al. (24) 2022 |Japan National registry 3,815 851 2,964 67 82 21 19 NC NC NC

Vales are presented in percentages unless indicated otherwise. AHT, arterial hypertonus; CAD, coronary artery disease; DM, diabetes mellitus type 2; pre., previous.
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Characteristic n (%)

Sex, (Male) 114 (42.5)
Age, mean (SD) 635 (13.1)
BSA, mean (SD) 19 (03)
Current smoker 97 (362)
Former smoker 50 (18.7)
Daily alcohol consumption 46 (17.2)
Medical History
Cardiovascular admission 49 (183)
PCI 9 (34)
CABG 4 (15)
Hypertension 140 (52.2)
Diabetes History 47 (17.5)
Dyslipidaemia 103 (38.4)
Ischemic heart disease 18 (6.7)
CVD history 57 (21.3)
Arterial fibrillation 18 (6.7)
Pulmonary 2(07)
Congestive heart failure 21(7.8)
COPD/Asthma 37 (138)
Chronic Renal Failure 6(22)
Anxiety/Depression 28 (10.4)
Stroke 11 (41)
p
Anti-platelet agents 6(22)
15 (5.6)
Beta-blockers 42 (157)
ACEIARB 81 (302)
HMG-CoA reductase inhibitors 57 (213)
Diuretics 19 (7.1)
Calcium channel blockers 8 (3.0)
Anti- Arrhythmic 301
Diabetes Treatment 34 (127)

BSA. area;

! CABG, coronary

PCI, ry
artery bypass graft; CVD, cardiovascular disease; COPD, chronic obstructive
pulmonary disease; NOAC, non-vitamin K antagonist oral anticoagulants; ACE|

qi \q enzyme: ARB,

Sersin reasotor blockers.
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Representativeness of | Ascertainment of | Ascertainment of | Outcome of interest | Cohorts comparable | Assessment of | Adequacy of Adequacy of
the exposed cohort exposure exposure not present at the start on the basis of outcome duration of | completeness of
of study design or analysis follow-up follow-up

Mueller

Overtchouk * * * * *
Park * * * * *
Sakamoto * * * * %
van den Brink % * * * .
Xu * * * *

Kuroki * * * * * *
Nishi % * * * *

*The study fulfilled the criteria.
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ceramide heart/liver /kidney score

=3 Bk x ceramideor ratio concentration + b






OPS/images/fcvm-09-1104357/fcvm-09-1104357-g005.jpg
ECMO ECMO + IABP Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% ClI M-H, Fixed, 95% ClI
Park 2014 10 55 9 41 80.8% 0.79[0.29, 2.17]
van den Brink 2021 5 11 3 7  19.2% 1.11 [0.16, 7.51]
Total (95% CI) 66 48 100.0% 0.85 [0.35, 2.08]
Total events 15 12

Heterogeneity: Chi’ = 0.10, df = 1 (P = 0.76); I’ = 0%
Test for overall effect: Z = 0.35 (P = 0.72)

0.1 1 10
Favours ECMO Favours ECMO + |ABP

100
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gan dysfunctions

Cardiac injury

Univariable Multivariable

Odds ratio (95% Cl) z-value P value Odds ratio (95% Cl) z-value P value

Cer(d18:1/16:0)

Cer(d18:1/18:0)

191 (1.29-2.83)

Cer(d18:1/24:1)

245 (1.76-3.42)

Cer(d18:1/24:0)

1.67 (1.21-2.32)

Cer(d18:1/16:0)/Cer(d18:1/2

1.33 (0.98-182)

Cer(d18:1/18:0)/Cer(d18:1/24:0)
Cer(d18:1/24:1)/Cer(d18:1/:

1.67 (1.32-2.11)
151 (1.08-2.10)

220 (1.51-321)

Liver dysfunction

Cer(d18:1/16:0)

243 (1.71-3.47)

208 (1.24-351)

Cer(d18:1/18:0)

1.59 (1.27-197)

Cer(d18:1/24:1)

2.03 (1.54-2.69)

228 (1.51-3.45)

Cer(d18:1/24:0)

056 (0.63-0.79)

046 (0.32-0.65)

Cer(d18:1/16:0)/Cer(d18:1/24:0)

2.03 (1.53-2.70)

Cer(d18:1/18:0)/Cer(d18:1/

1.63 (1.32-2.01)

Cer(d18:1/24:1)/Cer(d18:1/24:0)

2.46 (1.83-331)

207 (1.38-3.10)

Kidney dysfunction

Cer(d18:1/16:0)

2.68 (1.89-3.79)

3.10 (1.73-5.56)

Cer(d18:1/18:0)

1.33 (1.08-1.63)

Cer(d18:1/24:1)

1.72 (1.31-224)

Cer(d18:1/24:0)

1.27 (0.96-1.68)

Cer(d18:1/16:0)/Cer(d18:1/24:0)

1,50 (1.15-1.97)

1.64 (1.08-2.48)

Cer(d18:1/18:0)/Cer(d18:1/

115 (0.94-1.39)

Cer(d18:1/24:1)/Cer(d18:1/24

1.40 (1.06-1.83)
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ECMO ECMO + |ABP Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed, 95% Cl
Chung 2011 3 6 11 14 8.2% 0.27 [0.04, 2.11] -
Overtchouk 8 43 24 63 39.2% 0.37 [0.15, 0.93] ——
Park 2014 21 55 30 41 52.6% 0.23 [0.09, 0.55] ——
Total (95% Cl) 104 118 100.0% 0.29 [0.16, 0.53] .
Total events 32 65
ity: Chi? = =2(P= 12 = : : : :
Heterogeneity: Chi® = 0.58, df = 2 (P = 0.75); I = 0% 001 01 1 10 100

Test for overall effect: Z = 4.02 (P < 0.0001) Eaveurs [ECMO+IABP]- Favours [ECMO]
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No-event group Event group P value

(N=732) (N=232)
Male sex, 1 (%) 613 (62) 176 (65)
Age, years [ 62144 68140
Clinical history, n (%)
Smoking 159 (23) 36 (18)
Hypertension 420 (59) 137 (60)
Diabetes mellitus 243 (34) 95 (42)
Hyperlipidemia 244 (34) 68 (30)
CKD 122 (17) 53 (23)
Prior MI 116 (16) 40 (18)
Prior stroke 98 (14) 34 (15)
Auial fibrillation 207 (29) 7131)
278 (39) 79 (35)
391 (55) 127 (56)
187 (28) 59 (27)
324 (48) 88 (40)
158 (24) 72 (33)
SBP, mmHg 12824 125224
DBP, mmHg 7615 74217
Heart ratebpm 84121 8620
LVEF, % 45+15 44=15
Laboratory data
HDL-C, mmol/L 108058 100032
LDL-C, mmol/L 2532092 2472081
TG, mmol/L 135088 123+ 108
TC, mmol/L 4125112 400104
hs CRP 81211089 1157 £1357
BNP 980 +1,022 1414 %1389
D-Dimer 633.1+2397.5 954.3 1,886.7
HB, gL 13342235 1272241
CINI 170717 2782871
Na+ 1390 =387 13802499
K+ 4192056 4292071
LnCr 4522058 462 0.66
Therapy
Statin 297 (51) 79 (54) 0.483
ACEUARB 205 (35) 42(29) 0.145
B-blocker 353 (59) 87 (59) 0.887
Diuretic 393 (66) 107 (72) 0134
Spironolactone 279 (47) 76 (52) 0296
Digoxin 178 (24) 35 (27) 0.975
ANRI 71(11) 119 0414

LVEF, left ventricular ejection fraction; BNP, brain natriuretic peptide; CKD, chronic
kidney disease; MI, myocardial infarction; VHD, valvular heart disease; CAD
coronary artery disease; NYHA, New York Heart Association; SBP, systolic blood
pressure; DBP, diastolic blood pressure; HDL-C, high-density lipoprotein
LDL-C, low-density lipoprotein cholesterol; TC, total
TG, triglycerides; hs-CRP, high sensitivity C-reactive protein; HB, hemoglobin;
CTNI, high-sensitivity cardiac troponin I; ACEVARB, angiotensin converting
enzyme inhibitor or angiotensin receptor blocker: ANRI, enkephalinase inhibitors.
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Lifestyle factor

Healthy Diet —0.41 0.11 <0.001
No or moderate alcohol -0.95 011 <0.001
Physically active -104 0.16 <0.001
Non-smoking 237 0.30 <0.001
Overall lifestyle score 075 007 <0.001
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Val

ion Cohort (N=296)
Feature

NRI (95% CI)

IDI (95% C1)

Prediction of combined endpoint
ADHERE score

ADHERE score+ CHFS
ADHERE score+ BNP
ADHERE score+ BNP+CHFS
Prediction of All-cause motility
ADHERE score

ADHERE score+ CHFS
ADHERE score+ BNP
ADHERE score+ BNP+CHES

0.17(0.12046)
037(0.09,0.66)
042(013,0.70)

0.30(0.15,045)
027(0.12,041)
0.49(0.200.78)

0.00:0.01,002)
0.01(0.01,003)
0.01(0.01,003)

0.01(0.01,0.02)
0.02(0.01,0.03)
0.02(:0.01,005)

‘Standard Hazard Ratio

Ceramide Heart Failure Score

Interaction P=0.135

0

600

DOV
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A ECMO + IABP ECMO Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% ClI M-H, Fixed, 95% CI
Ayoma 2014 22 35 2 3 0.3% 0.85[0.07, 10.27] "
Chung 2011 7 14 3 6 0.5% 1.00 [0.15, 6.77]

Kagawa 2012 46 61 1.5 15 1.5% 0.10 [0.01, 1.71] +

Kuroki 2021 346 538 T2 89 10.8% 0.43 [0.24, 0.74] —
Muller 2016 50 96 23 42 3.8% 0.90 [0.43, 1.86] —
Negi 2016 5 9 3 6 0.4% 1.25 [0.16, 9.92]

Nishi 2022 2234 2964 774 851 72.5% 0.30[0.24, 0.39] ! |
Overtchouk 2018 33 63 34 43 4.7% 0.29[0.12, 0.71] -

Park 2014 2l 41 30 55 3.1% 0.88 [0.39, 1.97] ——
Sakamoto 2012 62 94 4 4 0.7% 0.21 [0.01, 4.09]

van den Brink 2021 0 7 4 11 0.8% 0.11[0.01, 2.45] +

Xu 2016 2 5 9 11 0.8% 0.15[0.01, 1.56]

Total (95% CI) 3927 1136 100.0% 0.36 [0.30, 0.44] &

Total events 2828 973

Heterogeneity: Chi?

=17.96,df =11 (P = 0.08); I° = 39%

0.1

10

Test for overall effect: Z = 10.28 (P < 0.00001) O-Ogavours [ECMO + IABP] . Favours [ECMO] LB
B ECMO + IABP ECMO Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% ClI M-H, Fixed, 95% ClI

Ayoma 2014 22 35 2 3 1.2% 0.85[0.07, 10.27] v

Chung 2011 4 14 3 6 1.9% 1.00 [0.15, 6.77]

Kagawa 2012 46 61 15 15 5.5% 0.10 [0.01, 1.71] +

Kuroki 2021 346 538 72 89 39.3% 0.43 [0.24, 0.74] —i—

Muller 2016 50 96 23 42 13.7% 0.90[0.43, 1.86] — =

Negi 2016 5 9 3 6 1.4% 1.25 [0.16, 9.92]

Nishi 2022 2234 2964 774 851 Not estimable

Overtchouk 2018 33 63 34 43  17.2% 0.29[0.12, 0.71] =

Park 2014 21 41 30 55 11.2% 0.88 [0.39, 1.97] —

Sakamoto 2012 62 94 4 4 2.6% 0.21 [0.01, 4.09]

van den Brink 2021 0 7 4 11 3.0% 0.11[0.01, 2.45] + g

Xu 2016 2 5 9 11 3.0% 0.15[0.01, 1.56]

Total (95% CI) 963 285 100.0% 0.50 [0.37, 0.69] E 3

Total events 594 199

- A .12 0 1 | |
Heterogeneity: Chi* = 10.98, df = 10 (P = 0.36); I° = 9% 001 0'1 10 100

Test for overall effect: Z=4.19 (P < 0.0001)

Favours [ECMO + |ABP]

1
Favours [EC

MO]





OPS/images/fcvm-10-1160091/fcvm-10-1160091-t002.jpg
Clinical diagnosis

Accelerated aging

Decelerated aging

95% Cl 95% Cl

Atrial fibrillation 0.63-0.93
Type 2 diabetes 130 1.13-149 <0.001 0.74 0.62-0.87 <0001
Heart failure 1.84 1.30-2.60 <0.001 0.89 0.58-1.36 0.58
111 1.04-1.18 0.001 0.86 0.81-0.93 <0.001
Hypertension 128 1.22-1.35 <0.001 0.67 0.63-0.71 <0.001
Myocardial infarction 1.05 0.85-1.29 0.64 0.84 0.66-1.06 0.14
Stroke 129 0.90-1.84 017 0.79 0.52-1.21 0.28

Decelerated aging: Participants with the first tertile Aage; normal aging: participants with the second tertile Aage; accelerated aging: participants with the third tertile of
xage (ECG-age minus chronological age)
OR. ks rstio: comparing i narmsl ading: Cl. confidencs intiarval:
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Characteristics* Decelerated Normal Accelerated
agint aging aging
(N=14,698) | (N=14,698)  (N=14,698)
Age, years 648 65+8 64+8
Women, (%) 8,633 (58.7) 7,472 (508) 6451 (445)
SBP, mmHg 133+18 137219 14019
DBP, mmHg 7910 82:10 83:11
BMI kg/m2 258242 26744 268+44
Atrial fibrillation, n (%) 170 12) 259 (2.8) 437 (3.0)
Type 2 diabetes mellitus, | 243 (1.7) 367 (2.5) 386 (3.3)
n (%)
Heart failure, n (%)
Hypercholesterolemia,
n (%)

38 (0.3)
1,872 12.7)

50 (0.3)
2,361 (16.1)

93 (0.6)
2,568 (17.5)

n (%)
Myocardial infarction,
n (%)

Stroke, n (%) 37 (0.3)
Healthy lifestyle scores 3008 30408 29+08
Healthy diet, n (%) 7,029 (47.8) 6677 (45.4) 6,492 (44.2)
No or moderate alcohol | 10,086 (68.6) | 9987 (67.9) 9,625 (65.5)
consumption, 7 (%)
Physically active, n (%) | 12,949 (88.1) | 12,804 (87.1) | 12,648 (86.1)
Non-smoking, n (%) 14298 (97.3) | 14249 (969) | 14083 (95.8)

2,621 (17.8)
119 (08)

4,530 (30.7)
189 (13)

3,816 (26.0)
173 (12)

54 (0.4) 69 (0.5)

Values are n (%) for dichotomous variables, mean + standard deviation for
continuous variables. Differences between tertiles were assessed by one-way
ANOVA test for continuous variables or Pearsons chi-squared test for
dichotomous variables. All of them were significant (P < 0.05)

+BMI. body mas dex: SBP: sysiolic bload pressure: DBP. disstolic blood prassure.
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Unadjusted

1.01(0.75,1.35)
1.69(1.03.2.77)
121(0.89,1.64)
0.86(0.70,1.06)
0.81(0.63,1.05)
1.17(0.80,1.71)
0.55(0.37.,0.82)
2.58(1.74,3.82)
1.65(1.22,2.22)

1.99(1.40,2.82)

Hazard Ratio (95%CI) Hazard Ratio (95%CI)
Cer(d18:1/14:0) I 1.15(0.94,1.41) —_
Cer(d18:1/16:0) 1.95(1.39,2.74) —_—
Cer(d18:1/18:0) — 1.34(1.08,1.65) ———
Cer(d18:1/20:0) A 1.04(0.91,1.20) ——
Cer(d18:1/22:0) —_— 0.99(0.83,1.19) =
Cer(d18:1/24:1) —— 1.33(1.03,1.73) =rr=
Cer(d18:1/24:0) —_— 0.69(0.53,0.91) ——
Cer(d18:1/16:0)/Cer(d18:1/24:0) —— 2.10(1.62,2.7) S
Cer(d18:1/18:0)/Cer(d18:1/24:0) —_—— 1.56(1.27,1.91) _—
Cer(d18:1/24:1)/Cer(d18:1/24:0) —t— 1.75(1.39,2.21) —_—

T T

5 1 25 1
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Variables OR (95% CI) p value

FGF21* 4.607 (3.542-5.993) <0.001
Body shape variables

Height 0.983 (0.965-1.001) 0070
Weight 1.028 (1.015-1.042) <0.001
Waistline 1.074 (1.054-1.094) <0.001
Hipline 1.000 (0.990-1.010) 0974
Neckline 1.080 (1.032-1.129) 0.001
BMI 1178 (1122-1.237) <0.001
ABSI 8223 + 48 (1.756E + 30-3851E + 67) <0.001
WHR 3.010 (1.711-5.296) <0.001
Abdominal obesity 2.022 (1414-2.890) <0.001
General and ical variables

Current drinking 0712 (0518-0.978) 0.036
Age 1.088 (1.069-1.108) <0.001
T2DM duration 1.006 (1.004-1.008) <0.001
HbAlc" 0.178 (0.093-0339) <0.001
TG 1.350 (1.062-1717) 0.014
eGER* 0.016 (0.005-0.049) <0.001

“Log transformed before analysis.
The use-of bold smphasis is i mark the statistically sianificant indicators.
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Serum
LnFGF21

Variables

‘Waistline

Serum
LnFGF21

(age-
adjusted)

0152
0200

Serum
LnFGF21
(age-and

T2DM
duration-
adjusted)

r p

Neckline

0085

BMI

0221

ABSI

0052

WHR

0.001

Abdominal obesity

0131

Current drinking

—0.063

Age

T2DM duration

~0.003

HbAlc*

0007

TG

0210

eGFR*

-0.112

HP

0.405

No anti-diabetic use

0011

Insulin + OHA

~0.039

“Log transformed before analysis.

The e of bold smiphasis ie o merk the statisticaliy Siarificant ihdicatons.
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Variables Healthy T2DM_No_HP T2DM_HP p T2DM_HP vs. p T2DM_No_HP vs. p T2DM_HP vs.
(n=258) (n=404) (n=341) Healthy Healthy T2DM_No_HP

FGE21, pg/ml 12392 (67.23- 220,65 (142.8- 534.9 (3226~
219.32) 347.55) 7222)

Body shape variables

Height, cm 16257 £7.62 16498 +8.02 163.94£7.55 0028 <0.001 0.069
Weight, kg 5910+ 10.14 67.90+11.16 71511176 <0.001 <0.001 <0.001
Waistline, cm / 8770838 92834878 / / <0.001
Hipline, cm / 74.14 + 14.07 74.17 * 14.60 / / 0974
Headline, cm / 5647 +2.64 56.72+2.25 / / 0.173
Neckline, cm / 3740 £379 3829317 / / <0.001
BMI kg/m* 2228292 24,86+ 3.069 2653 £ 340 <0.001 <0.001 <0.001
ABSI, m' kg™ / 0.08 + 0.003 0.082 +0.004 1 1 <0.001
WHR / 1221025 130028 / / <0.001
Abdominal obesity, [; 158 276 / I <0.001
%

General and variables

Male, % 419 748 739 <0.001 <0.001 0801
Current smoking, 166 374 358 <0.001 <0.001 0703
%

Current drinking, 195 332 261 0103 0.001 0.037
%

Age, years 41361225 49.03+11.03 5682799 <0.001 <0.001 <0.001
T2DM duration, 59.72+73.86 97.06+88.03 <0.001
months

FPG, mmol/L 482 (451-5.11) 7.7 (63-9.65) 7.3 (61-92) <0.001 <0.001 0.093
HbALG, % 54 (5.17-56) 89 (7.4-111) 8.0 (7.1-9.6) <0.001 <0.001 <0.001
SBP, mmHg 117.84+13.04 12681 £17.24 143441934 <0.001 <0.001 <0.001
DBP, mmHg 7049 £ 9.09 7386+ 1044 79321110 <0.001 <0.001 <0.001
TG, mmol/L 1.13 (0.81-1.57) 1.5 (1.0-2.3) 1.8 (1.2-2.4) <0.001 <0.001 0.002
TC, mmol/L 4.95 (432-5.51) 47 (40-5.5) 4.6 (3.9-5.3) 0.074 0.386 0311
HDLc, mmol/L | 136 (1.14-154) 10 (09-1.2) 10 (09-1.2) <0.001 <0.001 0762
LDL-c, mmol. | 311 (256-372) 29 (23-35) 37 (21-34) 0.009 0.264 0.080
€GER, ml/min/ 11849 (10918~ | 1097 (1008-117.15) | 1011 (90.9- <0.001 <0.001 <0.001
1.73m* 128.38) 107.6)

Anti-diabetic drugs

No, % / 334 26 / / 0.001
Insulin, % / 82 70 / ! 0.583
OHA, % / 40.8 39.3 / / 0.708
Insulin + OHA, % / 186 308 it / <0.001

Data are presented as mean + SD, or median (interquartite range); FGF1, fibroblast growth factor 21; BMI, body mass index; ABSI, a body shape index; WHR, waistline 1o
hipline ratio; FPG, fasting plasma glucose; HbALc, haemoglobin Alc; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglyceride; TC, total cholesterol;
HDL-c, ty lipoprotein LDL-c, ipoprotein €GFR, estimated glomerular filtration rate; No, no hypoglycemic agents use;
OHA, oral hypoglycemic agent

The iiss of bold mphasis is 1o rark the ststistcaliy sighificant dicaons.
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~ Waistline

~— LnFGF21

— Age

— LnFGF21+Age

~— LnFGF21+Waistline

~ LnFGF21+WaistlinetAge
2 Baseline
z
z
@

00 0.2 04 0.6 08 10
1-Specificity
ROC curve

Variables AUC 95% CI p value
Waistline 0.661 0.622-0.700 <0.001
LnFGF21 0.789 0.756-0.823 <0.001
Age 0.709 0.672-0.745 <0.001
LnFGF21+Age 0.835 0.806-0.864 <0.001
LnFGF21+Waistline 0.805 0.773-0.837 <0.001

LnFGF21+Waistline+Age

0.854

0.827-0.881 <0.001
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Authors

Year

Intervention vs. control

Major findings

Study size

Study population

Role of functional studies in stenotic coronary arteries in patients with AS

Primary outcome

Pesarini et al. (23)

Total 133
coronary lesions
in 54 patients

2016

Patients with severe AS undergoing TAVR

FFR before and after TAVR during the
same procedure

Change in FER before and after
TAVR

Minor variations in FFR before and after

Ahmad et al. (16)

Impact of CAD on outcomes of

Total 30 coronary
lesions in
28 patients

AV replacement

2018

Patients with severe AS undergoing TAVR

Change in intracoronary pressure and
flow assessments at rest and during
hyperemia immediately before and after
TAVR

Change in wave-free and maximal
hyperemic flow ratios before and after
TAVR

TAVR had no effect on flow during the
wave-free period of diastole, suggesting that
indices such as iFR may not be confounded
by the effect of AS

Sankaramangalam et al. (31)

8013

2017

Meta-analysis of patients with severe AS
undergoing TAVR

Comprehensive literature search of
studies reporting outcome of TAVR
based on CAD status of patients

Outcome of TAVR based on pre-
procedure CAD status of patients
(with CAD vs. without CAD)
All-cause mortality at 30 days and 1
year

No significant difference at 30 days after
TAVR. CAD group had a significantly
higher incidence of all-cause mortality at 1
year

Millan-Tturbe et al. (32) 994 2018 | Patients with or without CAD undergoing | Prospective outcome of TAVR based on | Difference in survival and need for | No difference in primary outcome between
TAVR pre-procedure CAD status of patients | revascularization post-TAVR between | both groups
those patients with or without
obstructive CAD
Witberg et al. (33) 1270 2017 | Patients with severe AS undergoing TAVR | Association of CAD severity and All-cause mortality following TAVR | Severe CAD and incomplete
revascularization completeness with all- revascularization were associated with
cause mortality following TAVR increased mortality post TAVR
Timing of PCl in patients TAVR
Singh et al. (37) 22344 using the | 2016 | Patients with CAD undergoing TAVR Outcomes of TAVR when performed | Mortality, complications, and cost of | Higher incidence of in-hospital mortality
Nationwide with PCI during the same hospitalization | TAVR when performed with PCI | and an increase in vascular complications in

Inpatient Sample

during the same hospitalization

patients who underwent PCI and TAVR
during the same hospitalization

ACTIVATION (PercutAneous 25 2021 | Patients with severe CAD undergoing TAVR | Patients who underwent PCI and no PCI | Observed rates of death and Similar incidence of primary endpoint
Coronary inTervention prlor to prior to TAVR rehospitalizations at 1 year between both groups
transcatheter aortic VAlve
implantaTION) trial (38)
van Rosendael et al. (39) % 2015 | Patients with severe AS who had undergone | Median time elapsed between PCI and | Overall mortality after a median No statistically significant difference in both
staged PCI within 1 year before TAVR TAVR (<30 vs. 230 days) follow-up of 2 years groups
Hybrid intervention approach to CAD and AS
Byme et al. (46) 2 2005 | Retrospective analysis of patients with CAD | Authors calculated the predicted Operative mortality, STS-predicted | First paper exploring hybrid intervention
and AS who underwent planned initial PCI | mortality at the time of PCI and mortality, and median blood loss | Lower mortality among patients who
followed by valve surgery during the same | compared it with the observed mortality underwent the hybrid PCI + SAVR
hospital stay approach, but higher bleeding incidents and
need for blood transfusions in this group
Santana et al. (48) 65 patients, 2012 | Retrospective evaluation of patients with CAD | Hybrid approach combining staged PCI | Overall death, stroke, renal Significantly lower incidence of primary
52 controls and AS who underwent planned PCI followed | and minimally invasive SAVR with insufficiency, unit length of stay in | endpoint in hybrid approach group

within 60 days by SAVR, compared with
matched controls who undenwent CABG +

concurrent SAVR plus CABG via a
median sternotomy approach

the intensive care, and total length of
stay in the hospital

Ongoing/future trials

CCOMPLETE-TAVR trial (68) (ClinicalTrials.gov Identifier: NCT04634240) will help determine whether

medical therapy alone in reducing the composite cardiovascular outcome

strategy of complete

involving staged PCI of all suitable coronary artery lesions is superior to a strategy of

TAVI-PCI trial (69) (ClinicalTrials.gov Identifier: NCT04310046) is studying the optimal timing of PCI in patients undergoing TAVR

NOTION-3 trial (40) (ClinicalTrials gov Identifier: NCT03058627) is an ongoing study of patients with severe AS and presence of at least one significant PCI-eligible coronary stenosis to determine outcomes between FFR-guided PCI prior to

TAVR and no

prior to TAVR

ACS, acute coronary syndromes; AS, aortic stenosis; CABG, coronary artery bypass grafting; CAD, coronary artery disease; FFR, fractional flow reserve; iFR, instantaneous wave-free ratio; PCI, percutaneous coronary intervention; SAVR,
surgical aortic valve replacement; STS Society of Thoracic Surgeons; TAVR, transcatheter aortic valve replacement

tment

Data on study findings

d TAVR are high

, and different definitions of CAD are used in various studies, making a comparison of results extremely difficult. A reasonable approach would be to risk-

stratify patients based on the lacal\on and severity of their CAD based on a SYNTAX score and consider other factors such as concomitant comorbidities, frailty, and patient preference before having a multidisciplinary discussion to
inbvicunline - ctateny for GAVE with CABES ve: TAVE with POl v=. a b approse  based or all thees taciors: with: specil consideratian tor Aining of revaseilar-=stion:
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Variables OR (95% Cl) p value

FGF21* 4.200 (3.202-5.509) <0.001
Weight 0958 (0.932-0.984) 0.002
Waistline 1110 (1.069-1.152) <0.001
Model 2

FGR21* 4636 (3.474-6.138) <0.001
Age 1.069 (1.044-1.095) <0.001
‘T2DM duration 1.003 (1.001-1.005) 0.012
HbAlc* 0.189 (0.081-0.437) <0.001
TG* 1.573 (1.142-2.168) 0.006
GFR® 0243 (0.066-0.892) 0.033
Model 3

FGF21* 4.422 (3.297-5.93) <0.001
Waistline 1,048 (1.004-1.093) 0.032
Age 1.089 (1.06-1.119) <0.001
HbALe" 0212 (0.088-0.507) <0.001
GFR® 0224 (0.059-0.85) 0.028

“Log transformed before analysis. Model 1, adjusted by body shape factors
including body height, weight, waistline, hipline, neckline, BMI, ABSI, WHR, and
abdominal obesity: Model 2, adjusted by general and biochemical variables
including current drinking, age, T2DM duration, HbAlc, TG, and eGFR; Model 3,
adjusted by variables with p<0.05 in models 1-2

The Lise of Bl siviphasis it 16 fark the siatistically SioRficant Fdicaton.
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U RD Is Ratio Odds Ratio
tudy or Subgroup Events Total Events Total Weight M- n Fx d, 95% CI Year -H, Fixed, 95% Cl

Paolo Berretta et al, 2022 (combined SURD-AVR) 21 467 16 467 431%  133(068,258] 2022

Paolo Berretta et al, 2022 (isolated SURD-AVR) 13 823 8 823 222%  164(067,3.97) 2022

Oliver J. Liakopoulos et al, 2021 4 107 3 107 81%  135[029,6.16] 2021

Augusto D'Onofiio et al, 2020 2 17 4 117 111%  049(009,274] 2020

Martin Hartrumpf et al, 2020 180 139 37%  048(0.03,790) 2020 —
Max Gotzmann et al, 2020 12 3 33 63%  050[0.05,515 2020 —
Stephan Ensminger et al, 2018 o 102 1102 42%  033[0.01,820) 2018 —
Federica Jirtano et al, 2016 0o 16 [ Not estimable 2016

ANguyen etal, 2015 3 a9 0 39 13% 7.58(0.38,151.72) 2015 —

Total (95% CI) 2 1754 100.0%  1.26[0.81,1.96] >

Total events 4 36

Heterogeneity: Chi* = 4.62, df = 7 (P = 0.71 e Pr——
Testfor overall effect: Z = 1.03 (P = 0.31) &

01 10 200
Favours [SU] Favours [RD]
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Cochrane CENTRAL
(n = 1015)

Records identified through PubMed/MEDLINE, OvidWeb, Web of Science and

4

(n=2374)

Records after duplicates removed

Records screened |
(n=771)

Reports excluded after title and
abstract analysis
(n =743)

Studies assessed for eligibility
(n=28)

Studies included in qualitative
synthesis
(n=10)

Excluded with reasons
(n=18)
-Did not have control group
(n=10)
-Without primary outcomes*
(n=6)
-Simple size of each group < 10
(n=1)
-Population duplicated across
studies
(n=1)

Studies included in quantitative
synthesis (meta-analysis)
(n=10)

primary outcomes-early mortality and transvalvular pressure gradient.
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Imaging features =~ Wald OR 95%Cl p-value
Pelvic collateral veins 9.08 3.88 1.86-4.76 0.03
Contralateral iliac veins 1141 327 0.96-3.49 0.002
Other collateral veins 043 —0.69 | —2.21-0.53 0.76
Common iliac vein 442 0.93 0.77-4.49 0.08
External iliac vein 16.79 462 1.94-4.01 0.001
IVC junction 081 026 | 056-2.82 1.05
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AUC males

AUC females

Sensitivity Specificity
1QT1 0.96 (0.94-099) 096 (093-0.99) 85% 96% 2127 016
1Qr2 099 (098-1) 0.98 (0.95-1) 94% 96% 2351 007
QT3 099 (098-1) 097 (091-1) 92% 96% 2319 008
LQTL, long QT type 1: LQT2, long QT type 2: LQT3, long QT type 3:

AUC, area under the curve: +LR, positive likelihood ratio: LR, neqative likelihood ratio.
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Variable 3D-RV 2-DSA  p-value
Stenosis rate (%) 7783133 | 74541405 0.67
Procedure time, s 1056+ 009 | 1259 +0.37 <0.01
X-rays dose, mGy 4125£021 | 8159+ 169 <0.01
Contrast agent dosage, mL 2148£024 | 33.69£072 <0.01
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Females

Controls Controls LQTS
Number 102 15 » 139
Templates 2571351 2,151 477 <0001 2,503 %374 2,059+ 501 <0001
RR (ms) 845+ 105 906 + 146 0.001 810+ 113 864 + 137 0.001
Corr Coeff 0.892 +0.091 0.807 +0.162 <0.001 0.903 +0.073 0.771+0.201 <0.001
QT-RR slope 0.147 + 0.031 0212 +0.093 <0.001 0.189 + 0.048 0.220 + 0.088 0.002
QTi (ms) 39019 46536 <0001 40921 475234 <0001

Corr Coeff, correlation coefficient of the linear regression of the QT—RR relationshi

QTi, individualized QT correction: LOTS, long QT syndrome.
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50-65%

(n = 14,%)
Collateral veins imaging Pelvic collateral veins 9(64.29) 13 (68.42) 21 (75)
Contralateral iliac veins 6(42.86) 10 (52.63) 18 (64.29)
Other collateral veins 3(21.43) 4(21.05) 5(17.86)
Common iliac vein 4(28.57) 9(47.37) 19 (67.85)
Iliac vein indentation location External iliac vein 2(14.29) 10 (52.63) 17 (60.71)
IVC junction 12 (85.71) 13 (68.42) 18 (64.29)
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p-value

Number 78 13
Age 30+19 25+18 23:18 0.101
Males 69 (42%) | 39 (50%) 7 (54%) 0.436
Syncope 64 (39%) 26 (33%) 3 (23%) 0390
CA/TdP 2(12%) 3 (4%) 0 0341
BB 43 (26%) | 29 (37%) 5 (39%) 0.188
Templates 21544439 | 2,034=541 | 18342685 | 0.026
RR mean (ms) 884+135 | 882+161 | 880116 0.995
QT RR slope 0.180+0.073 | 0276 +0.083 | 03150069 | <0.001"t
Correlation Coefficient | 0.771+0203 | 0.803+0.151 | 0.891+0.048 | 00411
QTi (ms) 460 £ 31 486 =35 49744 | <0001"F

CA, cardiac arrest; TdP, torsades de Pointes; BB, beta blocker therapy; correlation
coefficient, correlation coefficient of the linear regression of the QT-RR
relationship; Qi, individualized QT correction; LQT1, long QT type 1; LQT2, long
QT type 2; LQTS, long QT type 3.

“LQT1 vs. LQT2
NOTL ve LOTE
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Author

Havsteen
etal.

Year

53 (34-66)

Region

Denmark

Drug

Epirubicin

Radiation

Inclusion criteria

Female breast cancer patients epirubicin
compared to female breast cancer patients
treated with cyclophosphamide,
‘methotrexate and 5-fluorouracil

Conclusion

Treatment with epirubicin resulted in a
significant decrease in LVEF at rest and
during exercise compared to the CMF
treatment in patients with advanced breast
cancer. RVEF was unaffected.

1 patient developed fatal CHF

Cottin et al.

51+/-13

Anthracycline

Women treated with Anthracycline
chemotherapy

‘The study found a significant decrease in
LVEF, and LV diastolic function after
chemotherapy. There were no significant
changes in RV parameters.

Groveretal.

Australia

Anthracycline And/
or traztuzumab

Women with breast cancer treated with
anthracycline (3-6 cycles) and/or
traztuzumab

‘The study found significant decreases in
both the LVEF and RVEF following
chemotherapy.

Calleja et al.

54+/-12

Anthracyclines.
+/=Traztuzumab

Women > 18 years
With HER-2 + breastcancer at any stage
treated with Traztuzamab +
~anthracyclines. Who developed
cardiotoxicity during treatment

‘The study showed Reduced RV-GLS and
RV-FWLS in breast cancer patients with
cardiotoxicity. These outcomes were
compared with age matched breast cancer
patients without cardiotoxicity

Nakano
etal.

623
+/-12.6

Traztuzumab
+/-Anthracylcines

Female patients newly diagnosed with
HER-2 + breast cancer.

The study found a a decrease in LVEF. RV~
FWLS and ejection fraction remained
unchanged.

Barthur
etal.

52+/-11

Traztuzamab
+/~Anthracylcines

Female patients > 18 years diagnosed with
HER-2 + breast cancer with an LVEF > =
50% at baseline

Significant decreases in both the LVEF and
RVEF following chemotherapy in breast
cancer patients. In addition to significant
increase in RV- end diastolic volume and
RV-end systolic volume

Tanindi
etal.

41.9+/-52

Anthracyclines

Female patients <50years, diagnosed with
breast cancer treated with anthracylines
that had no evidence of CAD or CAD risk
factors

‘The study showed a decrease in RV FAC
and RV TAPSE. LV systolic was not
significantly affected

Moustafa
et al

Anthracylines
+/-traztuzumab

Female patients diagnosed with HER2 +
breast cancer treated with traztumabs+/-
anthracyclines

‘The study showed no significant change in
LVEF and RVEF. However there was
significant decrease in RVGLS

Boczar et al.

53.4+/-33

Anthracyclines

Female patients with carly stage HER-2 -
breast cancer

‘The study showed a decrease in LVEF and
a significant worsening in RV-FAC and
RV-FWLS

Esfahani
etal.

4075+~
7.14

Anthracyclines

Female patients <50Yrs with breast
cancer, no prior CAD and LVEF >50%

‘The study showed a decrease in LVEF in
addition to RV end-diastolic diameter
increase, RV-FAC decrease and Decrease
in TAPSE

Chang et al.

45334/~
8.48

Taiwan

Traztuzamab

Female patients with breast cancer, LVEF
>50%. With age and gender matched
control populations

‘The study found that RV-FWLS
significantly declined in addition to decli
in TAPSE. No decline in LVEE.

Arciniegas
etal.

52+/-9

Anthracylines
+/—traztuzumab

Female patients with newly diagnosed
breast cancer. LVEF >50%

‘The study showed a decrease in LVEF. In
addition to a decrease in RV GLS was seen,
which had predictive value in determining
ardiotoxicity

Keramida

2019

5434/~
114

UsA

Anthracyclines

Female patients with breast cancer, HER-2
"

The study showed a decrease in LVEF,
LVGLS and RVGLS

2012

56 (38-75)

Germany

trastuzumab+/—
Anthracyclines

Female patients

‘The study showed a worsening diastolic LV
filling, increased E Vmax, altered tissue
Doppler velocities, and decreased systolic
function. All Right heart parameters
showed no significant change

trastuzumab+/—
Anthracyclines

Female patients with HER 2 + breast
cancer and LVEF >60%

‘The study showed a decrease in LVEF and
TAPSE
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Visualizable Non- P-value
steerable visualizable

sheath group steerable
(n=13) sheath group

(n=11)
Total procedure time 100 £ 19.0 103 £ 215 0.36
(min)
Left atrial procedure time 54.8 (44.3; 59.0) 66.9 (50.0; 73.7) 0.23
(min)
Total fluoroscopy time (s) 182 £ 52 244 + 84 0.02
Total fluoroscopy dose 14.4+112 17.6 £12.4 0.43
(mGy)
Left atrial fluoroscopy 0(0; 0) 25 (6;77) <0.001
time (s)
Left atrial fluoroscopy 0(0; 0) 1.13 (0.16; 1.74) 0.02
dose (mGy)
Fluoroless procedure after 11 (84.6) 2(18.2) <0.01
transseptal puncture
Acute ablation success (%) 50 (100) 50 (100) 1
Number of radiofrequency 68 (55; 78) 79 (73; 86) 0.04
ablations
Total ablation time (s) 951 (829; 1095) 1265 (1085; 1441) 0.04
First pass isolation (%) 92% 82% 0.44
Major complications (n) 0 0 N.A.

N.A., not available.
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Variable Total, n =

Age, years (range) 58 (35,87)
Gender, female, n (%) 43 (70.49)
Major symptoms

Pain, 7 (%) 36 (59.02)
Swelling, 1 (%) 42 (68.85)
Affected extremity, left, n (%) 53 (86.89)
CEAP classification

C3, 1 (%) 15 (24.59)
Cd,n(%) 21 (34.43)
C5, 1 (%) 14 (22.95)
C6, 1 (%) 11 (18.03)
Comorbidity

Hypertension, n (%) 14 (22.95)
Diabetes mellitus, 7 (%) 12 (19.67)
Hypercholesterolemia, r (%) 10 (16.39)
Etiological diagnosis

Spinal degeneration 11(18.03)
Intraluminal ridge 6(9.84)
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Controls p-value

Number 201
38+16 28+19

102 (51%) 115 (45%)
0 93 (37%)
CAITdP 0 5(2%)

BB 2 (1%) 77 (30%)
Templates 2,537 = 363 2,101+ 492
RR mean (ms) 828+ 110 883142
QTRR slope 0,168 0.045 0216 +0.090
Correlation Coefficient 0.897 = 0.083 0.787 +0.185
Qi (ms) 399222 47035

CA, cardiac arrest; TdP, torsades de Pointes; BB, beta blocker therapy; correlation
coefficient, correlation coefficient of the linear regression of the QT-RR
relationship: QTi, Individualized QT correction.
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RV
Parameter

Definition

End diastolic volume-
end systolic volume/end
diastolic volume

Reference
Range

What does it
assess?
RV systolic function

End diastolic area-end
systolic area/end
diastolic area x 100

35% and above

Measure of RV
systolic function
Measures both
longitudinal and
radial components
of RV

Strain: Strain
deformation

is defined as percentage change in myocardial

RVFWLS

Change in length in RV
free wall over baseline
length

<=20%

Assesses regional RV
systolic function

Global change in length
over baseline length

Assesses global RV
systolic function

A method used to
‘measure the distance of
systolic excursion of the
RV annular segment
along its longitudinal
plane, from a standard
apical 4-chamber

window.

RV longitudinal
function
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Total procedure time
(min)

Left atrial procedure time
(min)

Total fluoroscopy time (s)

Total fluoroscopy dose
(mGy)

Left atrial fluoroscopy
time (s)

Left atrial fluoroscopy
dose (mGy)

Fluoroless procedure after
transseptal puncture

Acute ablation success (%)

Number of radiofrequency
ablations

Total ablation time (s)
First pass isolation (%)

Major complications (n)

Visualizable
steerable
sheath group
(n=50)

90 = 35.2
53.1 (41.3;73.1)

184 + 89
9.124+1.98

0(0; 0)
0 (0;0.27)
44 (88.0)

50 (100)
69 (58; 80)

1049 (853; 1175)
929%
0

n.s., non-significant; N.A., not available.

Non-
visualizable
steerable
sheath group
(n=50)

99.5 4 31.8
59.5 (47.6; 74.1)

193 +44
9.97 + 227

17.5 (5.5; 69.25)
0.74 (0.16; 2.34)
8 (16.0)

50 (100)
79 (73; 86)

1265 (1085; 1441)
89%
0

P-value

0.97

0.04

0.79
0.76

<0.01

<0.01

<0.001

<0.01

<0.01
0.88
N.A.





OPS/images/fcvm-10-1088224/fcvm-10-1088224-i001.gif





OPS/images/fcvm-10-1097468/fcvm-10-1097468-g004.jpg
QT Rate Dependence

P<0.001 _I_I
0.4.

|

0.5

QT-RR slope






OPS/images/fcvm-10-1103941/fcvm-10-1103941-t001.jpg
Author | Year Primary | Chemotherapy Cumulative Percentage of RV Follow up period

Site And/or anthracycline dose | patients treated | parameter
Monoclonal used (median) with evaluated/
Antibody mg/m? anthracyclines Modality
Havsteen Anthracycline 827 2.3 weeks after the last
etal. (Epirubicin) chemotherapy
Cottinetal. | 1996 | 33 | Breast+ | Anthracycline The doses ranged from 100% RVEF 1 month and 12 months
Lymphoma 100 to 550 mg/m’ of PER
body surface area (mean: TPER
260_+92 mg/m”). PFR
TPER
Grover 2013 | 46 | Breast Anthracycline + Epirubicin 100 mg/m’ 67% RVEF 4 months and 12 months
etal. Traztuzumab (36 cycles) RVEDVI
Doxorubicin 50 m/m” RVESVI
(3-6 cycles)
Calleja 2015 | 30 | Breast Anthracycline Epirubicin = 302.4 73% RVSP Time to cardiotoxicity
etal # +/~Trastuzumab RV FAC 5.0 months (A+)
RV FWLS 7.5 months (A-)
RV GLS Follow up period
23 months
Nakano | 2016 | 9 | Breast Trastuzumab - 66.7% RVEWPSCS 3,6, 12 months
etal. +/~Anthracycline RV IS
RVEF
Barthur 2017 | 41 | Breast Trastuzumab - 56.1% RVEF 6,12, 18 months
etal. +/~Anthracycline RVEDV
RVESV
Tanindi | 2011 | 37 | Breast Anthracycline 60 mg/m” x 6 cycles = - RVFAC Echocardiography was
etal. 360 TAPSE performed before the onset of
the chemotheurapeutic regimen
(T1), on the day after the
completion of the first cure (T2),
and after the completion of two
cures of the regimen (T3).
Moustafa | 2015 | 50 | Breast Trastuzumab <240 mgm”® 2% RVFAC 12-15 months
et.al +/—Anthracyclines TAPSE
RVSP
RVGLS
Boczar 2016 | 49 | Breast i -(N= 100% RV FAC Mean: 125 days; 95% CI: 107-
etal. was 232 RV FWLS 142days
~(N = 349)fluorouracil/
epirubicin/
cyclophosphamide every
3weeks x 3 + docetaxel
was 294.12
Esfahani | 2016 | 49 | Breast Anthracycline 450-550 100% RVFAC 6 months
etal. RVEDD
Chang 2016 | 35 | Breast Epirubicin 35419+ 336.08 100% RVFAC 21, 42 and 63 days
etal. RV FWLS
Arciniegas | 2018 | 66 | Breast Trastuzumab + anthracycline dose of 252 100% RVLS Till second echo after chemo
etal. Anthracycline (245) RVGCS initiation. Median 5.4 months
(doxorubicin and RVGLS
epirubicin) RVGCSRs
Keramida | 2019 | 101 | Breast Trastuzumab (Also Mean dose 483 (+145.1) 614% RVGLS 12 months
etal. Anthracycline And mg/kg RV FWLS
Taxanes)
Lange etal. | 2012 | 42 | Breast Trastuzumab - 738% RVSP 3 and 6 months
+/~Anthracyclines RV diameter
Kilicasian | 2015 | 42 | Breast Trastuzumab and - 33% RV MPI 6 months
etal. Anthracyclines TAPSE

¥30 cases and age and cardiac risk factor balanced women with a diagnosis of HER2 + breast cancer without any prior cardiac history and who had an echocardiogram
prior to initiation of any cancer therapy were included as controls, since the cases didn't have a baseline echocardiogram. RV, Right ventricte; PER, peak ejection rate; PFR,
peak filling rate; TPER, time to peak ejection rate; TPFR, time to peak filling rate; TAPSE, tricuspid annular plane systolic excursion; RVFWPSCS, right ventricular (RV) free wal
peak systolic circumferential strains; RVLS, right ventricular longitudinal strain; RVFAC, right ventricular fractional area change; RVEDVI, right ventricular end-diastolic
volume index; RVESVI, right ventricular end-systolic volume index; RV FWLS, right ventricular free wall longitudinal strain; RV GLS, right ventricular global longitudinal
strain; RVGCS, right ventricular global circumferential strain; RVGCSRs, right ventricular global circumferential systolic strain rate; RVEDD, right ventricle end-diastolic
diarnster: RUSH Riskt ventricular Syssolic prassirs: B MPL riaht veriticutsr frvocantiil parformancs inds,
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PANEL D: RVFWLS
Study or Subgroup
Nakano et al. 2016
Boczar etal. 2016
Chang etal. 2016
Keramida etal. 2019

Total (95% CI)
Heterogeneity: Tau=
Testfor overall effect

PANEL E: TAPSE
Study or Subgroup
Tanindi etal. 2011
Lange etal. 2012
Kiligaslan etal. 2015
Moustafa etal. 2015
Esfahani etal. 2016
Chang etal. 2016
Keramida etal. 2019

Total (95% CI)
Heterogeneity. Tau=
Testfor overall effect

3:
216

Baseline
Mean __ SD Total
233 13 9
162 66148 49
2249 497 35
214 44 101

At-follow up Mean Difference
ean SD_Total Weight IV, Random, 95% CI_Year
227 17 9 203% -0.60[2.00,080] 2016
1381 44911 49 224% -2.39[4.63,-015] 2016
1686 727 35 17.6% -563[8.55,-2.71) 2016
205 45 101 307% -0.90(213,033 2019

216.50, df= 6 (P < 0.00001);
0.03)

194 100.0% -1.98[-3.67,-0.28]

04;ChiF=10.72, df= 3 (P = 0.01); F= 72%
229 (P=00:
Baseline Atfollow up

Mean _SD Total Mean
182 02 162 024 37 206%
241 34 42 236 4 3B 66%
214 26 42 184 15 42 126%
233 32 50 223 24 50 106%
188 016 49 177 018 49 206%
194 047 35 122 062 35 197%
224 56 101 226 32 101 93%

356 350 100.0%
=07%

Mean Difference

SD_Total Weight IV, Random, 95% CI Year

0.20(0.10,0.30) 2011
050(1.16,2.16) 2012
030F061,1.21) 2015
1.00(0.11,2.11) 2015
1.10(1.03,117) 2016
0.72(0.46,0.98) 2016
-020(1.46,1.06) 2019

0.57[0.05, 1.08]

PANEL F: LVEF Baseline Atfollow up Mean Difference
Study or Subgroup ___ Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI
Havsteenetal. 1989 565 806 53 865 14 41%  350(269,9569
Cottin etal. 1996 59 5 33 56 5 33 74%  300(059,541)
Tanindi etal. 2011 664 277 37 657 286 37 7.9%  070[054,1.94
Lange etal. 2012 616 52 42 581 77 36 67%  350(053,647)
Grover etal. 2013 73 63 43 661 69 35 67%  580(284,876
Calleja etal. 2015 62 5 30 48 430 7.2% 14.00(11.71,16.29)
Kilgaslan etal. 2015 624 2 42 80 45 42 78%  240[0.91,389
Moustafa etal. 2015 5. 48 50 624 59 50 7.4%  280[067,4.93
Boczar etal. 2016 622 107926 49 574 11.8371 49 54%  480(0.31,9.29]
Nakano etal. 2016 7 74 9 617 87 33% 10.10(264,17.56]
Esfahanietal 2016 5908 337 49 588 278 49 79%  028[094,150)
Chang etal. 2016 6817 405 35 6578 874 35 65%  2301080,558
Barthur etal. 2017 604 42 41 579 48 34 74%  250(044,456)
Ainiegas etal. 2018 654 783 66 §027 927 66 67%  513(220,806)
Keramida etal. 2019 618 41 101 60 67 101 78%  180(0.27,333
Total (95% CI) 641 620 100.0%  3.88[2.12,5.65]

Heterogeneily: Tau*= 9.78; Chi*= 131.84, df= 14 (P < 0.00001); F'= 89%
Testfor overall effect: Z= 4.32 (P < 0.0001)

Mean Difference
IV, Random, 95% CI
—=f

.
—
-

5 5
Better atBassline Betier at Follow-up

Mean Difference
Randor c

..11T.§

hd

2019

4 - N
Lower atBaseline  Lower at Follow-up

Mean Difference
IV, Random, 95% CI

I

>

-0 5 5 10
Lower atBaseline Lower at Follow-up
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393 holters 201 control holters

33 holters from
13 LQT3 patients

229 holters from
163 LQT1 patients

131 holters from
78 LQT2 patients
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Mean Difference
IV, Random, 95% CI

RIERE

PANEL A: RVEF aseline At-follow up Mean Difference
Study or Subgroup __Mean _SD Total Mean _ SD Total Weight IV,Randon

Havsteen etal. 1989 40.5 14 4325 5482 14 116% -275[812,262) 1989
Cottin etal. 1996 6 6 31 44 6 31 190%  200(099,499) 1996
Grover etal. 2013 625 69 43 54 79 35 178% 850(517,11.83) 2013
Calleja etal. 2015 45 4 30 43 6 30 205% 2000058458 2015
Nakanoetal 2016 301 9 9 31 74 9 T4% -090[851,671) 2016
Barthur etal. 2017 583 38 41 55 34392 34 238%  330(166,494) 2017
Total (95% CI) 153 100.0%  270[027,5.13]
Helerogeneity: Tau®= 5.7, Chi*=16.99, df= 5 (P = 0.008); F=71%

Testfor overall effect Z= 2.18 (P = 0.03)

PANEL c Baseline At-follow up Mean Difference

Study or Subgroup __Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI_Year
Tanindi etal. 2011 637 383 37 612 441 37 282%  250(066,4.34] 2011
Moustafa etal. 2015 424 750 411 62 50 233%  130(1.29,389) 2015
Boczar et al. 2016 483 121852 49 421 125334 49 122%  620(1.31,11.09 2016
Esfahanietal. 2016 4983 602 49 4350 678 49 236%  624(370,878 2015
Changetal 2016 60.59 1234 35 5548 731 35 127%  511(036,9.86 2016
Total (95% CI) 220 220 100.0%  3.89[1.78,5.99]
Heterogeneity. Tau?= 3.21

Testfor overall effect Z= 3.

PANEL C: RVGLS Atfollow up Mean Difference

Study or Subgroup ___ Mean _SD_Total Mean _SD_Total Weight IV, Random, 95% Cl_Year
Arciniegas etal 2018 -2223 938 66 -1862 866 66 318% -3.61F669,-0.53 2018
Keramidaetal. 2019 -21.3 45 101 -201 39 101 682% -120(236,-004] 2019
Total (95% CI) 167 167 100.0%  -1.97[-4.16,0.23]

Heterogeneity: Tau®= 1.49; Chr 51%
75 (F

Testfor overall effect Z=

06, df=1(P=0.15);
0.08)

Mean Difference
IV, Random, 95% C1

-10 10 20
Lower atBaseline Lower at Follow-up

Mean Difference
IV, Random, 95% CI

25 25
Lower atBaselins  Lower atFollow-up.

-10 10
Befter at Baseline Better at Follow-up

20
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Survived

myocardial area, n (%)

(n =13)
Age at biopsy in years, median 63.71 (59.23, 66.48 (60.7, 0.5697
(IQR) 66.41) 70.49)
Weight in kg, mean + SD 87.25 +£22.87 84.68 £ 19.04 0.7040
White Race, n (%) 9 (69.2%) 18 (60%) 0.7349
Female sex, 1 (%) 3(23.1%) 16 (53.3%) 0.0665
Hypertension, 1 (%) 10 (76.9%) 20 (66.7%) 0.7203
Dyslipidemia, 7 (%) 2 (15.4%) 15 (50%) 0.0330
Diabetes mellitus, n (%) 1(7.7%) 6 (20%) 0.4118
Coronary artery disease, n (%) 2 (15.4%) 3 (10%) 0.6299
SCT, n (%) 11 (84.6%) 11 (36.7%) 0.0068
Rituximab, 71 (%) 0 (0%) 4(13.3%) 02974
Absolute neutrophils < 1.7 0 (0%) 2 (7.4%) 1.0000
x 1,000/mm?>, # (%)
Troponin I in ng/mL, median 0.04 (0.03,0.1) | 0.11 (0.05,0.26) 0.0834
(IQR)
LVEF in %, mean &+ SD 57.92 £ 5.57 50.12 £+ 10.93 0.0065
LV mass > 195.7g, n (%) 5 (45.5%) 14 (50%) 0.7983
RV TAPSE in cm, mean + SD 1.61 +0.47 1.22 £0.32 0.0059
RV TAPSE < 1.6 cm, 1 (%) 6 (54.5%) 22 (84.6%) 0.0912
Mid LV GLS in %, mean + SD -13.46 +2.36 | -10.10 + 3.32 0.0042
Radial LV strain in %, 18.00 + 10.20 9.70 + 6.83 0.0058
mean + SD
LA strain < 13.5%, 1 (%) 1(9.1%) 18 (66.7%) 0.0013
RA strain < 14.5%, 1 (%) 2 (18.2%) 17 (63%) 0.0123
Interstitial deposit > 5% of 9 (69.2%) 17 (56.7%) 0.4390

Statistically significant variables are marked in bold.
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Low risk

Low risk
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Thomas Cuisset et al. (14)

Low risk

High risk

High risk

Low risk

Gerald Yong et al. (16)

Low risk

Low risk

Low risk

Low risk
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Low risk

Low risk.
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Lovw risk

Low risk

Low risk

Low risk

Giuseppe Patti et al. (20)

Low risk

Low risk

Low risk

Low risk

ACCOAST (21)

Low risk

Unclear

Low risk

Low risk

Bonello et al. (23)

Lovw risk

Unclear

Low risk

Low risk

Hui-Liang Liu et al. (24)

Low risk

Low risk

Unclear

Low risk
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Low risk

Low risk.

Low risk

Low risk
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Observational
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Low risk

Confounding
bias

Medium risk

Low risk
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bias

Low risk
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Univariate Cox regression on | p-value

mortality (mortality
event = 29) HR (95% Cl)

Dyslipidemia 2.660 (1.252-5.649) 0.0109
SCT*" 0.213 (0.083-0.547) 0.0012
Rituximab 3.023 (1.003-9.110) 0.0494
Absolute Neutrophils 5.353 (1.102-26.002) 0.0375
< 1.7 x 1,000/mm?

Troponin I in ng/mL 8.379 (1.127-62.301) 0.0378
LVEF in % 0.958 (0.923-0.995) 0.0257
RV TAPSE in cm 0.299 (0.105-0.855) 0.0242
Mid LV GLS in % 1.141 (1.015-1.282) 0.0273
Radial LV strain in % 0.935 (0.884-0.989) 0.0193
LA strain < 13.5%" 5.394 (2.072-14.041) 0.0006
RA strain < 14.5% 2.711 (1.209-6.080) 0.0155

*SCT as a time-varying covariate. “Remained statistically significant in the multivariate Cox

regression survival analysis.
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Study Patient population Analysis/ Country | Intervention vs. Time Incremental Cost | Reference

(Year) Methodology Comparator Horizon Effectiveness
Ratio

Coyle Patients with ICDs and CUA/Trial-based | Canada | Catheter ablation vs. |3 years 2015 CDN | $34,057/QALY ©9)
(2018) | ischemic cardiomyopathy antiarrhythmic drugs

with drug-refractory VI/VE
Chen Patients with an ICD and | CUA/Markov United Catheter ablation vs. | 5 years 2018 GBP | £144,150/QALY (100)

(2019) | ischemic cardiomyopathy | decision model | Kingdom | antiarrhythmic drugs
with refractory VT/VF

Calkins | Patients with an ICD and | CUA/Markov United Catheter ablation 5 years 1998 USD | $20,923/QALY (101)
(2000) | ischemic cardiomyopathy | model States versus amiodarone
with VT/VE

CDN, Canadian; CUA, cost utility analysis; ICD, implantable cardioverter defibrillator; GBP, British Pound Sterling; QALY, quality adjusted life years; LV, left ventricular; VF,
ventricular fibrillation: VT, ventricular tachycardia.
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Number

Study

Type

Sample size
(intervention/
control)

Intervention

Control

Bleeding

Follow-up

1 CURE (4) 2001 | RCT 6,259/6,303 300 mg LD then 75 mg MD for 3-12 CV death, MI, stroke | TIMI bleeding: major or | 28 days, 1 year
months minor
Assali et al. (11) 2001 | Observational | 235/64 75 mg MD within 5 days or 300 mg LD | 300 mg LD immediately after | CV death, MI, UTVR | Major bleeding In hospital
in morning pCr
3 PCI-CURE (5) 2001 | RCT 1313/1345 300 mg LD then 75 mg MD for 3-12 | No LD then 75 mg for 4 weeks | CV death, MLUTVR | TIMI bleeding: major, | 30 days, 1 year
‘months. minor, transfusion
4 CREDO (12) 2002 | RCT 900/915 300 mg LD 3-24 h pre-PCI then long | No pretreatment 28 days Death, MI, UTVR TIMI bleeding: major or | 28 days, 1 year
term MD clopidogrel minor
5 Chan et al. (13) 2003 | Observational | 4,477/332 300 mg pre-PCI 300 mg LD immediately after | Death, MI, UTVR TIMI bleedings: major or | 30 days, 6 months,
»CI minor 1 year
6 ‘Thomas Cuisset et al. | 2006 | RCT 146/146 600 mg clopidogrel LD 300 mg clopidogrel LD CV death, stent No 1 month
a4 thrombosis, ML, stroke
Szitk et al. (15) 2007 | Observational | 1,481/2,679 300 mg clopidogrel LD 6-24 h before | 300 mg clopidogrel LD after PCI | all-cause death, MI, | TIMI major bleedings | 30 days
»CI UTVR
8 Gerald Yong et al. (16) | 2009 | RCT 1321124 600 mg clopidogrel LD before PCI 300 mg clopidogrel LD before | Death, nonfatal M, | TIMI bleeding: major or | 1 month, 6 months
pCr nonfatal stroke, minor
hospitalizations.
9 Feldman et al. (17) 2010 | Observational | 467/574 75 mg clopidogrel MD for 25 days or | 600 mg clopidogrel LD for <2h | Death, MLUTVR, Any bleeding: major In hospital, 1 year
300 mg clopidogrel LD for 212h or | or 600 mg clopidogrel LD in | stroke (24 g/dl Hb) or minor(2-
600 mg clopidogrel LD for >2h laboratory 4 gdl Hb)
10 ARMYDAS5 PRELOAD | 2010 | RCT 2041205 600 mg clopidogrel LD (4-8 h before | 600 mg clopidogrel LD in CV death, MI, or TIMI bleeding: major or | 30 days
a8) »CI) laboratory UTVR minor
1 EARLY ACS (19) 2011 | RCT 6,895/2,271 300-600 mg clopidogrel (300 mg early | No-upstream clopidogrel use | death, MI, recurrent | TIMI major bleedings, | In hospital, 30 days
LD, 600 mg LD during PCI) ischaemia GUSTO severe bleeding/
transfusion
12 Giuseppe Pattiet al. (20) | 2013 | RCT 122120 600 mg clopidogrel LD Placebo death, MI, TVR Bleeding 30 days
13 ACCOAST (21) 2013 | RCT 2,037/1,996 Prasugrel 30 mg pre-PCI then 30 mg | No pretreatment Prasugrel CV death, MLUTVR, | TIMI bleeding major or | 7 days, 30 days
affer angiogram or before PCI 60 mg after angiogram stroke minor
14 ARIAM-Andalucia (22) | 2014 | Observational | 2,797/775 300/600/75 mg clopidogrel Clopidogrel in laboratory, before | CV death, and non | TIMI bleeding: major, | In hospital
(<6 h), or during PCI fatal reinfarction or | minor or minimal
stroke/TIA
15 Bonello et al. (23) 2015 | RCT 106/107 Ticagrelor (180 mg LD, 90 mg twice | Prasugrel (60 mg LD, 10 or CV death, MLUTVR, | TIMI major bleedings | 30 days
daily) 5 mg daily) stroke
16 Hui-Liang Liu etal. (24) | 2017 | RCT 1291133 Pretreatment:360 mg ticagrelor LD Pretreatment:180 mg Death, AMI, stroke, | BARC type 1 month
ticagrelor LD and TVR 1,232,3b,4,50,5b bleeding
17 DUBIUS (25) 2020 | RCT 711721 180 mg ticagrelor LD before PCI 180 mg ticagrelor or 60 mg Death, non fatal MI, or | BARC type 3, 4 and 30 days,12 months
prasugrel LD after PCI non fatal stroke 5 bleeding
18 ISAR-REACT 5 (26) | 2020 | RCT 1,179/1,186 180 mg ticagrelor before coronary 60 mg prasugrel LD after Death, ML, or stroke | BARC type 3, 4 and 30 days, 6 mounths,
angiography coronary angiography 5 bleeding 12 months
19 Dworeck et al. (27) 2020 | Observational | 59,894/4,963 Pretreatment:P2Y,, No pretreatment Death, stent In-hospital bleeding In hospital, 30
thrombosis days,12 months
20 Pollack et al. (28) 2020 | Observational | 1,800/1,555 Pretreatment: clopidogrel or prasugrel | Pretreatment: ticagrelor CV death, M, stroke | Major bleedings: TIMI, | In-hospital, 30 days.
PLATO, BARC
2 Leonardo et al. (29) | 2022 | Observational | 735/481 Ticagrelor LD given >6 h before PCI | Ticagrelor LD given <6 h before | CV death,UTVR, - 30 days
»CI stroke/TIA
PCl, coronary ;CV, ; MI, myocardial infarction; UTVR, urgent target vessel TVR, target vessel MACCESs, major adverse cardiovascular and cerebrovascular events;

MD, maintenance dose; LD, loading dose; TIMI, thrombolysis in myocardial infarction; PLATO, Platelet Inhibition and Patient Outcome; BARC, bleeding academic research consortium; GUSTO, global utilization of streptokinase and tissue

plasminogen activator.





OPS/images/fcvm-09-1073804/fcvm-09-1073804-t003.jpg
Extent of amyloid deposits

L. Interstitial deposits: 0; 1+ (< 5% of myocardial area); 2+ (>/= 5% but < 50% of
myocardial area); 3+ (> 50% of myocardial area)

I1. Vascular deposits: Obstructive or Non-obstructive

Pattern of interstitial amyloid deposits

1. Diffuse pericellular pattern, characterized by broad zones of uniform lace-like
deposition around individual CMC

11 Discrete pericellular pattern, characterized by micronodular areas of pericellular
deposition (generally < 20 CMC)

TII. Nodular pattern, characterized by solid deposits with interstitial architectural

effacement

IV. Mixed patterns

Pattern of vascular amyloid deposits

1. Arterial

II. Venous

Endocardial amyloid deposits

I. Present

1L Absent

Adapted from Larsen et al. (13).
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Study Patient population Analysis/ Country | Intervention Time | Currency| Incremental | Reference

(Year) Methodology vs. Comparator | Horizon Cost
Effectiveness
Ratio
o 2 Primary 5
Sanders | Primary prevention device in LV | CEA and CUA/ United ICD vs. Medical | Lifetime | 2005 USD | $24,500-$50,700/LY (80)
(2005) | dysfunction Markov decision | States therapy $34,000-570,200/
model QALY
Mark Primary Prevention; Patients with | CEA and CUA/ United ICD vs. Medical | Lifetime | 2003 USD | $38,389/LY (79)
(2006) | LV dysfunction with EF <35%, | Trial based States therapy $41,530/QALY
NYHA Class I1-IT
Smith Primary Prevention; Patients with | CUA/Markov United ICD vs.no ICD | Lifetime | 2010 Euro | €43,993/QALY (82)
(2013) | LV dysfunction, EF <40% decision model Kingdom
C
O'Brien | Secondary prevention; Patients | CEA/Trialbased | Canada | ICD vs. amiodarone | 6 years 1999 CDN | $214,543/LY 78)
(2001) | surviving VT/VE
Larsen | Secondary prevention; Patients | CEA/Trial-based | United 1CD vs. 4 years 1997 USD | $66,677/LY (53)
(2002) resuscitated from cardiac arrest or States antiarrhythmic
ventricular tachycardia causing therapy

syncope or severe hemodynamic
impairment and EF <0.40

Cardiac Therapy
Feldman | Patients with symptomatic HF | CUA/Markov United CRT-P or CRT-D |7 years 2004 USD | $19,600/QALY (84)
(2005) | (NYHA class TIVIV), EF <35%, | decision model States vs. medical therapy (CRT-P)

QRS 2120 ms, PR >150 ms, HE $43,000/QALY
hospitalization within 1 year (CRT-D)
Noyes | Minimally symptomatic (N\YHA | CUA/Trial-based | United CRT vs. ICD 4years | 2008 USD | $58,330/QALY (full (85)
(2013) | VIDHF, QRS >130 ms, EF <30% States cohort)
$16,640/QALY
(LBBB subgroup)
Woo Patients with mild HF (NYHA | CUA/Markov United CRT-Dvs.ICD | Lifetime | 2014 USD | $61,700/QALY (36)
(2015) | class I/Il), QRS >120 ms, EF <30% | decision model States alone
CDN, Canadian; CRT-D, cardiac therapy CRT-P, cardiac therapy CUA, cost utility analysis; ICD, implantable

cardioverter defibrillator; EF, ejection fraction; HF, heart failure; QALY quality adjusted life years; LV, left ventricular; LY, life years; NYHA, New York Heart Association; VF,
ventricular fibrillation: VT, ventricular tachycardia.
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Echocardiographic characteristics:

LVEF in %, mean =+ SD 52.38 £ 10.26
LVEF < 50%, 1 (%) 16 (42.1)
LVEDVi in mL/m?, mean + SD 53.25+ 17.05
LVIDD in cm, mean =+ SD 4.30 £ 0.69
LVPWD in ¢cm, median (IQR) 1.3 (1.18,1.5)
RWT > 0.42, 1 (%) 34(87.2)
LV mass in g/m?, mean = SD 203.80 £ 55.88
Lateral € velocity < 10 cm/s, n (%) 30 (93.8%)
Septal € velocity < 7 cm/s, n (%) 26 (81.3)
E/e average > 14, n (%) 15 (48.4)
LAVI >34 mL/m?, n (%) 17 (48.6)
RV FAC < 35%, 1 (%) 16 (43.2)
RV GLS in %, median (IQR) -17 (-21,-12)
RV S < 9.5 cm/s, n (%) 32(86.5)
RV TAPSE < 1.6 cm, 1 (%) 28(75.7)
LV GLS in %, mean =% SD -11.67 £3.03
LV GLS >-18%, n (%) 39 (100)
Apex GLS in %, mean & SD -15.60 £+ 4.57
Mid LV GLS in %, mean + SD -11.05 £ 3.41

Basal LV GLS in %, median (IQR)

~7.16 (-10.26, -4.79)

Circumferential LV strain in %, mean 4 SD -18.45 £ 5.66
Circumferential LV strain > -23%, n (%) 29 (76.3)
Radial LV strain in %, mean =+ SD 12.11 £+ 8.69
Rad LV strain < 21%, n (%) 33(86.8)
LA strain > 13.5, n (%) 19 (50)
RA strain > 14.5, n (%) 19 (50)
Histomorphology characteristics:

Interstitial deposit >5% of myocardial area, 1 (%) 26 (60.5)
Pattern of interstitial deposit, n (%)

- Diffuse pericellular 23(53.5)

- Discrete pericellular, nodular, mixed 12 (27.9)
Vascular deposit, n (%) 12 (27.9)
Endocardial deposit, # (%) 5(11.6)
Cardiomyocyte degeneration, n (%) 12 (27.9)
Fibrosis, n (%) 9(20.9)
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Study Patient population
(Year)

Patients aged 65 years or older
(o11) with nonvalvular AF and risk
factors for stroke (CHADS,
score 21) and no
contraindications to

Analysis/
Methodology

CUA/Markov
model

Country

United
Kingdom

Intervention vs.
Comparator

High-dose (150 mg bid)
or low-dose (100 mg bid)
dabigatran vs. warfarin

Time
Horizon

Lifetime

Currency

2008 US$

Incremental

Cost
Effectiveness

Ratio
$45,372/QALY
(High Dose
Dabigatran)
$51,229/QALY (Low
Dose Dabigatran)

Reference

anticoagulation.
Kleintjens | Patients with non-valvular AF | CUA/Markov Belgium | rivaroxaban vs. warfarin | Lifetime | 2010 Euros | €7,493/LY 4)
(2013) at moderate to high risk of | model €8,809/QALY
stroke (CHADS, score 22)
Canestaro | Patients 70 years or older with | CUA/Markov United | dabigatran vs. Lifetime | 2011 USD | Compared to (55)
(2013) atrial fibrillation model States. rivaroxaban vs. apixaban ‘warfarin:
vs. warfarin $93,063/QALY
(apixaban)
S111,465/QALY
(rivaroxaban)
$140,557/QALY
(dabigatran)
You (2014) | Patients with AF atrisk of | CUA/Markov United | DOACs (apixaban, Lifetime | 2013 USD | $35,804/QALY (60% (56)
stroke (CHADS, scores 22) | model States. dabigatran and
rivaroxaban) vs. warfarin $60,141/QALY (70%
[stratified by time in TTR)
therapeutic range (TTR)] $79,268/QALY (75%
TTR)
Shah Patients with AF at risk of | CUA/Markov United | dabigatran vs. Lifetime | 2015 USD | Compared to (57)
(2016) stroke model States rivaroxaban vs. apixaban warfarin:
vs. edoxaban vs. warfarin $25,816/QALY
(apixaban)
$27.643/QALY
(edoxaban)
$57,434/QALY
(rivaroxaban)
$31435/QALY
(dabigatran)
Cowper | Patients with AF and 1 or | CUA/Trial-based | United | apixaban vs. warfarin | Lifetime | 2014 USD | $53,925/QALY (58)
(2017) more additional risk factors States
for stroke
Wau (2021) | Patients older than 75 years | CUA/Markov United | dabigatran vs. 10 years | 2020 USD | Compared to (59)
with AF model States rivaroxaban vs. apixaban warfarin:
vs. edoxaban vs. warfarin $112,439/QALY
(dabigatran)
$71,587/QALY
(rivaroxaban)
$52,800/QALY
(apixaban)
$15,865/QALY
(edoxaban)

AF, atrial fibrillation; CDN, Canadian Dollar; CUA, cost utility analysis; DOAC, direct oral anticoagulant; HF, heart failure; QALY, quality adjusted life years; LY, life years; TTR,

e i Hharapentic rangs: LEE. 15 Delr.
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Total N = 43

Age at biopsy in years, median (IQR) 65 (59,70)
Weight in kg, mean &= SD 85+20
Race, n (%):

- White 27 (62.8)

— Black 12 (27.9)

- Other 4(9.3)
Female sex, n (%) 19 (44.2)
Hypertension, 1 (%) 30 (69.8)
Dyslipidemia, 7 (%) 17 (39.5)
Diabetes mellitus, n (%) 7 (16.3)
Coronary artery disease, 1 (%) 5(11.6)
End-stage renal disease on hemodialysis, 7 (%) 3(7)
Peripheral arterial disease, 1 (%) 2(4.7)
Multiple myeloma, 1 (%) 19 (44.2)
MGUS, 1 (%) 15 (34.9)
Leukemia/lymphoma, # (%) 3(7.0)
‘Waldenstrom’s macroglobulinemia, 1 (%) 3(7.0)

Plasma cell dyscrasia therapies:

Stem cell transplantation (SCT), n (%) 22 (51.2)
SCT before endomyocardial biopsy, 7 (%) 5(11.6%)
Proteasome inhibitors (e.g., bortezomib), n (%) 31(72.1)
Alkylating agents (e.g., cyclophosphamide), 7 (%) 24 (55.8)
Immunomodulatory drugs (e.g., lenalidomide), n (%) 13 (30.2)
Anti-CD38 monoclonal Abs (e.g., daratumumab), n (%) 4(9.3)
Rituximab, n (%) 4(9.3)
Elotuzumab, 1 (%) 2(4.7)
Vorinostat, # (%) 1(2.3)

Baseline laboratory values:

Hemoglobin < 12 g/dL, n (%) 21(55.3)
Platelets < 150 K/uL, n (%) 8(19)
Absolute Neutrophils < 1.7 x 1,000/mm?, 1 (%) 2 (5.6)
INR > 1.1, n (%) 21 (61.8)
Creatinine in mg/dL, median (IQR) 0.95 (0.82,1.52)
Elevated natriuretic peptide levels (BNP or NT-proBNP), n 34 (89.5)
(%)

Elevated troponin levels (I or T), n (%) 24 (77.4)

Mayo 2004 staging, n (%):

Unknown staging 28
Stage IT 3(20)
Stage I1I 12 (80)

Mayo 2012 staging, n (%):

Unknown staging 30

Stage I 1(7.7)
Stage IT 1(7.7)
Stage ITI 7 (53.8)
Stage IV 4(30.8)

Boston University staging, n (%):

Unknown staging 21

Stage I 2(9.1)
Stage IT 7 (31.8)
Stage ITIA 6(27.3)
Stage I1IB 7 (31.8)

Composite staging, n (%): *

Unknown Staging 9
Early stages (I-II by Mayo or Boston) 10 (29.4%)
Advanced stages (III-IV by Mayo or Boston) 24 (70.6%)

*Using Mayo 2004, Mayo 2012 and Boston University staging systems; if at least one of staging
is indicated IIT or IV then it was considered high; if at least one staging was performed and all

staging indicated I or II, then considered low.
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Study Patient population Analysis/ Intervention vs.| Time | Currency | Incremental Cost | Reference

(Year) Methodology Comparator | Horizon Effectiveness
Ratio

McKenna | Patients with paroxysmal AF | CUA/Markov Catheter ablation vs. | Lifetime | 2006 GBP | £7763-£7910/QALY G4)
(2009) | refractory to medical therapy | model Kingdom | AAD
Blackhouse | Patients with drug-refractory | CUA/Markov United | Catheter ablation vs. | 5 years | 2010 CDN | $59,194/QALY 5)
(2013) | AF ‘model States amiodarone
Aronsson | Patients with symptomatic, | CUA/Markov Sweden | Catheter ablation vs. | Lifetime | 2012 Euros | €50,570/QALY (6)
(2015) ‘ antiarrhythmic drug naive AF | model AAD
within the preceding 6

| months.
Chew (2022) | Patients with paroxysmal or | CUA/Trial-based | United | Catheter ablation vs. | Lifetime | 2018 USD | $57,893/QALY ©8)

| persistent AF aged 65 years States ‘medical therapy $183,318/LY

| or <65 years with >1 risk
| factors for stroke

Catheter ablation in Atrial and Heart Failure

Gao (2019) | Patients with concomitant CEA and CUA/ Australia | Catheter ablation vs. | Lifetime AUD $55,942/QALY 37)
| symptomatic AF and HF with | Markov model ‘medical therapy $35,020/LY
reduced EF
Chew (2020) | Patients with concomitant | CUA/Markov United | Catheter ablation vs. | Lifetime | 2018 USD | $38,496/QALY (8)
‘ symptomatic AF and HF with | model States medical therapy
reduced EF
Lau (2021) Patients with concomitant CUA/Markov Canada Catheter ablation vs. | Lifetime 2018 CDN | $35,360/QALY (30)
symptomatic AF and HF with | model medical therapy
reduced EF

AAD, antiarrhythmic drug; AF, atrial fibrillation; AUD, Australian Dollar; CDN, Canadian Dollar; CUA, cost utility analysis: GBP, British Pound Sterling; EF, ejection fraction; HF,
henrt failins: CIALY. naslibe sciustsd bfewears: LY, [feyears: 15D, LIS Dolar.
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Methodology
Cost-Effectiveness Analysis
(CEA)

Key Aspects
+ Compares costs with incremental clinical benefits
expressed in “natural units”, often life-years
ICER usually expressed in $/LY

Cost-Utilty Analysis
(CUA)

Benefits are valued in terms of life expectancy and
quality of life
ICER expressed in $/QALY

Cost-Benefit Analysis
(CBA)

Costs and benefits both measured in monetary
units

Allows direct cost comparisons but lacks
transparency in the relationship of clinical
outcomes as these are converted to costs

Cost-Minimization
Analysis (CMA)

Assumes equal benefit of both interventions and
compares costs only
Aim is to choose the least expensive option
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Demographics
Age at diagnosis, months
[median (IQR)]

Diagnosis at birth, n (%)
Diagnosis in first year of life,
n (%)

Sex (M/F)

Disease manifestation

Extra cardiac manifestation,
n (%)

Syndactyly, n (%)

Baldness, 1 (%)

Facial abnormality, n (%)
Seizures, 1 (%)

Neuro developmental delay,
n (%)

Autism/ASD, n (%)
Recurrent infections, n (%)
Dental abnormalities, 1 (%)
Hypocalcemia, 1 (%)
Hypoglycemia, 1 (%)
Orthopedic disorder, n (%)

CACNAIC exon
8/8A mutation
carrier

n=>52

2(0-30)

19/39 (48.7)
27/39 (69.2)

19/21

49/52 (94.2)

39/52 (75.0)
20/32 (62.5)
15/31 (48.4)
5/14 (35.7)
18/28 (64.3)

0/5 (0.0)
5/10 (50.0)
15/18 (83.3)

1/3(33.3)
11/24 (45.8)

4/6 (66.7)

ECG and arrhythmia manifestations

Max. QTc, ms [median
(IQR)]

QTc > 500 ms, 1 (%)
AVblock, n (%)
Syncope, 1 (%)

T wave alternans, # (%)

Documented major
arrhythmia NOT leading to
ACA/SCD/ICDD, n (%)

Devices and interventions
PM, n (%)

ICD/AED, 1 (%)

LCSD, 1 (%)

Outcome

Death, 1 (%)

Age at death, months
[median (IQR)]

Major adverse cardiac event
(death/ACA/SCD/ICDD), n
(%)

Age at MACE, months
[median (IQR)]

606 (570-654)

36/39 (92.3)
38/51 (74.5)
5/7 (71.4)
20/31 (64.5)
16/34 (47.1)

15/24 (62.5)
24/37 (64.9)
4/37 (10.8)

17/52 (32.7)
2 (1.4-26)

37/52 (71.2)

24 (2-53)

CACNAIC P
non-exon 8/8A
mutation carrier

n=33
144 (33-270) <0.001
5/31 (16.1) 0.005
6/31 (19.4) <0.001
13/18 0.643
10/31 (32.3) 0.000
5/28 (17.9) 0.000
3/23 (13.0) 0.000
7/27 (25.9) 0.106
6/26 (23.1) 0.469
6/26 (23.1) 0.003
2/21(9.5) 1.000
1/21 (4.8) 0.007
2/21(9.5) 0.000
1/20 (5.0) 0.249
2/25 (8.0) 0.004
4/23 (17.4) 0.033
498 (475-534) <0.001
12/33 (36.4) 0.000
6/18 (33.3) 0.002
10/13 (76.9) 1.000
5/9 (55.6) 0.705
6/23(26.1) 0.114
2/7 (28.6) 0.198
12/15 (80.0) 0.340
3/10 (30.0) 0.155
3/33(9.1) 0.017
12 0.926
11/32 (34.4) 0.001
60 (20-147) 0.156

1 (0-30)

23/46 (50.0)
32/46 (69.6)

24/21

603 (566-655)

43/46 (93.5)
43/56 (76.8)
719 (77.8)
22/33 (66.7)
20/40 (50.0)

16/28 (57.1)
28/43 (65.1)
5/42 (11.9)

19/59 (32.2)
3 (1.1-29)

40/58 (70.7)

27 (2-54)

COTS
n=6

180 (30-534)

1/4 (25.0)
1/4 (25.0)

3/3

490 (480-500)

1/6 (16.7)
1/2 (50.0)
0/2 (0.0)
1/2(50.0)
1/4 (25.0)

1/1 (100.0)
2/3(66.7)
0/1 (0.0)

1/6 (16.7)
1.5 (1.5-1.5)

2/6 (33.3)

385 (2-768)

LQTS8
n=20

174 (144-318)

0/20 (0.0)
0/20 (0.0)

5/15

480 (451-498)

4/20 (20.0)
0/11 (0.0)
8/9 (88.9)
2/5 (40.0)
1/13 (7.7)

0/2 (0.0)
6/6 (100.0)
2/4 (50.0)

0/20 (0.0)

6/20 (30.0)

138 (120-156)

p

<0.001

0.000
<0.001

0.096

<0.001

<0.001
<0.001
0.101
0.437
0.011

0.196
0.214
0.154

0.006
0.560

0.004

0.111

Statistically different differences are indicated in bold. ASD, autism spectrum disorder; PM, pacemaker; ICD, implantable automated defibrillator; AED, automatic external defibrillator;

LCSD, left cervical sympathetic denervation; TS, Timothy syndrome; COTS, “cardiac only” Timothy syndrome; LQTS, isolated long QT syndrome, subtype 8.
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AV block, n (%)
Syncope, n (%)
T wave alternans, n (%)

Documented major
arrhythmia NOT leading
to ACA/SCD/ICDD, n
(%)

Devices and interventions
PM, n (%)

ICD/AED, n (%)

LCSD, n (%)

Outcome

Death, n (%)

Age at death, months
[median (IQR)]

Major adverse cardiac
event
(death/ACA/SCD/ICDD),
n (%)
Age at MACE, months
[median (IQR)]

27/31 (87.1)
1/3 (33.3)

9/14 (64.3)

11/21 (52.4)

5/11 (45.5)

11/18 (6

1)

3/18 (16.7)

13/31 (4

22/31 (7

.9)
3(1-25)

.0)

24 (2-29)

6/6 (100
2/2 (100,
5/6 (83.3
4/6 (66.7

)
)

)
)

4/5 (80.0)
3/6 (50.0)
1/6 (16.7)

2/6 (33.3)
37(=)

4/6 (66.7)

45 (16-66)

1.000
0.400
0.613
0.662

0.308
0.665
1.000

1.000
0.434

1.000

0.151

7/11 (63.6)
4/4 (100)
7/12 (58.3)
5/9 (55.6)

6/9 (66.7)
9/12 (75)
1/12(8.3)

2/12(16.7)
37(=)

10/12 (83.3)

54 (16-72)

0.174
0.143
1.000
1.000

0.406
0.694
0.632

0.164
0.434

0.698

0.062

7/15 (46.7)

4/4(100.0)

9/15 (60.0)
5/9 (55.6)

6/9 (66.7)
11/15(73.3)
1/15(6.7)

2/16 (12.5)
37

11/16 (68.7)

54 (16-72)

0.009
0.143
1.000
0.875

0.406
0.712
0.607

0.052
0.434

0.876

0.034

34/43 (79.1)
3/4 (75.0)
16/21 (76.2)
13/30 (43.39

9/18 (50.0)
19/29 (65.5)
3/28(10.7)

16/45 (35.6)
2(1-18)

30/44 (68.2)

17 (2-30)

9/13 (69.2)
4/5 (80.0)
6/12(50.0)
7/10 (70.0)

7/10 (70.0)
9/14 (64.3)
2/14(14.3)

3/14 (21.4)
44

10/14(71.4)

60 (46-72)

0.472
1.000
0.149
0.169

0.434
1.000
1.000

0.514
0.102

1.000

0.003

Statistically different differences are indicated in bold. ASD, autism spectrum disorder; PM, pacemaker; ICD, implantable automated defibrillator; AED, automatic external defibrillator; LCSD, left cervical sympathetic denervation; TS, Timothy syndrome;

COTS, “cardiac only” Timothy syndrome; LQTS, isolated long QT syndrome, subtype 8.
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Total prticipants from NHANES 2003-2006
(N=20,470)

Excluded participants with:

i Participants under 20 years old (N=10,450)

Participants over the age of 20
(N=10,020)

Excluded participants with:
Missing Android fat mass and Gynoid fat
mass data (N=3,379)

Excluded participants with:
Missing mortality data (N=10)

In the final analysis
(N=6,631)
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Demographics

Age at diagnosis, months
[median (IQR)]

Diagnosis at birth, n (%)

Diagnosis in first year of
life, n (%)

Sex (M/F)
Disease manifestation

Extra cardiac

manifestation, n (%)
Syndactyly, n (%)
Baldness, 1 (%)

Facial abnormality, n (%)
Seizures, n (%)

Neuro developmental
delay, n (%)

Autism/ASD, n (%)

Recurrent infections, n
(%)

Dental abnormalities, n
(%)

Hypocalcemia, 1 (%)
Hypoglycemia, n (%)

Orthopedic disorder, n
(%)

CACNAIC exon
8A Gly406Arg
mutation carrier

n=31

0(0-11)

10/18 (55.6)
16/18(88.9)

15/9

29/31 (93.5)
18/23 (78.3)
7/13 (53.8)
3/6 (50)
7/11 (63.6)

0
3/4(75)

14/15 (93.3)

0/1(0.0)
8/14 (57.1)
0/1(0.0)

ECG and arrhythmia manifestations

Max. QTc, ms [median
(IQR)]
QTc > 500 ms, n (%)

600 (570-650)

17/18 (94.4)

CACNAIC exon 8
Gly406Arg
mutation carrier

n==6

0 (0-0)

5/6 (83.3)
5/6 (83.3)

2/4

NA

1/6 (16.7)
1/2 (50%)
3/6 (50)
2/4 (50)
5/5 (100)

0
1/2 (50)

1/1 (100)

1/1 (100)
2/2 (100)
3/3 (100)

666 (555-702)

6/6 (100)

p

0.378

0.351
1.000

0.360

0.000
0.430
1.000
1.000
0.245

1.000

1.000

1.000
0.500
0.250

0.639

1.000

CACNAIC exon 8

Gly406Arg/Gly402Ser

mutation carrier
n=12

vs. exon 8A Gly406Arg mutation carrier

5(0-51)

5/12 (41.7)
7/12 (58.3)

4/6

NA

4/12 (33.3)
1/5 (20)
6/12 (50)
2/7 (28.6)

8/11 (72.7)

0
2/5 (40)

1/2 (50)

1/1 (100)
2/5 (40)
4/4 (100)

610 (555-699)

11/12(91.7)

p

0.189

0.710
0.084

0.276

0.000
0.026
1.000
0.592
1.000

0.524

0.228

1.000
0.628
0200

0.655

1.000

CACNAI1C all exon
8 mutation carrier

n=16

32 (0-63)

5/16 (31.2)
7/16 (43.7)

4/7

14/16 (93.3)

6/16 (37.5)
1/8 (12.5)
6/16 (37.5)
2/8 (25.0)

10/15 (66.7)

2/2 (100)
2/6 (33.3)

1/3 (33.3)

1/2 (100.0)
2/9 (22.2)
4/5 (80.0)

603 (555-681)

14/16 (87.5)

p

0.019

0.185
0.009

0.156

0.111

0.000
0.002
0.467
0.580
1.000

1.000
0.524

0.056

1.000
0.197
0.333

0.500

0.484

TS with syndactyly TS w/o syndactyly

n=45

6 (0-24)

14/32 (43.7)
23/32(71.9)

16/18

21/27 (77.8)
14/23 (60.9)
5/9 (55.6)
15/21 (63.6)

0/1 (0.0)
4/6 (66.7)

14/14 (100)

1/1 (100)
9/20 (45.0)
3/3 (100)

603 (570-650)

30/32(93.7)

NA

NA

n=14

0(0-41)

9/14 (64.3)
9/14 (64.3)

8/3

2/7 (20.6)
8/14 (57.1)
5/9 (55.6)
9/12 (75.0)

1/3 (33.3)
2/4 (50.0)

3/5 (60.0)

1/2 (50.0)
4/7 (57.1)
5/6 (83.3)

610 (554-702)

13/14 (92.9)

p

0.721

0.205
0.611

0.143

0.024
1.000
1.000
1.000

1.000
1.000

0.058

1.000
0.678
1.000

0.991

0.911
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Type Filters Size Output

Convolutional 32 3x3 256 x 256
Convolutional 61 3x3/2 128 128
Convolutional 32 Ix1

Convolutional 64 3x3

Residual 128 128
Convolutional 128 3x3/2 64x64
Convolutional 64 1x1

Convolutional 128 3x3

Convolutional 256 3%3/2 32x32
Convolutional 128 1x1

Convolutional 256 3x3

Residual 32x32
Convolutional 512 3x3/2 1616
Convolutional 256 Ix1

Convolutional 512 3x3

Residual 1616
Convolutional 1,024 3x3/2 8x8
Convolutional 512 Ix1

Convolutional 1024 3x3

AVG pool GLOBAL

Connected 1,000

Soft max
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Exon
2 28
8 381
402
402
405
406
8A 406
8/8A7 406
9 407
456
12 518
518
13 582
14 643
16 762
18 834
19 857
857
858
860
24 1021
1024
26 1115
27 1166
1166
28 1211
36 1475
1496
38 1473
39 1580
42 1783
45 1906
1911

Codon Mutation

Ala28Thr
Pro381Ser
Gly402Arg
Gly402Ser
Serd405Arg
Gly406Arg
Gly406Arg
Gly406Arg
Glu407Ala
Met4561le
Arg518Cys
Arg518His
Ala582Asp
Ser643Phe
Leu762Phe
Lys834Glu
Pro857Arg
Pro857Leu
Arg858His
Arg860Gly
Cys1021Arg
Argl024Gly
Glul115Lys
Ile1166Thr
Ilel1166Val
Lys1211Glu
Ile1475Met
Glu1496Lys
Ala1473Gly
Lys1580Thr
Gly1783Cys
Argl1906GIn
Gly1911Arg

A score for all the ClinVar entries were assigned [benign (B)

: 1, likely benign (LB): 2, variant of unknown significance (VUS): 3, likely pathogenic (LP): 4, pathogenic (P): 5], and the average of the scores were taken into consideration. A score of >4.5
indicated P variants, and a score between 3.5 and 4.5 indicated LP and between 2.5 and 3.5 indicated VUS variants, respectively. ND: no data, TS: Timothy syndrome, COTS: “cardiac only” Timothy syndrome, LQTS8: isolated long QT syndrome subtype 8.

ClinVar Varsome TS COTS LQTS Total
(n=159) (n=6) (n=20) (n=85)
Verdict Max Score Submiss. Verdict Items n % n % n % n %
VUS 3 3 1 Likely benign BS2 0 0% 0 0% 1 5% 1 1%
vUS 3 3 1 VUS-favoring LP  PM2, PP3, BP1 0 0% 0 0% 1 5% 1 1%
vUS 3 3 1 VUS-favoring P PM2, PP3, PP5, BP1 1 2% 0 0% 0 0% 1 1%
P 5 4.6 3 Likely pathogenic ~ PP5, PM2, P3, BP1 5 8% 0 0% 1 5% 6 7%
ND Likely pathogenic ~ PP3, PM2, BP1 2 3% 0 0% 0 0% 2 2%
5 5 3 Pathogenic PS1, PP3, PP5, PM2,BP1 6 10% 0 0% 0 0% 6 7%
5 5 3 Pathogenic PS1, PP3, PP5, PM2,BP1 31 53% 0 0% 0 0% 31 36%
P 5 5 3 Pathogenic PS1, PP3, PP5, PM2,BP1 4 7% 1 17% 0 0% 5 6%
ND VUS-favoring LP  PM2, PP3, BP1 1 2% 0 0% 0 0% 1 1%
ND VUs PM2, BP4 0 0% 0 0% 1 5% 1 1%
P 5 5 2 Likely pathogenic ~ PP5, PM2, PM5, PP3,BP1 0 0% 3 50% 0 0% 3 4%
5 4.7 3 Likely pathogenic ~ PP5, PM2, PM5, PP3, BP1 0 0% 1 17% 0 0% 1 1%
5 5 1 VUS-favoring LP  PM2, PP3, PP5, BP1 0 0% 0 0% 1 5% 1 1%
ND VUS-favoring LP  PM2, PP3, BP1 1 2% 0 0% 0 0% 1 1%
LP 4 4 i VUS-favoring LP  PM2, PP3, PP5, BP1 0 0% 0 0% 1 5% 1 1%
5 5 1 Likely pathogenic ~ PS3, Pm2, PP3, BP1 0 0% 0 0% 1 5% 1 1%
5 5 1 Likely pathogenic ~ PS3, PM2, PP3, BP1 0 0% 0 0% 1 5% 1 1%
LP 5 4 3 VUS-favoring P PM2, PM5, PP3, BP1 0 0% 0 0% 1 5% 1 1%
P 5 4.7 4 Likely pathogenic ~ PP5, PM2, PP3, BP1 0 0% 0 0% 4 20% 4 5%
P 5 5 1 VUS-favoring LP  PM2, PP3, PP5, BP1 0 0% 0 0% 1 5% 1 1%
VUS 3 3 1 VUS-favoring LP  PM2, PP3, BP1 1 2% 0 0% 0 0% 1 1%
ND VUS-favoring LP  PM2, PP3, BP1 1 2% 0 0% 0 0% 1 1%
vUS 3 3 1 VUS-favoring LP  PM2, PP3, BP1 0 0% 0 0% 1 5% 1 1%
p 5 5 1 VUS-favoring LP  PM2, PP3, PP5, BP1 2 3% 0 0% 0 0% 2 2%
ND VUS-favoring LP  PM2, PP3, PP5, BP1 0 0% 0 0% 1 5% 1 1%
VUS 3 3 1 VUS-favoring LP  PM2, PP3, PP5, BP1 1 2% 0 0% 0 0% 1 1%
p 5 5 1 VUS-favoring LP  PM2, PP3, PP5, BP1 0 0% 0 0% 1 5% 1 1%
ND VUS-favoring LP  PM2, PP3, BP1 0 0% 0 0% 1 5% 1 1%
LP 5 4.5 2 VUS-favoring LP  PM2, PP3, PP5, BP1 2 3% 0 0% 0 0% 2 2%
ND VUS-favoring LP  PM2, PP3, BP1 0 0% 1 17% 0 0% 1 1%
VUS 3 3 1 Likely benign PM2, BP1, BP4 0 0% 0 0% 1 5% 1 1%
VUS 3 3 8 Benign BS1, BS2, PP3 0 0% 0 0% 1 5% 1 1%
vUS 3 3 3 Benign BS1, BS2 1 2% 0 0% 0 0% 1 1%
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Parameters

CD3" T cells, n+ SD —0.01-0.003
(cellsyl)

CD8" T cells, n+ SD 0.003 | 0.004 0756  0.384 | 1.003 ~0.004-0.01
(cellsyl)

CD4" T cells, n+SD 0.003 | 0.003 | 061 | 0435 1003 —0.004-0.01
(cells/pl)

NK cells, n +SD —0.003 | 0.001 | 8732 | 0.003 |0.997 | —0.005--0.001
(cellsyl)

B cells, n+SD (cells/pl) | —0.001 | 0.002 | 0.729 | 0.393 | 0.999 | —0.005—-0.001

OR. odds ratio: NK cells. natural killer cells: Cl. confidence interval
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Genotype
CACNAICexon CACNAICexon8 CACNAICexon8
8A p.Gly406Arg p.Gly406Arg p-Gly406Arg/
mutation carrier’™ mutation carrier’ p.Gly402Ser

mutation carrier’

index patients, n 31 6 12
all patients*, n 31 6 13

CACNAIC exon 8
mutation carrier’

16
17

Phenotype Total
CACNAIC Timothy syndrome (TS) COTS LQTS8
non-exon 8/8A
mutation carrier
TS with TS without TS total
syndactyly  syndactyly
33 45 14 59 6 20 85
81 46 14 60 15 59 134

COTS, “cardiac only” Timothy syndrome; LQTS, isolated long QT syndrome, subtype 8. *Including family members. TIn 5 patients (all carriers of the p.Gly406Arg mutation) it was not reported whether the patients carried the p.Gly406Arg mutation in

exon 8 or in exon 8A. ¥Exon 8A mutations carriers all carried the p.Gly406Arg mutation.
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Parameters
CD3" T cells/TBNK, mean +SD (%)

Mild LVH (n=73)
71674886

Moderate LVH (n =60)
72192904

Severe LVH (n =125)
73,66 +8.91

P-value

CD3" T cells, n = SD (cells/pl)

1,045.19 £ 419.88

933.73 + 357.60

868.40 * 34651

CD8" T cells/TBNK, mean = SD (%)

27.08+6.58

2701+762

2815+7.28

CD8" T cells, n+SD (cells/pl)

400.67 + 207.40

348.72 % 156.73

333,05+ 16026

CD4" T cells/TBNK, mean +SD (%)

4147 £7.50

4202708

4235+8.38

CD4" T cells, n+ SD (cells/pl)

598.30 + 236.36

54423 £214.16

499.34 213,67

NK cells/TBNK, mean + SD (%)

1474790

1567 +8.94

12,90 + 7.41

NK cells, n +SD (cells/ul)

213.64 % 136.19

201.18 % 133.55

148.46  108.08

B cells/TBNK, mean +SD (%)

11.72+474

978 +3.98

11.72 +6.64

B cells, n=SD (cells/yl)

169.29 = 129.50

125.08 + 64.52

13079 + 80.84

CD4/CDS ratio, mean * SD

1.64%0.56

173075

1.64 %066

Comparison among the mild, moderate and severe LVH group.
ESKD. and-stace kicdhiey disease: LVH, left verisiculsr hwperrontv: NK calls: natural kilsr calls: TBNK. T, B, aid NE Gl
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Patients hospitalized during
semifinal and final matches

STEMI, n (mean/d) 58(14.5)
NSTEMI, n (mean/d) 56 (14)
UA, n (mean/d) 16 (4)

TTS, n (mean/d) 10(2:5)

T-elevation myocardial infarction:

ation myocardial infarction; UA,

Patients hospitalized during other
days of matches involving Italy

147 (14.7)
157 (15.7)
47 (4.7)
8(0.8)

Patients hospitalized
during control period

287 (14.4)
343 (17.92)
93 (4.7)
130.7)
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Year of report

2004
2005
2005
2006
2011
2012
2013
2013

2013
2014
2014

2014
2015

2015
2015
2015
2015
2015

2016
2016
2016
2016
2016
2017
2018

2018
2018
2018
2018
2018
2018
2018
2018
2019

Origin of report

United States
Netherlands
United States
United States
Germany
Canada
South Korea
United States

China
Lebanon

Japan

Philippines
United States

Mexico
Hawaii
Turkey
Finland

Germany

Turkey
Japan
Hispanic
Hispanic
United States
Hungary
United States

New Zealand
Japan
Japan
Japan

South Korea

Turkey
United Kingdom
United States

France

Reported
number of
index patients

13
2

Reported
disease
phenotype

TS
TS
TS
TS
TS
TS
TS

LQTS

TS
TS
LQTS

TS
COTS: 3, TS: 1

TS
TS
TS
COTS: 1,LQTS: 1
TS: 1, LQTS: 5

TS
TS
LQTS
TS
TS
TS
TS

LQTS
COTS
TS
TS
COTS
TS
TS
LQTS
TS

Reported
CACNA1C_mutation

Gly406Arg
Gly406Arg
Gly406Arg, Gly402Ser
Gly402Ser
Gly406Arg
Ala1473Gly
Gly406Arg

Pro857Arg, Lys834Glu,
Pro857Leu, Arg1906GIn

Gly406Arg
Gly402Ser

P381S, M4561, A582D, R858H,
G1783C

G1911R

Arg518Cys, Arg518His,
1le1166Thr

Gly406Arg

Gly406Arg

Gly406Arg
Gly406Arg, Gly402Ser

Ala28Thr, Ile1166Val,
Tle1475Met, Arg860Gly,
Tle1166Thr, Glu1496Lys

Ala1473Gly
Gly406Arg
Leu762Phe
Gly406Arg
Gly406Arg
Gly406Arg

Gly402Ser, Gly406Arg,
Ser405Arg, Gly402Arg,
Lys1211Glu, Cys1021Arg

Arg858His
K1580T
Arg1024Gly
Ser643F
Arg518Cys
Gly406Arg
Gly406Arg
E1115K
Glu407Ala
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Parameters

OR (95% CI)

Univariate analysis

Multivariate analysis

OR (95% Cl) P-value

CD3" T cells/TBNK, mean + SD (%) 0.984 (0.964-1.005) 0.125
CD3" T cells, n+ SD (cells/) 0,999 (0.999-1.000) <0.001 0995 (0.991-1.000) 0031
CD8" T cells/TBNK, mean +SD (%) 1.002 (0.978-1.027) 0879
CD8" T cells, n+ SD (cells/j) 0.996 (0.995-0.998) 0.006 1005 (1.000-1.009) 005
CD4" T cells/TBNK, mean = SD (%) 0988 (0.965-1.011) 0316
CD4" T cells, n+SD (cells/l) 0999 (0.998-0.999) <0.001 1003 (0.999-1.007) 0.143
NK cells/TBNK, mean + SD (%) 1.009 (0.986-1.032) 0462
NK cells, 7 +SD (cells/pl) 0999 (0.998-1.001) 0217
B cells/TBNK, mean + SD (%) 1014 (0.982-1.047) 0388
B cells, n+SD (cells/j) 0.998 (0.996-1.000) <0.001 1001 (0.998-1.003) 0547
CD4/CD8 ratio, mean * SD 0.899 (0.696-1.161) 0414

OR. odds ratio: NK cells. natural killer cells: TBNK T. B. and NK cells: Cl confidence interval
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Disease cardiography Clinical Status Prognosis  Therapeutic
Atrial fibrillation (91-93) - y v J -

Aortic stenosis (58, 94, 95) = y v v =
Non-ischemic dilated cardiomyopathy (14) - v v v -
Coronary atherosclerotic heart disease (96) - v v v -

Hypertrophic cardiomyopathy (9) - R y - -

Mitral stenosis (18) - v N - -

ST-elevation myocardial infarction (97, 98) - y v V -
Chronic obstructive pulmonary disease (13) - y V y =

[ Pulmonary hypertension (99, 100) - [ v v v -

—, Not reported; Y, Positive finding.
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Age,y

Gender

Weight, kg
Height, cm

BMI
Hypertension
Dyslipidemia
Active smoker
Diabetes
Previous stroke or TIA
Previous AMI
Previous PCI
Previous CABG
CKD

AF

copPD
Hemoglobin, g/dl
Creatinine, mg/dl
€GER

LDL-Chol, mg/dl

Hs-Troponin ng/ml
LVEE %
Apical ballooning

SPAP, mmHg
TAPSE, mm

(e

id annular p;

66

70
178
2.1

12
0.86
71
70
719
50
+
31
19

63

65
165
23.9

+ o+

4015
32
+
57
19

D, cardiovaseular disease; TIA, transie

54

58
165
213

1.7
934

160
909
35

67

52
160
203

12
08
56
126
2,786

44

+
34
2

52

60
165
220

11.3
0.64
97
135
1,186
37
+
30
20

80
165
29.4

129
0.69
101
109
175
10
+

20

schemic attack; AMI, acute myocardial infarction; LVE}

59

65
162
248

125
0.68
91
13

30

52

104
175
34

14.3
08
169
161
964
16
+

20

59

70
175
229

14.9
0.93
85
168
350
56
+
2
2

69

65
168
23.0

143
110
58
163
50
63

, left ventricle ejection fraction; PAPs, pulmonary artery
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[ exon 2 ]---[ exon 8 I exon 8A I exon 9 }---[ exon 12 I exon 13 ][ exon 14 ]-[ exon 16 ]--[ exon 18 ]—--

@

p.Ala28Thr

p.Gly402Ser
p.Ser405Arg
p.Gly406Arg

p-Gly406Arg

p.Gly402Ser
p.Pro381Ser

p.Gln407Ala p-Ser643Phe
p.Gly406Arg

p.Arg518Cys
p.Arg518His

p-Met4561le p-Ala582Asp p.Leu762Phe  p.Lys834Glu

---{ exon19 } exon24 |-| exon26 | exon27 | exon28 }- exon36 |- exon38 | exon39 |-| exon42 |--| exon45 |-

p.Pro857Arg
p.Pro857Leu
p.Arg858His
p-Arg860Gly

9 ©0

p.Cys1021Arg
p.Arg1024Gly

p.Ille1166Thr p.Lys1211Glu p.Ala1473Gly p.Gly1911Arg
p.Lys1580Thr
p.Glul115Lys p.lle1166Val p.Ille1475Met p.Gly1783Cys  p.Arg1906Gln
p.Glu1496Lys
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Parameters Non-LVH P-value
(n=248)
CD3" T cells/TBNK, mean * SD (%) 72342847 7278893 7392793
CD3" T cells, n+ SD (cells/pl) 100481 + 423,03 93357 + 376.47 1,079.20 = 455.72
CD8" T cells/TBNK, mean + SD (%) 2752714 2755717 2748712
CD8" T cells, n+SD (cells/pl) 37854 + 191.01 35535+ 175.65 402.75 = 20338
CD4" T cells/TBNK, mean = SD (%) 4235750 42.03+7.81 4269715
CD4" T cells, n+ SD (cells/p) 57958 + 254.06 537.65+223.13 623.37 £ 276550
NK cells/TBNK, mean + SD (%) 1382+7.54 1405 £7.97 1357 +7.07
NK cells, 7 +SD (cells/pl) 185.88 + 12649 17895+ 12564 193.12+127.23

B cells/TBNK, mean * SD (%) 1161 %17.29 12.47+23.79 10.71 446
B cells, 1= SD (cells/pl) 14938 9878 14024 +95.47 15892+ 10144
CD4/CDS ratio, mean * SD 1.69 +0.68 1.6+ 0.65 1712071

Comparison between the LVH and non-LVH group.
ESKD, end-stage kidney disease: LVH, left ventricular hypertrophy: NK cells, natural killer cells: TBNK, T, B, and NK cells.
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Niigele
etal. (5)

D’Aloia
etal. (7)

Faggiano
etal. (19)

Nuiiez
etal. (74)

Niez
etal. (75)

Minana
etal. (66)

Nuiiez
etal. (69)

Niez
etal. (76)

Nuiiez
etal (77)

1999

2003

2005

2012

2012

2012

2017

2011

2018

In vitro

Observational,
prospective

Observational,
prospective

Observational,
prospective

Observational,
prospective

Observational,
prospective

Observational,
prospective

Observational,
prospective

Observational,
retrospective

71

286

30

25

293

293

946

17

Population
(Treatment
methods)

Chronic HF
(HTx)

Congestive HF
(Medical
treatment

optimization)

Chronic HF
(High doses of
diuretics,
intravenous
vasodilators and
dobutamine)

Advanced
congestive HF
with renal
dysfunction
(CAPD)

AHF(Not
Reported)

AHF(Not
Reported)

AHF(Not
Reported)

Advanced
congestive HF
(peritoneal
dialysis)

Refractory
congestive HF
(acetazolamide to
an intensive
diuretic regimen)

Follow-up

Without HTX, it
was 1.9 + 0.8 years
(0.1 to 3.9 years);
after HTX, it was
229 + 1.85 years

6+ 3 months

5-20 days

6 and 24 weeks

18 (10-32) months

6 months

2.64 years

120 days

152 days

Changes of

CA125 levels

CAL125 levels after HTx
(401 +259 U/L vs. 33 +
22 U/L)worsening of
heart failure (42 + 25 U/L
vs. 89 + 32 U/L)

CA125 decreased from

125+ 98 to 53 = 61 U/

mL (at least 1 NYHA
Class reduction)

CA125 decreased from
107 + 85 to 19 + 8 U/mL
(at least 1 NYHA Class
reduction)

At 6 weeks: 32.2 U/mL
(22.1-49.6); at 24 weeks:
28.1 U/mL (182-75.6)

At index hospitalization:

72.6 U/mL (27.8-140.1)

At first ambulatory visit:
26.2 U/mL(16.3-63.7)

At index hospitalization

(categorical changes): 45

(24-106), 169 (93-255),
68 (17-98) U/mL

At first ambulatory visit

(categorical changes): 18

(13-23), 66 (49-112), 68
(25-126) U/mL

Alive: 66.5 U/mL (27.0-
136.0);

Deceased: 63.1 U/mL
(28.4-141.7)

Baseline:70.86 (46.14—
206.7)U/mL;

At 45 days after dialysis
onset 28.77 (22.09-38.6)
U/mL;

At 120 days after dialysis
onset s 27.47 (16.7-30.05)
U/mL

CA125 decreased
significantly during
follow-up

Neurohormonal levels and hemodynamics
were parallel to those of CA125.

CA125 was only decreased in patients with
improved functional status of NYHA
classification, but there were no significant
differences in patients with unchanged
NYHA classification.

When clinical improvement was achieved
(at least one NYHA grade was reduced),
CA125 was significantly reduced.

After CAPD treatment, the level of CA125
improved with the decline of NYHA
functional class at the 6th and 24th weeks.

The normalization of CA125 (< 35 U/mL)
is associated with lower risk. Continuous
CA125>35U/mL is associated with higher
risk.

An elevation of CA125 levels after the first
weeks of admission is associated with an
increased risk of readmission for AHF.

The risk is the highest when NT-proBNP
(>1000 pg/ml) and CA125 (>35 U/ml) rise
at the same time.

After peritoneal dialysis was started in
patients with advanced congestive heart
failure, the plasma CA125 continued to
decrease, and the clinical and congestion
status of patients was improved.

Addition of acetazolamide to an intensive
diuretic regimen significantly reduced
CAI125 in patients with refractory
congestive heart failure while improving
NYHA class.

CAI125, carbohydrate antigen 125; HF, heart failure; AHF, acute heart failure; HTx, heart transplantation; NYHA, New York Heart Association; CAPD, continuous ambulatory peritoneal dialysis;

NT-proBNP, N-terminal pro-B-type natriuretic peptide.
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Total references identified through database search

(PubMed: n=98; Embase n= 222; Web of Science: n=180; Scopus n=187)

l

References after removal of duplicates

n=687

n=204
(
Records screened [Excluded as incomplete\
n=204 abstract or title
unsuitable
\_ n=155

\ )

Potentially relevant publications assessed for
eligibility
B n=49 / Reports excluded: \
n=12
No clinical features (n=2)
No genetic data (n=3)
Reports in Russian, Portuguese (n=2)
( \ Duplicate patients (n=4)
Case studies included in systematic Conference abstracts (n=1)
review (1 case records: n=21; K /
pedigree records: n=16)
k n=37
\ =
Studies on Studies on Studies on Studies on ( Studies on \
patients patients patients patients COTS & LQTS
n=22 n=3 n=3 n=a TS & LQTS8
patients

U J o\ N =
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Parameters All (n=507) LVH (n = 258) Non-LVH (n =248) P-value
Age, years £ SD 41201122 4140+ 1141 41001104
Male, 7 (%) 362 (71.4%) 176 (68.2%) 186 (75.0%)
BMI (Kg/m?) 2298+427 2275367 2322482
Diabetes, n (%) 50 (9.9%) 24 (9.3%) 26 (10.5%)
Hemodialysis, n (%) 325 (64.1%) 174 (67.4%) 151 (60.9%)
Dialysis time (months), mean = SD 1607+ 2547 19.09+29.12 12942062
Systolic blood pressure (mmHg), mean + SD 1447211972 14865 £20.18 140,64 £20.18
Diastolic blood pressure (mmHg), mean = SD 9249+13.13 9424+ 1284 90.67 +13.19
drug use, n (%) 483 (95.3%) 249 (96.5%) 234 (94.4%)
ACEI or ARB use, (%) 386 (76.1%) 217 (84.1%) 169 (68.1%)
LVID (em), mean = SD 496069 529063 4612057
VST (cm), mean = SD 116021 126020 105018

PWT (cm), mean +SD 1.10+022 1.20%0.22 0.98+0.15
LVD (cm), mean = SD 19550 = 69.53 241.90 £ 62.18 147.23 £ 35.69
LVH(g/m’), mean = SD 117.00 +38.64 145.41 +3181 87.43 %1669
Hb (g/L), mean *SD 10580 +22.75 102.40 £23.23 109.34 £21.72
'WBC (10°/L), mean + SD 641220 609220 6.74%2.15

Lym (10°/L), mean = SD 121%047 1147042 128051

Comparison between the LVH and non-LVH group.

ESKD, end-stage kidney disease; LVH, left ventricular hypertrophy; SD, standard deviation; BMI, Body mass index: ACEI, angiotensin converting enzyme inhibitions; AR,
angiotensin receptor blockers; LVMI, Left ventricular mass index: LVID, Left ventricular intemnal diameter: VST, ventricular septal thickness; PWT, posterior wall thickness;
LVD: st ventricular end disstolic diammater (EVEDD): LVM, Lt verttricular misss: His harmoalobin: WBC: white blood sall: Iy Simphocyte.
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Author \| Population = Values Follow-up Results

Patients with higher CA125 levels (>35 U/mL)were

D’Aloi Observational, Cut point:
o 2003 serval l?m 286 Congestive HF L pom 6 + 3 months more likely to die or to be admitted with HF at 6-
etal (7) prospective 35 U/mL
month follow-up.
Nufez 2007 Observau?nal, 529 AHF Cut point: Grionths Panent.s with hlsher. CA‘AIZS levels(>35 U/mL) were
et al. (60) prospective 35 U/mL more likely to die within a 6-month follow-up.
. . CA125 added prognostic value beyond the information
Nuii Observational, Cut t: . . L
e 2010 s “_)“a 1111 AHF ot por 6 months provided by BNP. Their combination enables better 6-
etal. (41) prospective 60 U/mL : v
month risk stratification.
Acute .
. . 40-month all-cause CA125(>35 U/mL) was found to predict all-cause
Mansour Observational, decompensated | Cut point: 4 SRR
ol (62) 2010 e 172 HE (AR Sl mortality, 18-month  mortality within 40 months, and the level of CA125 was
b prospective s ™ HF rehospitalization | not related to readmission in 18 months with HF.
American)
13+ 7 ths afty
Monteiro | Observational, - - Cut point: 'C";"i‘z; €f | CA125 and sodium levels were the only independent
et al. (63) prospective 38 U/mL L predictors of the combined endpoint (death or HTx).
determination.
. 2 . 8 months (minimum = 4 5
Yilmaz Observational, . Cut point: . Patients with higher levels of CA125 (>35 u/mL) are
2011 ) 150 Chronic HF 2, maximum 42 ) o ) 5
et al. (12) retrospective 35 U/mL more likely to die or be admitted to hospital due to HF.
B months) 4 R
. The hospitalization rate of HF patients with CA125
. . Cut point: 828.1 days :
Hung Observational, Women with ) ) levels(>17.29 U/mL) was the highest. Serum CA125
2012 ; 158 ;: 1729 U/ (interquartile range ] ; i
et al. (64) retrospective chronic HF might be a new biomarker for predicting HFpEF and
mL 38 to 1,504.5) .
HF hospitalization in women.
CA125> 32 U/mL and NT-proBNP levels> 5,300 L
Ordu Observational, 3 Cut point: 7 Rl .pro e s. pe/m
2012 : 102 Chronic HF 14 + 2 months had independent prognostic value for major adverse
etal. (21) prospective 32 U/mL
events and death.
In patients with mild to moderate HF receiving
timized treatment, higher pl: CA125 levels i
Vizzardi Observational, Mild to Cut point: o m‘nze reatment, 11 er.p vasnfa eve§ |‘s a
etal. (65) 2012 rospective 102 moderate HF 30 UlmL 43 + 15 months effective long-term prognostic indicator for predicting
: PSP cardiovascular events and hospitalization of HF, and
may be helpful for better risk stratification.
Mii Ob: tieial Guitpoiit Elevation of CA125 levels after the first weeks of
ifiana rvational, int:
2012 servationdh 03 AHF R 6 months admission is associated with an increased risk of
et al. (66) prospective 35 U/mL "
readmission for AHF.
Zhuang 4159 Acute and Not Patients with high short-term and long-term mortality
- - i
2014 Meta-analysi 23 Not Reported
etal. (23) cla-analysis ( N chronic HF Reported ot Reporte showed higher levels of CA125.
studies) P
Becemi 2017 Observauof'nal, 55 HTx Cut point: 48 months f:AlZS (>35 U/ml) was the only factor tha.i is
etal. (67) retrospective 35 U/mL independently related to long-term mortality rate.
Acut 4d
. I:Iay:ﬁ , W Ob:zsrv:cu:::l 267 deccm;‘;:sale i S:t g/:]nLt P d:’: fength g‘uzhs O.; si:-ladependendy associated with prolonged
g prosp HF ’ of stay) 8t Y
Niez Observational, Cut point: The risk is the highest when NT-proBNP (>1000 pg/
2017 946 AHF 2.64
etal. (69) prospective 35 U/mL years ml) and CA125 (>35 U/ml) rise at the same time.
Lietal 8401 Not High CA125 level iated with an i i
ietal o i evels were associated with an increase in
2018 Meta-analysi 16 AHF Not Reported
(70) etanelysle | S Reported ORSTROE the risk of death and HF readmission.
studies)
v o o Acute Cut point: :he ability t:) gr;dFict tt}.le To-n;,lighd :Acule .
oon servational, lecompensate patients is er increased by
201 41 = 152!
etal (71) | 20 prospective 3 dmm;;"med 54“5;LU/ 591+ 233 days combining CA125 with NT-proBNP and the identified
risk factors.
Niifiez Observationil i t:‘;:]i;: C{\%ZS is independently associf;ted with a higher rlisk of
2020 3 2516 Worsening HF 1 year clinical outcomes, even exceeding the predefined risk
et al. (24) prospective mL - . "
model and clinical substitutes for congestion.
(16-125)
| Median
Patients with hi; ’A125 showed a higher long-t
SoleE Obrvational: ) 58.1 U/ atients witl l.gher.C 5 showed a higher ong erm
2020 5 2961 AHF with TR 3.3 +3.2 years all-cause mortality risk, and the effect was better in
etal. (72) prospective mL (26— ) )
patients with severe TR.
129)
i . Median: In short-term and 6-month follow-up, CA125 identified
Nuiez Observational, . g i
etal. (73) 2022 selraspective 3302 AHF 57 U/mL 6 months the subgroups of patients with low risk of
. P (25.3-127) hospitalization for death/HF.

CA125, carbohydrate antigen 125; HF, heart failure; AHF, acute heart failure; HTx, heart transplantation; BNP, brain natriuretic peptide; NT-proBNP, N-terminal pro-B-type natriuretic peptide.
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Author Year Population = CA125 values Results

Chronic HF
Niigel CAI125 lated significantly with h d high-filli
WS 1999 71| Observational | indication for | 401 259 U/mL correlated significantly with neurohormones and high-filing
etal. (5) HTx pressures.
D*Aloia ) . 68 + 83 UmL The sérami CAI125 level. Shov.ved a correlatior‘l with the clf:?ical sta(.us and
etal (7) 2003 286 Observational = Congestive HF ¢ 3-537) both invasive and non-invasive hemodynamic abnormalities, particularly
al. range 3-
8 with the NYHA class, RAP, and PAWP.
Patients with pleural
ffusion: 100.0 +
T 9 ;’25;": " /003 Serum CA125 levels were higher in patients with HF and pleural effusion
1] .4 U/mL;
u - 2003 36 Observational Chronic HF " compared with both patients without pleural effusion and the control
etal (17) Without pleural i
effusion: 365 + 352 | &
U/mL
Duman . Elevated CA125 levels were detected in patients with severe symptomatic
etal. (18) 2003 . Observational HE Not Reported mitral stenosis and normal LVEF and LV dimensions.
Kouris . Chronic 224 U/mL (11.5- The level of serum CA125 was related to the clinical status (NYHA) and
2005 77 Observational ) 3 ; 3
etal. (8) congestive HF 48.9) the presence of fluid congestion (pulmonary congestion, ankle edema).
Paisi CA125 levels were linked to both the existence and severity of congestive
aggiano
’ glg sy | 2% 191 | Observational  Chronic HF 100 4109 U/mL  HF, and that they underwent significant changes in response to medical
etal.
treatment.
Varol A125 levels she ignifi lati ith th
arol 2005 “ Obiservatioial Chronic HF 81.9 + 91U/mL C .5 levels showed significant correlation with the presence and
etal. (20) severity of HF, as well as the presence of pleural effusion.
Vizzardi CA125 level lated with Doppler mitral flow E/A ratio,
WA 2008 | 200 | Observational | Chronic HF | 2479 1133 UmL | evels correlated with Doppler mitral flow E/A ratio,
etal. (11) isovolumetric relaxation time, and myocardial performance index.
Duman 2008 9 — Advanced HF 44.0 U/mL FAlZS was significantly com?la(e‘d w.ith infreased.LAVl in parallel to
etal. (10) (17.7-140) increased neurohormonal activation in patients with advanced HF.
COPD patients
Yilmaz 2011 10 Obséivational hospi?alized 33.94 U/mL (5.51- CA125 levels were significantly higher. in patients with RV ﬁsilure., and
etal. (13) with 351) CA125 levels were finely correlated with markers of RV dysfunction.
exacerbation
Yil 12! i i V] V dilatation, f
ilmaz 2011 150 b — Chronic HE Not Reported CAA 5 \Tlas :sso.claled with LVEF, RV dilatation, and presence of
etal. (12) pericardial effusion.
Karaca 2012 7 Observational NIDCM 13.3 U/mL (3.8- Inc'reased CA125 levels were associated with LY volun'fes, LVEF, I.,V.
etal. (14) 465.5) filling pressures, PASP, and the degree of functional mitral regurgitation.
Without adverse
outcome: 32 + 59 U/
Ordu mL; CA125 level significantly correlated with NYHA class, PAP, and NT-
2012 102 b: tional hronic HF
etal. (21) Obseryational | - Cloniz With adverse ProBNP levels.
outcome: 73 + 74 U/
mL
Hiais CA125 levels were associated with the presence of SCE. In the absence of
etal (Zgz) 2013 191 Observational AHF Cut point: 35 U/mL | SCE, CA125 levels were also higher in HF patients than in non-HF
: patients and correlated with systemic inflammation and oxidative stress.
Zhuan, 45 Acute and Positive correlation with natriuretic peptides, inflammato okines,
s 2014 (23 Meta-analysis < Not Reported S p . PEPHCES; WCY‘ .
etal. (23) studies) chronic HF clinical systemic congestion surrogates, and NYHA functional class.
udi
Nuai Circulating levels of CA125 iated with tion clinical
Giiez 2030 si6 Observational | Worsening HE | 38.6 U/mL (16-125) irculating levels of were associated with a congestion clinical
etal. (24) score.
Mifana Clinical surrogates of congestion and TR severity were the main factors
2020 2949 b: tional AHF 58.1 L (25-129
etal. (25) Observationa Uil (25-129) 1 sociated with CA125.
Llacer 2021 191 Obasrvational AHF 58 U/mL (22.7-129) C.AIZ? was independ.ently associ.ated with congestion puameterf
etal. (26) (inferior vena cava diameter, peripheral edema, and pleural effusion).

CA125, carbohydrate antigen 125; HF, heart failure; AHF, acute heart failure; HTx, heart transplantation; NYHA, New York Heart Association; RAP, right atrial pressure; PAWP, pulmonary
artery wedge pressure; LAVI, left atrial volume indexed; COPD, chronic obstructive pulmonary disease; RV, right ventricular; LVEF, left ventricular ejection fraction; NIDCM, non-ischemic
dilated cardiomyopathy; PASP, pulmonary artery systolic pressure; LV, left ventricular; PAP, pulmonary artery pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide; SCE, serous
cavity effusion; TR, tricuspid regurgitation.
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Population CA125 values Results

D’Aloia . . 68 + 83 U/mL CA125 was strongly negatively correlated with the DT but strongly
etal (7) | 2003 | 286 | Observational Congestive HE (Range 3-537) | positively correlated with PAWP and RAP.
Kouris . < 22.4 U/mL CA125 levels were weakly correlated with RVSP and not correlated
2005 77 b tional tive HF
etal. (8) Observationd Congestive (11.5-489) with LVEF, LVEDD and DT.
Varol There was no significant correlation between the levels of CA125
2 2 ional HCM 14.6 + 23.
i@y | 207 |92 | Obsevatioml cl 6238 Uml 4 E/A ratio, DT, LVMI, LVEDD and blood pressure.

Duman ) AHF 440 UfmL Higher levels of serum CA’l.ZS were related !.o N.YHA class., serum
etal. (10) 2008 49 Observational (NYHA class III- 1V) (17.7-140) BNP levels, LAVI and E/e’ increase. In multivariate analysis, serum
) | CA125 levels were significantly correlated with BNP and LAVI.

Vizzardi CA125 levels were weakly positively correlated with E, E/A ratio,
2008 200 Ob tional hronic HF 24.79 + 113.3 U/mL
etal. (11) ReToR Chronlo /ML \{PI and moderately negatively correlated with DT, IVRT.
CA125 levels were weakly negatively correlated with EF and weakly
Yilmaz ) : positively correlated with PASP. The presences of depressed EF,
2011 150 Ret tivel Ch HF Not R ted
etal. (12) SDIpeEvEY foRe ORSROME right ventricular dilatation, and pericardial effusion were identified
as independent predictors of high CA125 levels.
. CA125 levels were moderately positively correlated with PASP but
Yils 33.94 U/mL
L 2011 40 Observational COPD o moderately negatively correlated with TAPSE and tricuspid lateral
etal. (13) (5.51-351) 2
annulus S velocity.
Ka 133 U/mL Increased CA125 levels were associated with LV volumes, LVEF, LV
e 2012 77 Observational NIDCM Sl filling pressures, PASP, and the degree of functional mitral
etal. (14) (3.8-465.5) A
regurgitation.
Durak a013 | 76 | Observational Heart disease and 71.05 U/mL Levels of serum CA125 were weakly positively correlated with serum
etal. (15) rheumatism (30.70-141.47) level of BNP, but not with LVEF and left atrium diameter.

Serum CA125 levels were moderately positively correlated with pro-

End-stagezenal BNP and LVEDD, strongly positively correlated with LVESD, and

Yilm: di
@ ;l (alzé) 2014 | 110 Observational ma‘::;::le 38.78 + 3548 U/mL  weakly positively correlated with LVMI. Serum CA125 levels were
) o strongly negatively correlated with EF. In contrast, no correlation
hemodialysis

was found between CA125 levels and diastolic function indices.

CA125, carbohydrate antigen 125; LV, left ventricular; HF, heart failure; DT, deceleration time; PAWP, pulmonary artery wedge pressure; RAP, right atrial pressure; RVSP, right ventricular
systolic pressure; LVEF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic diameter; HCM, hypertrophic cardiomyopathy; LVMI, left ventricular mass index; AHE, acute
heart failure; NYHA, New York Heart Association; BNP, brain natriuretic peptide; LAV, left atrial volume indexed; E/e’: relationship between the E wave and €’ velocity; E, mitral flow E wave
velocity; IVRT, isovolumetric relaxation time; EF, ejection fraction; PASP, pulmonary artery systolic pressure; COPD, chronic obstructive pulmonary disease; TAPSE, tricuspid annular plane
systolic excursion; NIDCM, non-ischemic dilated cardiomyopathy; Pro-BNP, Pro-Brain Natriuretic Peptide; LVESD, left ventricular end-systolic diameter.
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Primer sequence 5’-3’

GAGGCGTGGCAGACTATGC
CTTGTACTCCGTCAGCGTGA
CAACCGCAATGGAGGCTATG

GCGAAGGCACAATCATCAATGTT
TGGCGACCTCACTTACGACT
CACTGGCAGTTATAGGTGTTGAC
TGCCAAGTGCCAGGAAGT
GCCCCATCTGGTATCACACT
GAGTGGACGAGGCAAGAGTT
GGGTTCCCGAGGTCCATCTA
TGAGCTGAGAAGGCTGGTAC
ATCCCAAACTCCGATAGTCC
ACAACTTTGGTATCGTGGAAGG
CAGTAGAGGCAGGGATGATGTT
CATCATTGCTCTCACCCTGGA
AGTCGTTGGCATTGAGGTGG
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825 consecutive ESKD patients were
admitted to the Transplantation Center,
The Third Xiangya Hospital from 2019.7
t0 2021.12. (n = 825)

Excluded data: (n = 293)
No data of immune monitoring or standard
echocardiography.

532 patients underwent immune

monitoring panel and standard

echocardiography simultaneously. Excluded data: (n = 26)
1. History of solid organ transplantation; (n
=15)

2. History of infection within a week; (n = 8)
3. History of mali tumor. (n = 3)

| 506 patients were enrolled in this study. |

According to American Society of
Echocardiography criteria, LVH was defined
using LVMI of greater than 115 g/m? for men

1 l and 95 g/m? for women.

’ Non-LVH (n = 248) | I LVH (n=258) I

|
[ ! l

‘ Mild LVH (n=73) ‘ Severe LVH (n = 125)

Moderate LVH (n = 60) ‘
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Anti-cancer Example of Mechanism of
agents agent class anti-cancer action
Anthracyclines Doxorubicin Topisomerase-2 Inhibition Reactive oxygen species production | Cardiomyopathy and heart failure
Anti-HER2 monoclonal | Trastuzumab HER?2 Inhibition Decrease in Neuregulin production | Cardiomyopathy and heart failure
antibodies

Mechanism of cardiotoxicity | Cardiovascular complications

Bruton tyrosine kinase | Ibrutinib Bruton’s Tyrosine Kinase Inhibition C-terminal Src kinase inhibition Atrial fibrillation, pericardial effusion
inhibitors ventricular arrythmias

5-Flurouracil-based 5-flurouracil ‘Thymidylate Synthase Inhibition Protein Kinase C activation and Coronary vasospasm
agents Endothelin-1 production
Vascular endothelial | Bevacizumab. Inhibits Vascular Endothelial Growth | Decreased Endothelial NO Hypertension, cardiomyopathy, arterial
growth factor Factor Production or venous thromboembolism,
antagonists proteinuria

‘Small molecule TKI for | Ponatinib Inhibits Intracellular Tyrosine Kinase | Likely off-target effects on similar | Arterial or venous thromboembolism
ML Inhibitors involved in Cellular intra-cellular kinases, such as Akt/ | hypertension, pleural effusion,

Proliferation ERK kinases. pulmonary hypertension
Proteosome inhibitors | Carfilzomib Inhibits Proteosomal Degradation of | Increases autophagy by Inhibiting the | Arrhythmia, heart failure, hypertension
Intracellular Proteins AMPKa/mTORCI intracellular
pathway
CAR-T agents Tisagenlecleucel | T-cells re-engineered benchside to Cytokine release syndrome Cardiomyopathy, myocardial Injury
recognize cancer antigens arthythmias
Immune-checkpoint | Nivolumab Block T-cell self-regulatory pathways and | Likely attack self-antigens present in | Myocarditis, ischemic heart disease,
inhibitors increase anti-cancer activity cardiomyocytes. pericardial disease

‘Takot-subo’s cardiomyopathy

CML, chromic myeloid leukemia; ERK, extracellular signal-regulated kinase: HER2, human epidermal growth factor recepetor-2; NO, nitric oxide; TKI, tyrosine kinase
T
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Electrical stimulation of

the heart in VT patients
Wellens et al., 1972

Validation of ECG-based

identification of PVC site of origin
Josephson et al., 1981

3D Catheter localization for EAM
Wittkampf et al., 1999

De Groot et al., 2000

Marchlinski et al., 2000

ECGI-based identification of

PVC site of origin
Ghanem et al., 2005

CMR/EAM integration
Dickfeld et al., 2005

Contrast-enhanced CT/EAM integration
Tian et al., 2010

Identification of conducting

channels through CMR
Andreu et al., 2015

Ablation guidance through

CMR and computational modelling
Prakosa et al., 2018

Defining ablation targets

through machine learning
Lozoya et al., 2019

CMR-guided ablation of VT
Soto-Iglesias et al., 2020

Patient-tailored pre-procedural
structural-functional image integration

as VT ablation roadmap
This paper, 2023
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2007
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Study (author, year) Age (year) Male (%) BSA (m? BMI (kg/m?) EuroScore Il (%) Minimally invasive Isolated AVR (%)
approach (%)

su RD suU RD SuU RD SuU RD Su RD su RD Ssu RD
(Perceval) | (Intuity) | (Perceval) | (Intuity) | (Perceval) | (Intuity) | (Perceval) | (Intuity) | (Perceval) | (Intuity) | (Perceval) | (Intuity) @ (Perceval) | (Intuity)

Paolo Berretta et al, 2022 | 754%73 | 748+73 1814017 | 184019 | 276+47 | 279+49 | 78:46" | 71:53
(isolated SURD-AVR)
Paolo Berretta et al, 2022 | 758+72 | 754%62 529 54 1824018 | 1852019 | 275%44 | 274248 | 99:67° | 93=7.0° 69 53 638 638
(combined SURD-AVR)
Oliver J. Liakopoulose 74080 | 76050 38 47 1902 19202 28+5 2815 425 423 23 56 2 40
etal, 2021

Martin Hartrumpf et al, 723+65 | 72855 538 564 - - 2885+480 | 2899+530  644+389° | 1178+ - - 75 487
2020 132

Max Gotzmann et al, 2020 | 755+66 | 717+79 619 818 190+015 | 194021 | 2814+455 |2785+4.62 | 452+444 | 5212556 - - 476 0
Augusto D'Onofrio et al, | 7833670 | 77.97 =537 385 393 175+019° | 178+018" | 275+49° | 265242° | 398+306 | 3952298 274 205 513 162
2020

Paolo Berretta et al, 2019 | 767+65 | 738+78 326 469 183402 | 186+02 275+5 27452 | 94%65' | 68:49 466 808 100 100
Di Eusanio et al, 2018 76867 411 - - 274+48 | 113197 45.8 70.7

Stephan Ensminger et al, | 74. 649 5.2 4L - - 27453 | 277245 | 22:13 333 304 686 716

2018

Federica Jiritano et al., 7594707 | 7337679 625 667 177019 | 188+024 - - 926=449 | 1163415 - - 100 100
2016

Nguyen et al,, 2015 8322 70476 - - - - - - 4742 25+18 - - - -

AVR, aortic valve replacement; SU, sutureless; RD, rapid-deployment; BSA, body surface area; BMI, body mass index
Values are presented as mean + standard deviation

*Logistic EuroScore,

®Data before propensity-score matching (PSM).
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Study (author, year)

Paolo Berretta et al., 2022 (isolated SURD-
AVR)"

Study
era

2007-2019

Coun

‘Multinational®

Study Statistical analysis Study population
design adjustment
Total su RD

(Perceval) (Intuity)

Paolo Berretta et al,, 2022 (combined
SURD-AVR)"

2007-2019

Multinational”

Liakopoulos et al., 2021

2012-2019

Germany

Martin Hartrumpf et al, 2020

2012-2017

Germany

Max Gotzmann et al,, 2020

2016-2017

Germany

Augusto D'Onofrio et al, 2020

2011-2017

Ttaly

Paolo Berretta et al., 2019°

2007-2018

Multinational”

Di Eusanio et al, 2018°

2007-2017

Multinational®

Stephan Ensminger et al,, 2018

2011-2015

Germany

Federica Jiritano et al,, 2016

2013-2015

Ity

Nguyen et al, 2015

2011-2015

Canada

SURD-AVR, sutureless and rapid-deployment aortic valve replacement;

matching; MVA, multivariable analysis.

*According to the studies, two sets of data were reported.

SU, sutureless; RD, rapid-deployment; NRS, non-randomized study; PSM, propensity score

°From Sutureless and Rapid Deployment Aortic Valve Replacement International Registry (SURD-IR): Australia, Austria, Belgium, Canada, France, Germany, ltaly, and

Switzerland

“Because this study was from the same registry s the study by Berretta et al. in 2021, it was only used to report data pertaining to pressure gradients, cardiopulmonary
bypass time, and aortic cross-clamp time of patients overall, which were not reported in the study by Berretta et al. in 2021
The MVA was performad i risk facior sralvess for deterimining sarhy monaiy:
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A

su RD Mean Difference Mean Difference
Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% C
4.1.1 Isolated AVR patients
Paolo Berretta et a, 2022 406 178 823 565 215 823 7.0% -15.90(1781,-13.99) 2022 %
Olver J. Liakopoulos etal, 2021 42 13 45 44 29 43 50%  -2.00(-11.46,7.46 2021 —
Augusto D'Onolfio et al, 2020 52 14 60 62 24 54 57% -1000[-17.32,-268] 2020 =
Martin Hartrumpf et al, 2020 509 216 60 649 157 19  51% -1400[2293,-507] 2020 —_——
Stephan Ensminger et a, 2018 44 171 693 527 171 314 70% -B70[-1098,-642] 2018 =
Federica Jirtano et al, 2016 406 32 16 408 24 27 74%  -020[201,161] 2016 T
Subtotal (95% CI) 1697 1280 36.8%  -8.48 [-15.28, -1.69] -
Heterogeneity: Tau? = 63.11; Chi* = 141.15, df = 5 (P < 0.00001); = 96%
Test for overall effect: Z = 2.45 (P = 0.01)
4.1.2 Combined AVR patients
Paolo Berretta et al, 2022 665 312 467 808 305 467 66% -14.30[-18.26,-10.34] 2022 e
Oliver J Liakopoulos etal, 2021 62 25 62 66 17 64 56%  -4.00[-1149,349) 2021 —%=
Augusto D'Onolfio et al, 2020 69 23 57 101 36 63 46% -3200[4271,-2129] 2020 —
Stephan Ensminger etal, 2018 644 252 207 806 30 152 6.1% -16.20(-2208,-10.32) 2018 —_
Subtotal (95% CI) 793 746 22.9% -15.82[-23.76, 7.87)
Heterogeneity: Tau? = 52.64; Chi* = 18.14, df = 3 (P = 0.0004); = 83%
Test for overall effect: Z = 3.90 (P < 0.0001)
4.1.3 Overall AVR patients
Olver J. Liakopoulos etal, 2021 53 23 107 57 25 107 59%  -4.00(-1044,2.44) 2021 S r
Max Gotzmann et a, 2020 734 301 21 779 226 33 34% -450(-1951,1051] 2020 T
Augusto D'Onolfrio et al, 2020 60 21 117 83 37 117  55% -23.00[-30.71,-1529] 2020 —
Martin Hartrumpf et al, 2020 565 238 80 734 21 39 53% -1690(:25.30,-850] 2020 %=
Paolo Berretta et al, 2019 512 204 983 59 226 392 69%  -7.80[-10.38,-522] 2019 s
‘Stephan Ensminger et al, 2018 49 211 102 533 211 102 61%  -430(-1009,149] 2018 =
Federica Jirtano et al, 2016 4062 318 16 4077 242 27 7%  -0.15(-1.9,1.66) 2016 B
Subtotal (95% C1) 1426 817 40.3%  -8.28[13.70,-2:86] -
Heterogeneity: Tau? = 41.19; Chi = 58.16, df = 6 (P < 0.00001); I = 90%
Test for overall effect: Z = 2.99 (P = 0.003)
Total (95% CI) 3916 2843 100.0% -10.12 [13.90, -6.33] L 4
Heterogenely: Tt ;2.03.;::; w7, ?f =16 (P <0.00001); I = 94% 0 o %
est for overall effect: < 1
Test for suboroup differences: Chiz = 2.64. df = 2 (P = 0.27). ' = 24.1% FawhEs (epermenta] Favoues fconiol
B
Mean Difference Mean Difference
Stud, Mean SD Total Mean SO Total Weight IV, Random, 95%CI Year IV, Random, 95% C1
4.2 Isolated AVR patients
Paclo Berretta et al, 2022 648 275 823 864 207 823 7.0% -21.60[-24.37,-18.83] 2022 ol
Oliver J. Liakopoulos etal, 2021 74 27 45 78 46 43 45% -4.00(-19.85,11.85] 2021 G
Martin Hartrump et al, 2020 833 358 60 1003 24 19 49% -17.00 (310 2020 ——
Augusto D'Onofrio et al, 2020 75 18 60 89 37 54 56% -1400(248 2020 —
Stephan Ensminger etal, 2018 663 208 693 77.7 231 314 7.0% -11.40[1439,-8.41] 2018 &
Federica Jirtano et al, 2016 618 56 16 578 42 271 7.0% 4.00(0.83,7.17] 2016 =
) 1697 1280 36.0% -10.65[-21.01,0.30] -
ty: Tau® = 145.31; Ch* = 144.33, df = 5 (P < 0.00001); I = 97%
Test for overall effect: Z = 2.02 (P = 0.04)
4.2.2 Combined AVR patients
Paclo Berretta et al, 2022 965 416 467 1165 40.9 467  67% -20.00(-25.29,-1471] 2022 =
Oliver J. Liakopoulos etal, 2021 94 36 62 100 26 64 56%  -6.00(-1699,4.99] 2021 —=
Augusto D'Onofrio et al, 2020 105 36 57 132 49 63  46% -27.00[4229,-1171) 2020 T
Stephan Ensminger etal, 2018 964 336 207 116 43 152 6.2% -19.60(-27.83,-11.37] 2018 —_
Subtotal (95% CI) 746 23.1% -17.91[-24.61,-11.20] >
Heterogeneity: Tau? = 24.20; Chi* = 6,53, df = 3 (P = 0.00); = 54%
Test for overal effect: Z = 5.23 (P < 0.00001)
4.2.3 Overall AVR patients
Oliver J. Liakopoulos etal, 2021 85 34 107 91 37 107 59%  -6.00[1552 352) 2021 —=
Augusto D'Onofrio et al, 2020 90 32 117 112 48 17  57% -2200[-3245-1155] 2020 —
Martin Hartrump et al, 2020 903 36 80 113 205 39 53% -2270(-34.86,-10.54] 2020 —_—
Max Gotzmann et al, 2020 943 38 21 988 268 33 39%  -450[23.15,14.15] 2020 —rr
Paclo Berretta et al, 2019 812 289 965 894 30.1 404 7.0%  -8.20[-11.66,-4.74] 2019 =
Stephan Ensminger etal, 2018 763 293 102 827 293 102 62%  -640[14.44,164] 2018 =
Federica Jirtano et al, 2016 6175 562 16 57.77 425 27  7.0% 7.47) 2016 =
Subtotal (95% CI) 1408 829 41.0%  -8.77[16.18,-1.37] -
Heterogeneity: Tau® = 76.51; Chi* = 50.64, df = 6 (P < 0.00001); I = 88%
Testfor overall effect: Z = 2.32 (P = 0.02)
Total (95% Cl) 2855 100.0% -11.63[17.14,-6.13] >
Heterogeneity: Tau? = 110.37; Chi = 253.67, df = 16 (P <0.00001); I = 94% 5 3

Test for overall effect: Z = 4.14 (P < 0.0001)
Tl e ot e e e s A

7). 2= 42.8%

25 25
Favours [SU] Favours [RD]





OPS/images/fcvm-10-1150569/fcvm-10-1150569-g001.jpg
TOPOISOMERASE
INHIBITION

MITOCHONDRIAL
DYSFUNCTION

OXIDATIVE
DAMAGE

REDOX
QCYCLING{)

UPREGULATE CELL
DEATH RECEPTORS

@
s






OPS/images/cover.jpg
& frontiers | Research Topics.

Frontiers in Cardlovascular

saeay

Mo o et Ao Sl Paot o ek o At ol e o

A s s Mt S, e A oGocrs Mg T

Coordinatad by
Andrew Tseng and Marco Viclo

Published in
Frontirsin Oncology
Frontiers in Surgery






OPS/images/fcvm-10-1112980/fcvm-10-1112980-g003.jpg
A EAM bipolar voltage 3D dark-blood LGE CMR Direct comparison

(mV) endocardial signal intensity
(unitless)

S

Q2

>

-

Q0

=

Q

=

o=

<

S

2

>

©

=

Q

et

8

o

(<))

-

. |
,«, : A S Vo, & §
T, o7 %% o ey, oo
> il
e HO EAM BiV
ax | | Health
= o B B (>1.5mV)y
| = % —
> o 40| [7] Border zone
s £ B (0.5-1.5mV)
e ° 201
i | | | [] Dense scar
ol — (<0.5mV)

10 20 30 40 50 60 70 80 90 100
CMR Scar transmurality (%)





OPS/images/fcvm-10-1123487/fcvm-10-1123487-g004.jpg
A

su RD Mean Difference Difference
_Study or Subgroup. Mean SD Total Mean SD Total Weight IV.Fixed 95%ClYear  IV.Fixed95%Cl

Paclo Berretta et al, 2022 (combined SURD-AVR) 259 117 467 196 8.1 467 265% 630(501,7.59) 2022 o=

Paolo Berretta et al, 2022 (isolated SURD-AVR) 265 102 828 215 97 823 47.8% 500[4.04,596] 2022 -

Oliver J. Liakopoulos et a, 2021 2 8 107 17 7 107 109% 500[299,7.01) 2021 =

Augusto D'Onofrio et al, 2020 2245 811 117 1956 667 117 122% 289[0.99,479] 2020 -

Martin Hartrump et a, 2020 2 132 80 216 152 39 14% 4.40[1.18,998] 2020 b

Max Gotzmann et al, 2020 276 1179 21 1976 956 33 12% 7.84(1.83,1385] 2020

Total (95% CI) 1615 1586 100.0%  5.11[4.45,5.78] *

Heterogeneity: Chi* = 9.41, df = 5 (P = 0.09); I* = 47% T " T S

Test for overall effect: Z = 15.08 (P < 0.00001) Favours [8U) Favours (RD)
B su RD Mean Difference Mean Difference

Study or Subaroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl Year V. Fixed, 95% CI

1.5.1 Small-21

Oliver J. Liakopoulos et al, 2021 27 10 12 17 7 29 11% 10.00(3.79,16.21] 2021 —

Augusto D'Onofrio et al, 2020 239 96 15 192 62 44 16%  470[0.49,9.89] 2020 [

Martin Hartrumpf et al, 2020 424 202 4 20 56 9 0.1% 2240[227,42.53] 2020

Di Eusanio 2018 284 103 317 227 7 210 195%  570[4.22,7.18] 2018 N

Subtotal (95% C1) 348 202 222%  592[4.54,7.30] *

Heterogeneity: Chi* = 4.53, df = 3 (P = 0.21); I* = 34%

Test for overall effect: Z = 8.40 (P < 0.00001)

1.5.2 Medium-23

Oliver J. Liakopoulos et al, 2021 24 8 39 18 8 39 34%  6.00(2459.55] 2021 -

Augusto D'Onoffrio et al, 2020 217 92 40 18179 37 29% 360[0.22742] 2020 —

Martin Hartrumpf et al, 2020 246 107 15 212 73 15 10%  340[3.159.95] 2020 T

Di Eusanio 2018 276 109 876 209 7.4 242 305%  6.70(5527.88] 2018 .

Subtotal (95% CI) 970 333 378%  631(5.25,7.37] +

Heterogeneity: Chi’ = 3.14, df = 3 (P = 0.37); I = 4%

Test for overall effect: Z = 11.68 (P < 0.00001)

1.5.3 Large-25

Oliver J. Liakopoulos et al, 2021 2 6 3 17 6 30 49%  500[2057.95 2021 -

Augusto D'Onolfrio et al, 2020 221 6 42 148 9 11 13% 7.30[168,1292] 2020 =

Martin Hartrumpf et al, 2020 219 88 29 183 39 11 27%  360[0.35755 2020 =

Di Eusanio 2018 255 102 906 196 87 163 191%  590(4.41,7.39] 2018 =

Subtotal (95% CI) 1011 215 280%  559[4.36,6.82] +

Heterogeneity: Chi* = 1.65, df = 3 (P = 0.65); ' = 0%

Test for overall effect: Z = 8.90 (P < 0.00001)

1.5.4 Xlarge-27

Oliver J. Liakopoulos et al, 2021 8 6 2 12 8 9 13% 600[0.20,11.80] 2021 —

Augusto D'Onofrio et al, 2020 199 75 20 17 68 6 11%  290[-3.46,9.26] 2020 -

Martin Hartrumpf et al, 2020 223 78 32 188 18 4 0.1% 3.50(-143521.35] 2020 —

Di Eusanio 2018 235 102 257 17 67 59 95%  650(4.38,862] 2018 =

Subtotal (95% Cl) 331 78 119%  6.10[4.21,7.98] *

Heterogeneity: Chi* = 1.19, df = 3 (P = 0.75); ' = 0%

Test for overall effect: Z = 6.3 (P < 0.00001)

Total (95% CI) 2660 918 100.0% 6.0 [5.34, 6.65] ‘

Heterogeneity: Chi* = 11.31, df = 15 (P = 0.73); ' = 0% R P S

Test for overall effect: Z = 18.04 (P < 0.00001)

Test for subaroun differences: Chiz = 0.79. df = 3 (P = 0.85). = 0% Favours [5U] Favours [RD)
Cc su RD Mean Difference Mean Difference
__Study or Subgroup Mean SD Total Mean SD Total Weight IV.Random.95% Cl Year 1V. Random, 95% C1

1.6.1 Small-19

Augusto D'Onofrio et al, 2020 239 96 15 242 48 19 51%  -0.30[-562,502] 2020 — T

Di Eusanio 2018 284 103 317 343 101 74 83%  -590(-847,-333] 2018 =

Subtotal (95% CI) 332 93 134%  -3.60[-9.00,1.79] e

Heterogeneity: Tau® = 11.15; Chi* = 3.46, df = 1 (P = 0.06); = 71%

0.19)

1,62 Medium-21

Oliver J. Liakopoulos et al, 2021 24 8 39 17 7 29 70%  7.00[342,1058] 2021 =

Augusto D'Onofrio et al, 2020 217 92 40 192 62 44 73%  250(-089,589] 2020 T

Martin Hartrump et al, 2020 246 107 15 20 56 9 40%  460[-193,11.13] 2020 —

Di Eusanio 2018 276 109 876 227 7 210 98%  4.90(371,6.09] 2018 =

Subtotal (95% CI) 970 202 282%  4.82[3.57,6.08] >

Heterogeneity: Tau® = 0.20; Chi* = 3.25, df = 3 (P = 0.36); = 8%

Test for overall effect: Z = 7.54 (P < 0.00001)

163 Large-23

Oliver J. Liakopoulos et al, 2021 22 6 34 18 8 39 75%  400[0.78,7.22] 2021 —

Augusto D'Onofrio et al, 2020 221 6 42 181 79 37 76%  4.00(087,7.13] 2020 ==

Martin Hartrumpf et al, 2020 219 88 29 212 73 15 55%  070[-4.19,559] 2020 —F

Di Eusanio 2018 255 102 906 209 74 242 99%  460(346,574] 2018 =

Subtotal (95% CI) 101 333 305%  432[332,5.32) >

Heterogeneity: Tau? = 0.00; Chi* = 241, df = 3 (P = 0.49); = 0%

Test for overall effect: Z = 8.48 (P < 0.00001)

1.6.4 Xlarge-25

Oliver J. Liakopoulos et al, 2021 18 6 22 17 6 30 74%  100[-230,430] 2021 -T—

Martin Hartrumpf et al, 2020 223 78 32 183 39 11 71%  400(045,7.55] 2020 =

Augusto D'Onofro et al, 2020 199 75 20 148 9 11 43%  510[1.15,1135 2020 T

Di Eusanio 2018 235 102 257 196 87 163 92%  3.90(207,573] 2018 P

Subtotal (95% CI) 331 215 27.9% 344202, 4.86] <

Heterogeneity: Tau* = 0.00; Chi = 271, df = 3 (P = 0.44); = 0%

Test for overall effect: Z = 4.75 (P < 0.00001)

Total (95% CI) 2644 933 1000%  2.86[1.18,4.55] >

Heterogeneity: Tau* = 7.12; Ch = 70.41, df = 13 (P < 0.00001); = 82% O S

Test for overall effect: Z = 3.34 (i
Test for stharoun differences: Chiz

Favours [SU] Favours [RD]
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A

su RO Mean Difference Mean Difference
_StudyorSubgroup  Mean SD Total Mean SD Total Weight IV. Random.95% Cl Year 1V, Random, 95% Gl
Paclo Berretta ot al, 2022 (combined SURD-AVR)  14.1 56 467 105 44 467 204%  3.60[295,4.25 2022 -
Packo Berretta et al, 2022 (fsolated SURD-AVR) 145 59 823 116 55 823 213%  290(235,345] 2022 -
Oliver J. Liakopoulos et al, 2021 124 107 10 107 147%  200(079,321) 2021 =
‘Augusto D'Onolrio et al, 2020 184 47 117 1047 387 117 157%  1.37(027,247] 2020 =
Martin Hartrumpf et al, 2020 148 75 80 123 75 39 52%  250[037,537] 2020 T
Max Gotzmann et al, 2020 1548 751 21 1079 478 33 36% 469109829 2020 —
Stephan Ensminger et al, 2018 146 7 102 98 47 102 111%  480[316,6.44] 2018 =
ANguyen et al, 2015 165 53 39 125 43 39 80%  300[086,514] 2015 —
Total (95% CI) 1756 1727 1000%  293[219,3.67] *
Heterogeneity: Tau’ = 0.59; Chi = 20.03, df = 7 (P = 0.005); I = 65% S S S S
Test for overal effect:Z = 7.76 (P < 0.00001) Favours (SU] Favours (RD]
B su RD Mean Difference Mean Difference
_Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% Cl Year IV, Fixed, 95% Cl
1.21 Small-21
Oliver J. Liakopoulos et al, 2021 15 5 12 12 8 29 08% 3.00(-106,7.06] 2021 T
Martin Hartrumpf et al, 2020 2678 4 121 38 9 02% 1390(5.86,2194] 2020 s a—
Max Gotzmann et al, 2020 0 0 1 20 48 4 Not estimable 2020
Augusto D'Onofrio et al, 2020 13 5 15 103 32 44 18% 270(-000,540] 2020 —
Di Eusanio 2018 151 59 317 118 4 210 188%  330(245,4.15] 2018 =
Subtotal (95% C) 349 296 217%  3.34[255,4.3] ¢
Heterogeneity: Chi* = 6.8, df = 3 (P = 0.08); I = 56%
Test for overall effect: Z = 8.31 (P < 0.00001)
1.22 Medium-23
Oliver J. Liakopoulos et al, 2021 13 4 39 10 4 39 43%  3.00[122,478 2021 =
Max Gotzmann et a, 2020 21375 3 105 48 14  02% 10.80[1.95, 19.65] 2020 —
Augusto D'Onofrio et al, 2020 109 54 40 93 39 37 31% 160[049,369] 2020 E
Martin Hartrumpf et al, 2020 151 73 15 145 106 15 03% 060[-591,7.11] 2020 T
Di Eusanio 2018 15 61 876 11 49 242 247%  4.00(326,4.74] 2018 =
Subtotal (95% Cl) 973 347 325%  3.65[3.00,4.29] +
Heterogeneity: Chi* = 8.41, df = 4 (P = 0.08); I = 52%
Test for overall effect: Z = 11.11 (P < 0.00001)
1.23 Large-25
Oliver J. Liakopoulos et al, 2021 12 4 34 8 4 30 35% 4.00[204,596] 2021 —
Augusto D'Onofrio et al, 2020 1528 42 8 34 11 28%  350[132568] 2020 -
Martin Hartrumpf et al, 2020 134 69 29 106 38 11 12% 280[0.57,6.17] 2020 —
Max Gotzmann et al, 2020 19275 9 92 48 12 04% 1000440, 1560] 2020 D
Di Eusanio 2018 134 54 906 98 44 163 232%  3.60(284,4.36] 2018 N
Subtotal (95% Cl) 1020 227 314% 369 [3.04,435] +
Heterogeneity: Chi* = 5.32, df = 4 (P = 0.26); I = 25%
Test for overall effect: Z = 11.01 (P < 0.00001)
1.2.4 Xlarge-27
Oliver J. Liakopoulos et al, 2021 9 3 2 7 4 9 16% 2000090490 2021 i
Max Gotzmann et al, 2020 9875 8 75 48 2 02% 230(:6.14,10.74] 2020 B
Augusto D'Onofrio et al, 2020 9837 20 84 38 6 1.1% 1.40[-205485] 2020 T
Martin Hartrumpf et al, 2020 143 68 32 98 65 4 03% 450[2.29,11.29] 2020 I
Di Eusanio 2018 122 53 257 83 34 59 115%  390(2824.98] 2018 =
Subtotal (95% CI) 339 80 147%  3.49 [2.53,4.45] *
Heterogeneity: Chi* =3.14, df = 4 (P = 0.53); I*= 0%
Test for overall effect: Z = 7.15 (P < 0.00001)
Total (95% CI) 2681 950 100.0%  3.57[3.20,3.94] ‘
Heterogeneity: Chit = 24.30, df = 18 (P = 0.15); I = 26%
Test for overall effect: Z = 19.09 (P < 0.00001) - [SUIOFEVWS [1:5] 2
Test for subarouo differences: Ch# = 0.54. df = 3 (P = 0.91). 2= 0%
(o] su RD Mean Difference Mean Difference
_Study or Subgroup. Mean SD Total Mean SD Total Weight IV, Random,95% Cl Year 1V, Random. 95% CI
1.3.1 Small-19
Augusto D'Onofrio et al, 2020 13 5 15 132 38 19 49%  -0.20[-3.25,285] 2020 -1
Max Gotzmann et al, 2020 0 0 1 10 o 1 Not estimable 2020
Di Eusanio 2018 151 59 317 172 52 74 89%  -210[:345,-075] 2018 Y
Subtotal (95% Cl) 333 94 13.7%  -1.66[:3.23,-0.10] *|
Heterogeneity: Tau? = 0.35; Chi* = 1.24, df = 1 (P = 0.26); ' = 20%
Test for overall effect: Z = 2.08 (P = 0.04)
1.3.2 Medium-21
Oliver J. Liakopoulos et al, 2021 13 4 39 12 8 29 47%  100[217,447) 2021
Augusto D'Onofro et al, 2020 109 54 40 103 32 44 7.4%  060[1.32,252] 2020
Martin Hartrumpf et al, 2020 151 73 15 121 38 9 30%  3.00[1.45,7.45] 2020
Max Gotzmann et al, 2020 21375 3 20 48 4 08%  130[-840,11.00] 2020
Di Eusanio 2018 15 61 876 118 4 210 104%  320(252,388] 2018
Subtotal (95% C) 973 206 262%  2.07[0.53,361]
Heterogeneity: Tau? = 1.27; Chi* = 7.70, df = 4 (P = 0.10); = 48%
Test for overall effect: Z = 2.63 (P = 0.009)
13.3 Large-23
Oliver J. Liakopoulos et al, 2021 12 4 3 10 4 39 76%  200[0.16,384] 2021
Max Gotzmann et al, 2020 192 75 9 105 48 14 22%  870[3.19,1421] 2020
Augusto D'Onofrio et al, 2020 11528 42 93 39 37 84%  220[0.68,372] 2020
Martin Hartrumpf et al, 2020 134 69 29 145 106 15 1.9%  -1.10[-7.02,4.82] 2020
Di Eusanio 2018 134 54 906 11 49 242 103%  240[1.69,3.11] 2018
Subtotal (95% C) 1020 347 304%  238[1.30,3.46]
Heterogeneity: Tau? = 0.54; Chi* = 6.60, df = 4 (P = 0.16); I = 39%
Test for overall effect: Z = 4.32 (P < 0.0001)
1.3.4 Xlarge-25
Oliver J. Liakopoulos et al, 2021 9 3 2 8 4 30 74%  100[090,290] 2021 —
Martin Hartrumpf et al, 2020 143 68 32 106 38 11 45%  3.70[0.45,695] 2020 —
Max Gotzmann et al, 2020 9875 8 92 48 12 19%  060[526,646] 2020 e
Augusto D'Onofrio et al, 2020 9837 20 8 34 11 58%  180[078,438] 2020 "—
Di Eusanio 2018 122 53 257 98 44 163 99%  240[1.46,334] 2018 .
Subtotal (95% C) 339 227 206%  26[1.39,2.93] *
Heterogeneity: Tau® = 0.00; Chi* = 2.89, df = 4 (P = 0.58); I = 0%
Test for overall effect: Z = 5.50 (P < 0.00001)
Total (95% CI) 2665 100.0%  1.68[0.77, 2.58] *
Heterogeneity: Tau® = 1.92; Chi* = 62.72, df = 16 (P < 0.00001); I = A B o Y Y

Test for overall effect: Z = 3.64 (
Test for suharoun differences: Chiz

Favours [SU] Favours [RD]
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Characteristic Risk stratifications (n/%) P value

Low risk Intermediate risk High risk
Overall 340,806 93,617 84256 162933
Age at diagnosis, years <0.001
<65 157,291 (46.2) 45,69 (48.8) 30417 (36.1) 81,178 (49.8)
65-85 1,76753 (51.9) 47,412 (50.6) 52,593 (624) 76,748 (47.1)
85 6762 (2.0) 509 (0.5) 1,246 (1.5) 5,007 (3.1)
Race <0.001
White 2,64,585 (77.6) 74,413 (79.5) 63,155 (75.0) 127,017 (78.0)
Black 57,968 (17.0) 14,592 (15.6) 16429 (195) 26,947 (165)
Others® 18,253 (5.4) 4,612 (49) 4,672 (55) 8,969 (5.5)
Year of diagnosis <0.001
2004-2009 1,62,087 (47.6) 45,720 (48.8) 36170 (42.9) 80,197 (492)
2010-2016 1,78,719 (52.4) 47,897 (512) 48,086 (57.1) 82,736 (50.8)
Survival months <0.001
211 24321 (7.1) 6395 (6.8) 7,909 (9.4) 10017 (6.1)
1235 58441 (17.1) 13,657 (14.6) 15,741 (187) 29,043 (178)
36-59 59,754 (17.5) 15,678 (167) 15512 (184) 28,564 (17.5)
60-119 145,186 (42.6) 41,041 (438) 34,127 (405) 70,018 (43.0)
120-179 53,104 (15.6) 16,846 (18.0) 10967 (13.0) 25291 (155)
Grade <0.001
Low 181,779 (53.3) 90,873 (97.1) 35,991 (42.7) 54915 (337)
High 1,51,026 (44.3) 1841 (2.0) 47,550 (56.4) 1,01,635 (62.4)
Others” 29 (0.0) 0 (00) 0 (00) 29 (0.0)
Unknown 7972 23) 903 (1.0) 715 (0.8) 6,354 (3.9)
Surgery <0.001
Yes 1,25,053 (36.7) 14,263 (152) 12959 (154) 97,831 (60.0)
No 2,11516 (62.1) 77,702 (83.0) 70,018 (83.1) 63,796 (39.2)
Unknown 4237 (12) 1652 (1.8) 1279 (1.5) 1306 (08)
Radiotherapy <0.001
Yes 1,36,178 (40.0) 42,808 (45.7) 52,086 (61.8) 41,284 (253)
No 2,04,628 (60.0) 50,809 (54.3) 32,170 (38.2) 121,649 (747)
Chemotherapy <0.001
Yes 830 (02) 80 (0.1) 132 (02) 618 (0.4)
No 3,39.976 (99.8) 93,537 (99.9) 84,124 (99.8) 1,62,315 (99.6)

“Other includes American Indian/Alaska Native and Asian/Pacific Islander
Other includes B-cell, pre-B, B-precursor and B-cell,
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CACNATC gene CACNATC gene CACNATC gene non-
exon 8A mutation exon 8 mutation exon 8A/8 mutation
(p.Gly406Arg) (p.Gly406Arg;
p.Gly402Ser; f
/ \ / p.Ser405Arg) / \

( B a ) 4 ™ 4 N
TIMOTHY TIMOTHY "CARDIAC ONLY" LONG QT
SYNDROME SYNDROME TIMOTHY SYNDROME

SUBTYPE 1 (TS1) SUBTYPE 2 (TS2) SYNDROME (COTS) SUBTYPE 8 (LQT8)
. J \_ J \_ y . J
cardiac manifestation: cardiac manifestation:
cardiac manifestation: cardiac manifestation:
QT prolongation QT prolongation - .
2:1 AV block 2:1 AV block QT prolongation QT prolongation

congenital heart disease
malignant arrhythmias
sudden cardiac death

congenital heart disease
malignant arrhythmias
sudden cardiac death

extra-cardiac manifestation.

syndactyly
baldness
facial dysmorphism
neuro-developmental delay
dental abnormalities
recurrent infections

extra-cardiac manifestation:

no syndactyly
facial dysmorphism
neuro-developmental delay
dental abnormalities
recurrent infections

congenital heart disease
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Study Year n DM, % CAD, % Drugs Background treatment Baseline characteristics

Treatment Control Statin, % Ezetimibe, % Mean Men, % Follow-up, y Hypertension, % BMI  LDL-C at baseline

Age,y (kg/m?) (mg/dL)
ODYSSEY COMBO I 2015 314 43 78.2 Alirocumab  Placebo 100 8.2 63 65.8 1 NP 323 Alirocumab: 100.2
NCT01644175
ODYSSEY LONG TERM 2015 2338 346 68.9 Alirocumab  Placebo 100 14.3 60 62.2 1.5 NP 304 Alirocumab: 122.7
NCT01507831
ODYSSEY FH I 2015 485 9.1 4.7 Alirocumab  Placebo 100 57.2 52.6 55.1 1.5 39.6 28.8 Alirocumab: 144.7
NCT01623115
ODYSSEY FH II 2015 248 9.1 42.7 Alirocumab  Placebo 100 66.3 52.6 55.1 1.5 39.6 28.8 Alirocumab: 134.6
NCT01709500
ODYSSEY HIGH FH 2016 107 14.8 53 Alirocumab  Placebo 100 24.3 51 53 1.5 57.8 289 Alirocumab: 196.3
NCT01617655
ODYSSEY JAPAN 2016 215 68.5 185 Alirocumab  Placebo 100 NP 60.8 60.6 1 NP 25.5 Alirocumab: 143.1
NCT02017898
ODYSSEY OUTCOME 2018 18924 28.8 100 Alirocumab  Placebo 100 29 58.6 74.8 4 64.7 NP Alirocumab: 92.0
NCT01663402
PACMAN - AMI 2022 300 10.3 100 Alirocumab  Placebo 12.3 0.3 58.5 81 1 433 27.8 Alirocumab: 154.8
NCT03067844
DESCARTES 2014 919 11.5 15.1 Evolocumab  Placebo 87.7 21 56.3 47.7 1 48.6 30.2 Evolocumab: 104.2
NCTO01516879
OSLER-1 2014 1104 9.9 19 Evolocumab SOC 62.5 26.7 56.3 55.1 1 NP NP Evolocumab: 138.5
NCT01439880
GLAGOV 2016 968 20 100 Evolocumab  Placebo 98.6 2.1 59.8 722 1.5 83 29.5 Evolocumab: 92.6
NCT01813422
FOURIER 2017 27564  36.6 100 Evolocumab  Placebo 100 52 62.5 75.4 2.2 80.1 NP Evolocumab: 92.0
NCT01764633

DM, diabetes mellitus; CAD, coronary artery disease; SOC, standards of care; BMI, body mass index.
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Versus length of dialysis

r-value p-value
3D LVEF
3D LVGLS
3D LVGCS
3D RVEF
3D RVGLS
3D RVGCS

Values with a significant correlation are presented in bold. LVEF, left ventricular
ejection fraction; LVGLS, left ventricular global longitudinal strain; LVGCS, lef
ventricular global circumferential strain; RVEF, right ventricular ejection fraction:
RVGLS, right ventricular global longitudinal strain; RVGCS, right ventricular global
circumferential strain; SCS, septal circumferential strain; SLS, septal longitudinal
strain; SAS, septal area strain; FWCS, free wall circumferential strain; FWLS, free
waill Toraitdinal shrain: EWAS. Tras wall ares; stsin,
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Kidney transplant Control p-value

(n=74) (n=74)
3D RVGLS (%) —22.81 2366 2411334
3D RVGCS (%) —23.67 + 449 —24.81 +4.38
3D RVGAS (%) —39.85 +5.31 —4220 +3.95
SCS (%) .65 % 5. 1878 +534

SLS (%) 4243 2299 +541

SAS (%) .36 = 0. ~0.39 %007

FWCS (%) -23.82+448 2495 £439
FWLS (%) —27.44 =481 2841505
FWAS (%) ~052+0.06 ~0.53 006

Data are presented as mean + SD. Values with a significant difference are presented
in bold. RVGLS, right ventricular global longitudinal strain; RVGCS, right ventricular
global circumferential strain; RVGAS, right ventricular global area strain: SCS, septa
circumferential strain; SLS, septal longitudinal strain; SAS, septal area strain; FWCS,
free wall circumferential strain; FWLS, free wall longitudinal strain; FWAS, free wall
Snh ShERR
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Experimental  Control
Study or Subgroup _ Events  Total Events Total

Risk Ratio

Weight M-H, Fixed, 95% CI

1.2.1 <39

wang M 2019 a7 50
Yang XY 2014 7 4
Zhou MJ 2013 68 70
Subtotal (95% CI) 161
Total events 152

Heterogeneity: Chi*= 0.02, df= 2 (P = 0.99);
Test for overall effect: .11 (P < 0.0001)

122 #3gand <459

Ren DZ 2014 29 3
SuB 2021 92 100
TanJY 2013 57 60
Wang SH 2012 % 32
Wei Q2015 38 40
Subtotal (95% CI) 266
Total events 242

Heterogeneity. Chi*= 5.44, df= 4 (P = 0.25);
Test for overall effect: Z= 5.16 (P < 0.00001)

123 24.59

Kang RK 2013 1720 13 20
Tian CH 2017 4 47 36 47
Wang L 2015 26 30 21 30
Xing XH 2020 59 60 49 60
Zang GP 2018 50 53 43 53
Zang JH 2018 38 45 33 45
Subtotal (95% CI) 255 255
Total events 234 195

Heterogeneity: Ch*= 0.62, df= 5 (P = 0.99); F'= 0%

Test for overall effect: .66 (P < 0.00001)
Total (95% CI) 682 670
Total events 628 507

Heterogeneity. Chi*= 6.77, df= 13 (P = 0.95), F=
Test for overall effect: .06 (P < 0.00001)
Test for subaroun differences: Chif= 0 41 df

76%
6.1%
11.0%
24.7%

49%
14.7%
9.8%
26%
51%
37.1%

25%
7.0%
41%
9.6%
8.4%
6.5%
38.2%

100.0%

181) F=0%

1.21[1.02,1.42)
1.19(0.98, 1.46]
1.21[1.07,1.37)
1.21[1.10,1.32]

1.16(0.91,1.48)
1.23[1.08,1.39)
1.14(1.00,1.29)
1.8811.21,2.92)
1.241.00,153)
1.24[1.14,1.35]

1.31(0.90,1.89)
1.22(1.03,1.46)
1.24(0.94,1563)
1.20[1.06,1.36)
1.16[1.01,1.35)
1.15(093,1.43)
1.20 [1.11, 1.30]

1.22[1.16, 1.28]

Risk Ratio
M.H, Fixed, 95% CI
>
L 2
<
*
05 07 15 2

Favours [control] Favours [experimental]
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idney transplant Control p-value

(n=74) (n=74)
3D LVEDVi (ml/m?) 67.39 = 1663 61.20 £ 892
3D LVESVi (ml/m’) 2733873 23.63+426
3D LVSVi (ml/m?) 3955970 37.62% 646

3D LVEF (%) 60.02+6.00 61.37 £ 3.69
3D LVMi (g/m’) 79.94 = 16,58 66.17 = 9.43
3D LVGLS (%) —20.52 £ 3.00 ~21.95% 1.66

3D LVGCS (%) ~29742426 28612998
SDI (%) 7.76 +11.22 6.22+10.02
3D LV Twist (%) 11972732 93361
3D LV Torsion (°/cm) 1.45+0.95 121 +0.70
3D RVEDVi (ml/m’) 6835+ 18.11 60.67 £ 1052
3D RVESVi (ml/m?) 2849 +9.52 24.02+5.80
3D RVSVi (ml/m’) 38251024 36,65+ 673
3D RVEF (%) 58.79 =567

Data are presented as mean + SD. Values with a significant difference are presente
in bold. LVEDVi, left ventricular end-diastolic volume index; LVESV, left ventricular
end-systolic volume index; LVSVi, left ventricular stroke volume index; LVEF, left
ventricular ejection fraction; LVMi, left ventricular mass index; LVGLS, left
ventricular  global longitudinal  strain;  LVGCS, left ventricular ~ global
circumferential strain; SDI, systolic-dyssynchrony index; LV, left ventricular;
RVEDVI, right ventricular end-diastolic volume index: RVESVI, right ventricular
end-systolic volume index; RVSV, right ventricular stroke volume index; RVEF
right ventricular ejection fraction.
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Experimental  Control Risk Ratio Risk Ratio
Study or Subgroup _ Events  Total Events Total Weight M.H, Fixed, 95% CI M.H, Fixed, 95% CI
Kang RK 2013 17 20 20 25%  1.31(090,1.89) =1

Ren DZ 2014 29 3 25 34 49%  1.16[091,1.48) Fl—
SuB 2021 92 100 75 100 147%  1.23(1.08,1.39) .
TanJy 2013 57 60 50 60 98% 1.14[1.00,1.29) =
Tian CH 2017 44 47 3 47 70%  1.22(1.03,1.46) =
Wang L2015 6 30 21 30 41%  1.24(094,163) S
wang M 2019 47 50 39 50 76% 1.21(1.02,1.42 =
Wang SH 2012 2% 32 13 30 26% 1.88(1.21,2.92)

Wei Q 2015 38 40 23 30 51%  1.24[1.00,153 == =
Xing XH 2020 59 60 43 60 96% 1.20[1.06,1.38) T
Yang XY 2014 37 41 31 41 BA%  1.19(098,1.46) R
Zang GP 2018 50 53 43 53 84% 1.16[1.01,1.35) o
Zang JH 2018 38 45 33 45 65%  1.15(093,143 T=
Zhou MJ 2013 68 70 56 70 11.0% 1.21(1.07,137) =
Total (95% Cl) 682 670 100.0%  1.22[1.16,1.28] *
Total events 628 507

Heterogeneity: Chi*= 5.7, df= 13 (P = 0.95); = 0%

Testfor overall effect: Z=

.06 (P < 0.00001)

0.

.5 07 15 2
Favours [control] Favours [experimental]
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CVRF/CVD Total no. of drug interventions (%)

HTN 46 (28)
IHD 39 (24)
CTRCD 38 (23)
Baseline HF 27 (16)
Arrhythmia 11 (7)
Other 4(2)
Total 165 (100)

CV drug interventions are performed mainly in HTN followed by IHD and CTRCD.
CVD, cardiovascular disease; CTRCD, cancer therapy-related cardiac dysfunction;
CVRE cardiovascular risk factor; HE heart failure; HTN, hypertension; IHD,
ischemic heart disease.
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Eligibility Screening Identification

Included

Records identified through database searching
(n=1738)
Web of Science (n=286)
The Cochrane Library (n=223)
PubMed (n=354)
EMBASE (n=875)

Duplicated records exclued

i (n=383)
4
Records after duplicates removed
(n=1355)
Records excluded after reading title and abstract
o (n=1249)
4
Studies assessed for eligibility in full-text form
(n=106)

Studies excluded after reading the full-text
(n=94)

No relevant outcomes (n=2)
Meta-analysis or review (n=38)
Publication from the same trial (n=18)
Not placebo control (n=4)

Duration < 1 year (n=22)

Less than 100 patients in one trial arm (n=10)

Studies included in the meta-analysis

(n=12)
\ \
Trials compared Alirocumab vs placebo Trials compared Evolocumab vs placebo
(n=8) (n=4)
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Kidney transplant =~ Control = p-value
(n=74) (n=74)

LVIDd (mm) 45055
LVIDs (mm) 23.6+60
1VSd (mm) 942
PWd (mm) 8116
RWT 0.36+0.07
LAVi (ml/m’) 25993
Transmitral E wave (cm/s) 1038 £228

Transmitral A wave (cm/s) 720+235

EIA 15404
DT (ms) 171232 168 = 36
Mitral lateral s’ (cm/s) .42 114527
Mitral lateral ¢’ (cm/s) .6+ 185+3.7
Mitral lateral * (cm/s) .0 + 2. 78+28
Ele’ 314 5316
RV basal diameter (mm) .54 29036
TAPSE (mm) 9+37 24131
RAVi (ml/m?) .5+ 7. 223+66
PASP (mmHg) X 242+47

Data are presented as mean+SD. Values with a significant difference are
presented in bold. LVID, left ventricular end-diastolic diameter; LVIDs, left
ventricular end-systolic diameter; IVSd, interventricular septal thickness; PWd,
posterior wall thickness; RWT, relative wall thickness; LAVi, left atrial volume
index; DT, deceleration time; RV, right ventricular; TAPSE, tricuspid annular plane
systolic excursion; RAV, right atrial volume index; PASP, pulmonary arteria
systolic pressure.
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Type of drug intervention Total no. (%)

Initiation 135 (69)
Cessation 31 (16)
Titration 19 (10)
Switch 11 (6)
Total 196 (100)

Drug initiation is the main type of cardiovascular drug intervention by the heart team
members at the cardio-oncology clinic.
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Age (years)

Kidney
transplant
(n=74)
20 (14-26)

20 (13-23)

p-value

Female (n)

32

34

Height (cm)

160 (152-172)

168 (159
178)

Weight (kg)

5819

60+17

BSA (m?)

1603

17403

SBP (mmHg)

122 (112-131)

114 (103
125)

DBP (mmHg)

70 (63-80)

66 (60-76)

HR (1/min)

77:12

76+ 14

Pre transplant dialysis, n (%)

64 (86)

Hemodialysis, 1 (%)

26 (35)

Peritoneal dialysis, n (%)

50 (68)

Both hemodialysis and
peritoneal dialysis, (%)

12 (16)

Length of need for dialysis
(months)

9.4 (36-18.1)

Age at KTX (years)

104

Time since KTX (months)

11282

Data are presented as mean + SD, median (interquartile range) or number of
patients. Values with a significant difference are presented in bold. BSA, body
surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure. HR
N r 1 A —————
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Full-text articles
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Full-text articles excluded
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Main type

1. Titration
2. Switch

3. Cessation

4. Initiation

Sub-type

A.Up
B. Down
A. Guideline
B. Co-morbid
A. Adverse effect
B. No indication
C. Drug-drug interaction (Drug class interaction)
A. Initiation
B. Re-initiation
C. Add-on
D. Add PPI to antiplatelet

E. Diuretic to treat NSAID volume overload or cardiotoxicity
volume overload

The main types and sub-types of drug interventions are classified after study data
analysis. NSAID, non-steroidal anti-inflammatory drug; PPI, proton pump inhibitor.
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All-cause mortality
Stage

Age

NYHA III/IV

Peripheral artery disease

Previous Pacemaker

All-cause mortality or rehospitalization for worsening CHF
Stage

Age

NYHA III/IV

COPD

Peripheral artery disease

Previous Pacemaker

Univariate analysis

Hazard ratio (95% CI)

1.434 (1.165-1.764)
1.055 (1.022-1.089)
2.089 (1.350-3.233)
1.615 (1.021-2.556)
1.9511.276-2.981

1.468 (1.244-1.731)
1.054 (1.028-1.081)
2.253 (1.582-3.207)
1.440 (1.022-2.030)
1515 (1.038-2.211)
1.940 (1.376-2.733)

p-value

0.001
0.001
0.001
0.041
0.002

<0.001
<0.001
<0.001
0.037
0.031
<0.001

Multivariate analysis

Hazard ratio (95% CI)

1306 (1.051-1.622)
1.045 (1.013-1.079)
1746 (1.116-2.732)
1636 (1.033-2.591)
1649 (1.075-2.532)
1331 (1.119-1.584
1048 (1.021-1.076}
1.824 (1.268-2.624
1411 (0.993-2.005

1.523

(
(
(
(
(1.042-2.225
(

1.660 (1.175-2.346)

CHE, hospitalization for congestive heart failure; COPD, chronic obstructive pulmonary disease; NYHA, New York Heart Association functional class.

p-value

0.016
0.006
0.015
0.036
0.022

0.001
<0.001
0.001
0.055
0.030
0.004
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CVRF/CVD Total No. (%)

HTN 60 (42)
DM 23 (16)
IHD 20 (14)
HF 18(13)
Smoker 10(7)
Stroke/TTA 6(4)
AF 4(3)
DVT 2(1)
Total 143 (100)

Hypertension and DM were the main CVRE and IHD and HF were the most CVD among
the study population.

AR atrial fibrillation; CVD, cardiovascular disease; CVRE cardiovascular risk factor; DM,
diabetes mellitus; DV'T, deep vein thrombosis; HE, heart failure; HTN, hypertension; IHD,

ischemic heart disease; TIA, transient ischemic attack.
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All-cause mortality
CHF
All-cause mortality or rehospitalization for CHF

Data are expressed as 1 (%).
CHE, hospitalization for congestive heart failure.

Stage 0
n=7

1(14.3)
0(0)
1(14.3)

Stage I
n==63

7(12.1)
3(52)
8(14.0)

Stage II
n==>532

91 (182)
53(112)
128 (26.1)

Stage III
n=154

39.(26.6)
34(25.7)
57 (40.4)

Stage IV
n=285

22(28.2)
14 (18.6)
29(37.2)

p-value

0.023
<0.001
<0.001





OPS/images/fcvm-10-1094765/fcvm-10-1094765-g002.jpg
3D LVEF 3D LVGLS 3D LVGCS
—
:
CTR CTR
3D RVEF 3D RVGLS
i
o
2
oV
-30- . -
S






OPS/images/fcvm-10-1103760/fcvm-10-1103760-t004.jpg
Odds ratio [95% CI] p-value

Pre-TAVR era 2.74 [1.63, 4.61] 0.0001
Age 1.04 [1.02, 1.06] <0.0001
Sext | 117 [0.75, 1.81] 049
Prior MI 1.06 [0.61, 184] 0.83
Cardiogenic shock | 7.47 [2.82, 19.8] <0.0001
Prior stroke 2.06 [1.17, 3.62] 0.01
Renal failure on dialysis | 5.86 [3.18, 10.8] <0.0001
CHF 3.06 [1.73, 5.44] 0.0001
Prior cardiac surgery | 136 (081, 231] 025

CHF, congestive heart failure in the past 2 weeks prior to surgery; Cl, confidence
iiterval ML frvocardial infarcion: TAVR. transcatheter sortic valve resticsmient
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Characteristics
Age (year)

Female

Cancer types

Baseline LVEF (%)

No. of CV drug interventions/patient

Frequency of visits to the clinic

Values are represented as a number (%) or mean = standard deviation (SD).

57411

60 (76)

Breast
Gynecology
GIT

Lung

Other

Mean baseline LVEF
LVEF < 40%
LVEF 41-49%
LVEF > 50%
1

2-4

5-11

1 visit

>2 visits

46 (58)
10 (13)
9 (11)
8 (10)
6(8)
59+ 14
13 (17)
5 (6)
61 (77)
33 (42)
34 (43)
12 (15)
68 (86)
11 (14)

All the variables are baseline characteristics except the frequency of visits to the clinic which

is estimated during follow-up.

CV, cardiovascular; GIT, gastro-intestinal tract; LVEE, left ventricular ejection fraction.
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Stage 0-II  Stage III-IV  p-value

n =602 n=239

Age (years) 80.8£5.7 81.8£6.1 0033

Females 278 (46.2) 120 (50.2) 0291

Body mass index (kg/m?) 270 £48 260+ 4.4 0.007

EuroScore I (%) 122(8.1-17.6]  229(135-327]  <0.001
New York Heart 380 (63.1) 188 (78.7) <0.001
Association class II/IV

Arterial hypertension 553 (91.9) 211(883) 0.105

Diabetes mellitus 167 (27.7) 73 (30.5) 0417

Chronic pulmonary 85 (14.1) 48 (20.1) 0033

obstructive disease

Coronary artery disease 441 (73.3) 176 (73.6) 0.909

Percutaneous coronary 261 (43.4) 116 (48.5) 0173

intervention

Coronary artery bypass 49(8.1) 34(142) 0.008

graft

Peripheral artery disease 72 (12.0) 30 (12.6) 0812

Stroke (minor or major) 68(113) 26 (109) 0.863

Previous Pacemaker 62(103) 43 (18.0) 0.002

Previous dialysis 5(0.8) 4(17) 0283

Mean transvalvular gradient ~ 46.2 £ 15.3 382+ 14.8 <0.001
(mmHg)

Aortic valve area (cm?) 0724019 0.69 %020 0.012

Data are expressed as n (%), mean * standard deviation or median with
[interquartile ranges]. p values < 0.05 are highlighted bold.
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Total PreTAVR | PostTAVR

(n=3861) (n=2426) (n=1435)

Blood product 1981 (55) | 1,280 (58) | 701 (49) | <0.0001

PRBCs (units) 2.0 (1.0, 4.0) | 2.0 (2.0, 4.0) | 2.0 (1.0, 4.0) | 0.0002
Reoperation for bleeding | 144 (37) 94 (3.9) 50 (3.5) 054
Reoperation for valve 10 (03) 402) 604) 020

dysfunction

Renal failure 12032 | 100(43) | 20(14)

Requiring dialysis 68 (1.8) 49 (21) 19 (1.3)
Dialysis at discharge 7(02) 201 | 5(04)

prvalue

Time in ICU (hours) 46 (25,79) | 40 (24, 46) | 48 (27, 88)
Prolonged ventilation 502 (12) 334 (14) 168 (12)
Pneumonia 125 (3.2) 92 (3.8) 33 (23)
Postoperative LOS (days) 6(5,9) 6(5,9) 6(5,8)
Total LOS (days) 7 (5, 11) 7 (5, 12) 7 (5, 10)
In-hospital mortality 100 (2.6) 79 (3.3) 21 (1.5)
30-day readmission 366 (11) 231 (11) 135 (11)

Data presented as median (25%, 75%) for continuous data and n (% for categorica
data. LOS, length of stay: PRBC, packed red blood cells; TAVR, transcatheter aortic
valve replacement. p-value indicates the difference between pre-TAVR and post-
TAVR groups.
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Age (years)

Females

Body mass index (kg/m?)
EuroScore I (%)

NYHA class III/IV

Arterial hypertension
Diabetes mellitus

COPD

Coronary artery disease
Percutaneous coronary intervention
Coronary artery bypass graft
Peripheral artery disease
Stroke (minor or major)
Previous Pacemaker

Previous dialysis

Stage 0
n=7

799+ 4.0
4(57.1)
254432
9.0[6.0-12.6]
2(28.6)

7 (100.0)
1(14.3)
1(14.3)
5(79.4)
4(57.1)
0(0)
0(0)
1(14.3)
0(0)
0(0)

Stage I
n==63

79.1£57
27 (42.9)
268+46
8.5(6.2-13.8]
32(50.8)
55 (87.3)
23 (36.5)
7(111)
50 (79.4)
26 (41.3)
3(4.8)
5(7.9)
7(11.1)
1(1.6)
0(0)

Stage II
n=>532

8L1£57
247 (46.4)
27.0 £ 49

128 [8.7-18.0]

346 (65.0)
491 (92.3)
143 (26.9)
77 (14.5)
386 (72.6)
231 (43.4)
46 (8.6)
67(12.6)
60(11.3)
61(11.5)
5(09)

Data are expressed as (%), mean £ standard deviation or median with [interquartile ranges].
COPD, Chronic pulmonary obstructive disease; NYHA, New York Heart Association functional class.

Stage III
n=154

822462
87 (56.5)
257+ 44

23.1[135-312]

118 (76.6)
141 (91.6)
40 (26.0)
34 (22.1)
109 (70.8)
73 (47.4)
11(7.1)
15(9.7)
16 (10.4)
24 (15.6)
1(26)

Stage IV
n=285

8L0£59
33 (38.8)
267 +45

209 [13.5-35.3]

70 (82.4)
70 (82.4)
33(38.8)
14 (16.5)
67 (78.8)
43 (50.6)
23 (27.1)
15 (17.6)
10 (11.8)
19 (22.4)
0(0)

p for the trend

0.010
0.072
0.037
<0.001
<0.001
0.047
0.082
0.175
0.529
0.604
<0.001
0.252
0.995
0.002
0.272
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Reoperation

Total
61)
635 (17)

378 (16)

Post-TAVR
(n=1435)
257 (18)

prvalue

Number of prior
operations
1 538 (88) 313 (89) 225 (88)
2 55 (9.0) 29 (8.3) 26 (10)
3 13 21) 9 (2.6) 4 (1.6)
4 2(03) 0(0) 2(08)
Status
Elective 2732(71) | 1835 (76) 897 (63)
Urgent 1,082 (28) 565 (23) 517 (36)
[Emergent 46 (1.2) 26 (1.1) 20 (1.4)
Salvage 1(0.03) 0(0) 1(01)
CPB time (min) 107 (92,128) | 107 (91, 129) | 106 (92, 128) | 055
Cross-clamp time (min) | 81 (68,97) | 80 (67,96) | 82(70,98) | 0.01
Aortic valve type
Bioprosthetic 3008 (78) | 1,798 (74) | 1216 (85) | <0.0001
Stented 2290 (77) | 1345 (76) | 945 (78) 040
Stentless 688 (23) 417 (24) 27122 040
Mechanical 847 (22) 628 (26) 219 (15) | <0.0001
Aortic valve size 23 (21,25) | 23 (21,25) | 25(23,27) | <0.0001
Annular enlargement 116 (3.5) 31 (1.6) 85 (59) | <0.0001
IABP 180 (4.7) | 100 (4.1) 80 (56) 0.04

Data presented as median (25%, 75%) for continuous data and n (%) for categorica
data CPB, cardiopulmonary bypass; IABP, intra-aortic balloon pump; TAVR
transcatheter aortic valve replacement. p-value indicates the difference betweer
ore-TAVR and post-TAVR arouns.





OPS/images/fcvm-10-1133611/fcvm-10-1133611-g001.jpg
[ Hypertrophic stress ]

[ -

A 4
¢

4O

\

N-ARTKQTARKSTGGKAPRKQLATKAARKSAP
4 9 14 18 23

ANP
BNP
B-MHC

Histone H3

——

Cardiac hypertrophy
Heart failure





OPS/images/fcvm-10-1103760/fcvm-10-1103760-t001.jpg
Total PreTAVR | PostTAVR | p-value
(1=3861) | (1=2426) | (1=1435)
66 (56, 75) | 66 (55, 76)

2,385 (62) | 1,484 (61)
28.1 (247, | 27.7 (244,
324) 31.7)
20 (1.8, 20 (18,
22) 22)
Diabetes 1,070 (28) | 638 (26)
Hypertension 3,09 (80) | 1,859 (77)
Dyslipidemia 2,500 (69) | 1,320 (60)
Peripheral vascular disease 366 (10) 238 (11)
Prior stroke 319 (8.3) 195 (8.0)
Smoking history 1,850 (48) | 1,194 (49)
Chronic lung disease 1,065 (27) | 658 (27)
Renal failure on dialysis 161 (4.2) 107 (4.4)
Creatinine 1008 | 1009
12) 12)
History of endocarditis 336(91) | 202(9.0)
CHF 2,382 (62) | 1,268 (52)
Prior MI 520 (13) | 327 (13)
Cardiogenic shock 43 (L1 22(09)
Previous cardiac 1181 (32) | 688 (31) = 493 (34)
intervention
Previous AV repair 53(14) | 24(10)  291)
Previous AV replacement 164(44) | 91(39) | 73(53)
Aortic stenosis 2,854 (80) | 1,704 (80) | 1,150 (80)
Aortic

None 796 (23) 511 (25) 285 (20)

Trace/trivial 337(97) | 164(80) | 173 (12)

Mild 767 (22) 394 (19) 373 (26)

Moderate 612(18) | 363 (18) | 249 (18)

Severe 953 (28) | 623(30) | 330 (23)
Isolated AT 646 (20) | 377 (20) | 269 (19%)
Ejection fraction 58(50,60) | 577 (50, | 58 (53, 63)
60)

Predicted risk of mortality 23 (13, 25 (14, 20 (L1,
(PROM) (%) 42) 45) 3.8)
PROM risk category
Low-risk (PROM <3%) 2,630 (68) | 1,601 (66) | 1,029 (71)
Intermediate-risk (3% 906 (23) | 598 (25) 308 (21)
<PROM<8%)
High-risk (8% 213(55) | 152(63) | 61(43)
<PROM<15%)
Extreme-risk (PROM>15%) | 112 (29) | 75 (3.1) 37 (2.6)

Data presented as median (25%, 75%) for dn (%4 data
Al, aortic insufficiency; AV, aoric valve; BMI, body mass index; BSA, body surface
area; CHF, congestive heart failure in the past 2 weeks; MI, myocardial infarction:
PROM, predicted risk of mortality: TAVR, transcatheter aortic valve replacement
p-value indicates the difference between pre-TAVR and post-TAVR groups.
Boldad text indicates statistical significance.
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Cavalcante et al () | Treibel | Nitsche et al ( )
etal ()

Higher in concomitant Higher in concomitant
aortic stenosis and cardiac aortic stenosis and
amyloidosis (Only AS cardiac amyloidosis

279+4.1 vs. AS+ [only AS 26.7 (24.6-
WATTR-CA 41.2£16.7) 29.0) vs. AS + WATTR-
p<.001 CA 303 (28.1-335)]
p 003

T1 mapping | Higher in concomitant | NA No significant

(ms) aortic stenosis and cardiac differences [only AS
amyloidosis (Only AS 1,033 (1,008-1,063) vs.
1,035 60 vs. AS + AS + WATTR-CA 1,051
WATTR-CA 1,125 % 49) (1013-1,080)] p 196
p 002
Higher in concomitant | NA No significant
aortic stenosis and cardiac differences [only AS 79.4
amyloidosis (Only AS (63.3-902) vs. AS +
73221 vs. AS + WATTR- WATTR-CA 93.9 (613~
CA 105 = 21) p <.0001 100.5)] p 163

LAarea | NA NA No significant

(em®) differences [only AS 29.0

(26.0-35.0) vs. AS+
WATTR-CA 31.0 (230~
34.0)] p 854

RVEF (%) | NA NA No significant
differences [only AS 55.0
(44.6-63.0) vs. AS+
WATTR-CA 480 (36.0-
63.0)] p 271

ECV, extracellular volume: LV, left ventricular; RVEF, right ventricular ejection
fraction; LA, left atrial; NA, not available.

The bold significant predictors of concomitant presence of cardiac amiloydosis
Bk 2t atas octs.
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Patient

Patient # 1
Patient # 2
Patient # 3

Patient # 4

Reasons for surgical decision

AVSD, borderline hypoplastic left ventricle, potential intraventricular tunnel interfering with AV valve inlet
Non-committed VSD, TV chordae interfering with potential intraventricular baffle
Non-committed VSD, TV chordae interfering with potential intraventricular baffle, borderline hypoplastic left ventricle

Non-committed VSD, right ventricular hypoplasia with insufficient volume resulting from potential intraventricular baffle creation

AV, Atrioventricular; AVSD, Atrioventricular septal defect; DORV, Double outlet right ventricle; TV, Tricuspid valve; UVP, Univentricular palliation; VSD, Ventricular septal defect.
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Cavalcante et al. ( ) | Scully etal. () |Rosenblum etal.( )| Castafio etal ( ) | Nitsche et al.

Number of patients 113 109 204 151 191
Population (lone AS vs. AS/ATTRwt- 104 vs. 9 93 vs. 16 177 vs. 27 127 vs. 24 175 vs. 16
cA)
Mitral annular § (cm/s) (lone AS vs. | 4.8+ 1.7 vs. 1.8+ 0.5 006+001 vs. 005+ | 63+16vs. 4514 66+15vs. 40 1.1 NA
AS/ATTRwt-CA) (p .008) 0.01 (p .08) (p<.001) (p<.0001)
IVST (cm) (lone AS vs. AVATTRWt- | 13203 vs. 29+ 10 13202vs. 1403 [12203vs 14204 11202 v 1303 15vs. 155
CA) (p<.001) (p .002) (p .001) (p 007) (p 183)
AV mean gradient (mmHg) (lone AS vs. | 31215 v5. 30 £ 14 (p 924) | 4214 vs. 3812 | 41=14vs.35213 (p 090) | 4112138 vs. 3522139 | 475 vs. 350
AS/ATTRwt-CA) (p 36) (p 060) (p 004)
AV Peak velocity (cm/s) (lone AS vs. AS/ | NA 4125063 vs. 4025 | 42207 vs39%07 4307 vs. 40207 NA
ATTRwt-CA) 062 (p 55) (p 063) (p 078)
Efe’ ratio (lone AS vs. AS/ATTRWt-CA) | Septal 25+ 18 vs. 33 =10 | Lateral 178 vs.21= | 199 v5. 2229 (p 092) | 16 vs. 19 (p 075) NA
(p 281) 15 (p 28)
Lateral 18+ 11 vs. 194
(p 942)
E/A ratio (lone AS vs. AS/ATTRWL.CA) | NA 08 vs. 14 (p 07) 14210824215 0.90 vs. 230 (p 001) NA
(p<.001)
Deceleration time (m/s) (lone AS vs. AS/ | NA 234292 vs. 238280 | 24783 vs. 196 73 257 v5. 176 (p< 0001) | 212 vs. 199
ATTRwt-CA) (p 87) (p 003) (p .161)
LV mass index (g/m?) (lone AS vs. AS/ | NA 113237 5. 137231 | 10631 vs. 136 £ 47 97.9+25.4 vs. 1298436 | 1350 vs. 1590
ATTRwt-CA) (p.01) (p <.0001) (p .002) (p 016)
SVi (mL/m2) (lone AS vs. AS/ATTRwt- | 37 £12vs. 25+ 7 (p 003) | 38+12vs. 35+ 9 35+10vs. 31 £ 11 (p 047) | 35.7+9.6 vs. 299 £10.5 46.6 vs. 274
cA) (p29) (p009) (p<.001)
LAVi (mL/m?) (lone AS vs. AS/ 40+15vs.51 =13 (p 037) | NA 51+20vs.54 %15 (p 281) | 492172 vs. 555+ 158 | NA
ATTRwt-CA) (p.108)
LA dimension (cm) (lone AS vs. AS/ | NA 4007 v5. 44206 | 44207 vs. 48207 44207 v 50207 610 vs. 640
ATTRwt-CA) (p .08) (p 005) (p .002) (p 215)
AVA (cm?) (lone AS vs. AVATTRWE- | 052021504202 (p | 0712023 v5. 072+ | 076=0.23 vs. 080015 | 0772019 vs. 0.80=0.16 | 0.6 vs. 0.6 (p 669)
CA) .047) 021 (p.92) (p 391) (p.358)
indexed
GLS (lone AS vs. AS/ATTRwt-CA) —15%7vs. -1656 | NA ~157243 vs. ~124252 | ~169 vs. ~138
(p.62) (p .007) p.72)
MCE (%) (lone AS vs. AS/ATTRwt-CA) | NA 245284 V519427237215 vs. 25511 410155 v5.264=101 | 219 vs. 151
(p 002) (p<.001) (p<.0001) (p 001)
LVEF (%) (lone AS vs. AS/ATTRWt-CA) | NA 54210vs.582170 | 55+15vs. 4817 (p 026) | 56.1 =141 vs. 47.6 £ 17.6 | 620 vs. 620
(p.18) (p .011) (p 576)

AV, aortic valve; GLS, global longitudinal strain; IVST, interventricular septal thickness; LV, left ventricular; SVi, left ventricular stroke volume index; MCF, myocardial
contraction fraction: LAVi, left atrial volume index: LVEF, left ventricular ejection fraction: LAV, left atrial volume index: LA, left atrial: AVA, aortic valve area: NA, not available.
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Ventricular volumes (ml)
LvV

RV

Ratio of LV/RV volume (-)
LV/RV

Ventricular length (mm)
RV

Patients with univentricular

Distance between VSD and aortic/pulmonary valve (mm)

Aortic valve linear
Aortic valve curved
Pulmonary valve linear

Pulmonary valve curved

Geometric measurements VSD

Area (mm?)
Circumference (mm)

Diameter (mm)

Geometric measurements aortic annulus

Area (mm?)
Circumference (mm)

Diameter (mm)

Geometric measurements pulmonary annulus

Area (mm?)
Circumference (mm)

Diameter (mm)

Geometric measurements MV annulus

Area (mm?)
Circumference (mm)

Diameter (mm)

Geometric measurements TV annulus

Area (mm?)
Circumference (mm)

Diameter (mm)

palliation (UVP)
1 2 3 4
8.3 15.7 12:9 10.8
11.3 293 16.9 8.6
0.74 0.54 0.76 1.25
37.1 37.0 43.7 22.0
20.0 34.8 24.4 24.5
21.4 33.2 25.6 25.8
22.8 23.0 11.9 17.4
25.2 24.7 14.3 19.6
303.2 236.1 280.6 1237
67.3 59.5 62.0 40.5
18.0 15:9 18.1 12:2
84.2 1353 180.2 147.4
36.8 41.9 48.7 45.8
9.2 12.9 14.8 12.9
169.0 110.7 35.6 94.8
49.1 38.4 22.9 36.6
13.8 11.5 6.2 10.4
* 130.7 354.8 214.4
% 434 69.5 54.8
* 12.1 20.4 15.6
* 259.3 n.a. 181.5
* 62.2 50.0
# 16.7 14.5

Patients with biventricular

repair (BVR)

5 6 7 8
27.6 3.4 52 20.9
29.0 9.2 13.1 228

0.95 0.37 0.40 0.92
452 39.2 40.8 47.5
28.0 13.8 15.1 13.1
29.6 15.2 16.5 15.0
226 13.1 11.4 20.1
25.2 17.2 13.3 29.4

226.0 119.5 235.0 106.8
55.1 39.3 64.9 38.3
16.4 122 14.5 112

166.9 130.3 159.0 328.8
48.4 42.4 454 66.4
13.8 12.3 14.0 19.8

170.9 17.9 115.7 92.9
47.9 16.1 38.4 36.8
14.3 44 12.1 10.1

262.4 152.8 139.0 270.8
61.2 452 4238 60.3
17.1 13.5 13.0 18.0

263.4 356.3 316.5 537.7
60.8 69.4 82.5 88.9
17.3 205 15.4 24.2

14.2
35.7

0.40

13.3
14.8
15.7
20.2

59.1
28.7
8.2

217.9
54.3
16.0

163.5
47.1
13.9

166.9
48.2
13.9

371.8
70.1
21.2

Average values
All UvP BVR
13.2 11.9 143
19.5 16.5 21.9
0.70 0.82 0.61
39.5 35.0 432
20.8 25.9 16.7
21.9 26.5 18.2
17.5 18.8 16.6
21.0 20.9 211
189.0 235.9 149.3
50.9 57.3 453
14.1 16.0 12,5
1722 136.8 200.6
47.8 433 51.4
14.0 12.4 15.2
107.9 102.5 1122
37.0 36.8 37.3
10.7 10.5 10.9
214.9 235.5 198.4
54.3 57.8 51.5
15.4 15.8 15.1
328.2 259.9 369.2
70.0 62.8 74.3
18.4 16.3 19.7

*In this patient AVSD was present and therefore no separate MV/TV annulus measurements could be performed. n.a. Data quality did not allow for measurements of the TV. BVR,
Biventricular repair; DORV, Double outlet right ventricle; LV, Left ventricular; MV, Mitral valve; RV, Right ventricular; TV, Tricuspid valve; UVP, Univentricular palliation; VSD,

Ventricular septal defect.
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Cavalcante et al. ( )

Rosenblum et al. ( )

Treibel et al. ()

Rubin etal. ( )

Mitral annular §” (cm/s)

Not a predictor of all-cause

Not a predictor of all-cause

NA

mortality ‘mortality
HR 077 (0.56-1.06, 95% CL, p .10) | HR 089 (0.77-1.04, 95% CI, p
.150)
IVST (cm) Not a predictor of all-cause Not a predictor of all-cause NA NA
‘mortality mortality
HR 3.14 (1.03-9.56, 95% CL, p .04) | HR 1.56 (0.94-2.57, 95% CI, p
083)
AV mean gradient Not a predictor of all-cause NA Not a predictor of all-cause NA
(mmHg) ‘mortality mortality
HR 0.98 (0.96-1.00 95% CI p .13) HR 0.96 (0.92-1.00 95% CI p .07)
Efe’ ratio Predictor of all-cause mortality NA NA NA
HR 1.02 (1.006, 1.04 95% CI p 01)
LV mass index (g/m?) NA NA Predictor of all-cause mortality | NA
HR 1.03 (1.00-1.52 95% CI p .05)
SVi (mL/m?) Predictor of all cause mortality | Predictor of all-cause mortality | NA NA
HR 0.95 (0.92, 0.98 95% CI p 001) | HR 167 (1.00-2.79 95%CI p .049)
LAV (mLim?) Predictor of all-cause mortality | NA NA NA
HR 1.04 (102, 1.06 95% CI p
<.001)
GLS NA NA NA NA
MCE (%) NA Predictor of all-cause mortality | NA Predictor of all-cause mortality

HR 098 (0.96-1.00 95% CI p 041)

HR 5.4 (1.82-15.86, 95% CI
P 0024)

AV, aortic valve: GLS, global longitudinal strain; IVST, interventricular septal thickness; LV, left ventricular: Svi, left ventricular stroke volume index; MCF, myocardial

contraction fraction: DT. deceleration time: LAVi. left atrial volume index: NA. not available.





OPS/images/fcvm-10-1103760/fcvm-10-1103760-g003.jpg
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DORYV patients with UVP DORYV patients with BVR Average values

1 2 3 4 5 6 7 8 9 All UvP BVR
Ventricular volumes and sizes
Left ventricle
LVEDV (ml) 8.0 8.0 7.0 15.0 15.0 7.0 8.0 16.0 14.0 10.9 9.5 12
LVEDV Z-score -33 —2.9 —4.1 —-0.9 —1.6 —-33 -3.0 —2.3 —-1.0 —2.5 —2.8 —2.2
LVEDD (cm) 17.0 19.0 19.0 21.0 22.0 17.0 20.0 24.0 22.0 20.1 19 21
LVEDD Z-score —4.5 -3.1 —4.6 2.1 —2.2 -39 —2.7 —2.5 =15 —-2.9 —-3.6 —2.6
LV area (cm?) 3.9 3.6 5.5 5.6 5.1 3.5 3.5 4.1 4.4 4.4 4.7 4.1
LV area Z-score —2.1 —1.9 —1.7 0.6 —0.7 —2.0 —2.1 —2.7 —0.7 —1.5 —-1.3 —1.6
Right ventricle
RV length 4CV (mm) 40.0 35.0 40.0 25.0 39.0 38.0 38.0 43.0 40.0 37.6 35 39.6
RV length Z-score 1.4 0.7 —0.1 —2.7 1:2 1:5 1.5 0.9 23 0.8 —0.2 1:5
RV end-diastolic area (cm?) 8.0 7.5 8.2 39 7.9 6.9 6.2 9.6 75 7.3 6.9 7.6
RV end-diastolic area Z-score 23 2.6 0.8 —1.1 2:3) 2:2 1.5 2.0 29 1.7 11 2:2
VSD size
Diameter (mm) 13.0 13.0 16.0 12.0 17.0 11.0 22.0 15.0 8.0 14.1 13:5 14.6

Geometric measurements MV annulus

Diameter 4CV (mm) * 13.0 13.0 14.0 14.0 11.0 13.0 15.0 14.0 13.2 13.0 13.4
Diameter 4CV Z-score ® —0.8 —2.5 0.1 —=1.3 —2.2 —0.8 —1.1 0.2 —1.2 —-1.3 —1.1
Diameter PLAX (mm) * 11.0 12.0 13.0 15.0 10.0 10.0 14.0 14.0 12.8 13 12.6
Diameter PLAX Z-score ® —2.4 —3.2 —1.0 —0.3 —-3.0 =310 —1.9 —0.1 —1.6 —1.6 =1.7

Geometric measurements TV annulus

Diameter 4CV (mm) * 16.0 16.0 10.0 17.0 15.0 17.0 21.0 17.0 16 14.3 17.5
Diameter 4CV Z-score * 0.6 —1.0 —2.6 0.6 0.1 1.1 1.4 1.4 0.1 —0.9 0.9
Diameter PLAX (mm) * 16.0 15.0 13.0 15.0 13.0 16.0 23.0 16.0 16.2 15.8 16.6
Diameter PLAX Z-Score * 0.6 —1.5 —1.0 —0.4 =11 0.6 2.4 0.9 0.2 —0.1 0.5

*In this patient AVSD was present and therefore no separate MV/TV annulus measurements could be performed. 4CV, 4-chamber view; BVR, Biventricular repair; DORV, Double outlet
right ventricle; LV, Left ventricular; LVEDD, Left ventricular end-diastolic diameter; LVEDV, Left ventricular end-diastolic volume; MV, Mitral valve; PLAX, Parasternal long axis view;
RV, Right ventricular; TV, Tricuspid valve; UVP, Univentricular palliation; VSD, Ventricular septal defect.
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Imaging RED FLAGS for suspicion of ATTRwt-CA in severe AS
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Patients referred to cardio-oncology clinic
333

Patients without drug Patients with drug interventions by the heart
interventions** team (included in the study analysis)

121 (60%) 79 (40%)
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Variable

Age at surgery (years, median, IQR)

Sex (male, n,%)

Weight at surgery (kg, median, IQR)

BSA (m?, median, IQR)
DORYV type (n,%)
DORV-VSD type
DORV-TGA type
Heterotaxy (n,%)

Associated cardiac malformations (n,%)

Right-sided aortic arch

Anomalous pulmonary venous return

Left superior vena cava
Ventricular inversion

AVSD

Preoperative oxygen saturation (%, median, IQR)

Prior catheter interventions (n,%)

Balloon atrial septostomy

Prior surgical interventions (n,%)

Pulmonary artery banding

Aortopulmonary shunt (central)
Stage II. palliation (Glenn procedure)

BVR patients (N = 5)

12 (9.6-22.8)
4 (80%)
83 (7.4-11.0)
0.4 (0.4-0.5)

2 (40%)
3 (60%)
1(20%)

2 (40%)
1(20%)
1(20%)
0 (0%)
0 (0%)
80.0 (76.5-90.5)
2 (40%)
2 (40%)
4 (80%)
3 (60%)
0 (0%)
1(20%)

UVP patients (N = 4)

12(8.7-31.2)
1(25%)

8.8 (7.7-12.9)

0.4 (04-0.6)

1(25%)
3 (75%)
1(25%)

0 (0%)
0 (0%)
4(100%)
1(25%)
1(25%)
77.5 (75.0-83.8)
1(25%)
1(25%)
4(100%)
2 (50%)
1(25%)
0 (0%)

AVSD, Atrioventricular septal defect; BVR, Biventricular repair; DORV, Double outlet right ventricle; IQR, Interquartile range; TGA, Transposition of the great arteries; UVP,

Univentricular palliation; VSD, Ventricular septal defect.
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Clinical suspicion of ATTRwt-CA and AS:
Male
Older age
Carpal tunnel syndrome (bilateral)
Disproportionate HF symptoms
Intolerance to antihypertensive drugs
11 biomarker (NTproBNP, cTn)
ECG alterations: pseudo infarction pattern, low voltage QRS
Atrial fibrillation
Serum free light-chain assay and serum and urine protein
1 h is with i ion: negative

Red flags detected:
Low-flow low-gradient AS

Restrictive filling pattern
Pericardial effusion (mild)
Myocardial granular sparkli
Atrial septal thickening/bi-atrial

1 Systolic mitral annular velocity

Undetermined

CMR and/or CT
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Pre-Operative

Early Post-Operative

Early Post-Discharge
(1-2 months)

Late Post-Discharge
(2-3 months and beyond)

Clinical problems
Prophylactic strategies are not consistently implemented
Available prediction tools perform modestly

Knowledge needed

Improved prophylactic strategies, coupled with implementation and knowledge translation
Improved prediction leveraging artificial intelligence and bio-informatics in addition to clinical
characteristics

Clinical problems
POAF is associated with longer intensive care stay, hospital stay and higher health-care costs

Knowledge needed
Defining which patients will benefit from a rhythm o rate control strategy, ideally in a randomized trial
that focuses on high-risk patients and minimizes cross-overs

Clinical problems

Patients with POAF are 30% more likely to be readmitted to hospital. Amiodarone is the dominant
treatment strategy but the optimal treatment regimen is unclear

POAF may pose a short-term, possibly transient risk of stroke

Knowledge needed

Defining the optimal amiodarone treatment regimen that reduces the risk of symptomatic AF
recurrence while minimizing side effects and permitting timely stratification of long-term risk
Establishing the safety and efficacy of oral anticoagulation in the early post-operative period

Clinical problems
A subset of patients with POAF have paroxysmal or persistent AF and require long-term therapy,
including oral anticoagulation, while others do not

Knowledge Needed

Defining the recurrence rate of AF in POAF patients using widely available clinical monitors, ideally in a
prospective study with systematic follow-up, an appropriate comparator group and exploration of risk
factors for AF recurrence
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Q1
<1,487.40

Android fat mass

Q2

1,487.40-
2,208.79

Q3

2,208.80~
3,036.09

Q4
>3,036.10

Q1
<3,116.20

Gynoid fat mass

Q2

30
4,053.39

Q3

4,053.40-
5235.79

Q4
>5,235.80

P

trend.

Total (N) 1,656 1,658 1,658 1,659 1,657 1,658
<D

Deaths, No. (%) | 45 (1.3) 52 (1.4) 47 (15) 61 (2.4) <0001 | 75 (23) 59 (1.8) 31(11) 40 (15) <0001
Deaths/ 232/17,167 274/17,115 297/17,400 389/17,320 366/16,529 358/17,238 194/17,458 274/17,778
person-years

Unadjusted 1 [Reference] | 1.11 (0.79, 1.55) ' 1.13 (0.69, 1.86) | 1.80 (1.14, 2.84) | 0.0149 | 1 [Reference] | 0.73 (0.55, 0.98) | 0.45 (0.26, 0.77) | 0.61 (0.37, 0.99) | 0.0504
Model 1 1 [Reference] | 0.68 (0.49, 095) | 038 (0.35, 0.95) | 093 (0.60, 1.45) | 08018 | 1 [Reference] | 0.62 (0.47, 0.83) | 0.32 (0.18, 057) | 0.48 (029, 0.78) | 0.0086
Model 2 1 [Reference] | 0.71 (0.49, 1.01) | 0.57 (0.34, 0.94) | 0.96 (058, 1.57) | 07796 | 1 [Reference] | 0.73 (0.54, 0.99) | 0.44 (0.23, 0.85) | 076 (041, 1.40) | 03414
Model3 1 [Reference] | 0.69 (0.47, 1.03) | 0.49 (0.28, 0.87) | 0.77 (0.45, 1.33) | 0.6518 | 1 [Reference] | 0.67 (0.48, 0.93) | 0.39 (0.20, 0.76) | 0.59 (0.31, 1.13) | 0.1248
Model 4 1 [Reference] | 0.64 (0.44, 093) | 039 (0.22, 0.71) | 038 (035, 0.98) | 01577 | 1 [Reference] | 0.60 (0.43, 0.82) | 0.36 (0.18, 0.69) | 053 (028, 0.99) | 00719
All-cause mortality

Deaths No. (%) | 180 (6.1) 234 (78) 223 (82) 245(9.7) | <0001 | 267 (93) 241 (82) 197 (7.2) 177 (7.2) | <0001
Deaths/person- | 1060/17,167 | 1,422/17,115 | 1,442/17400 | 1536/17,320 1513/16529 | 1518/17,238 | 122217458 | 1,207/17,778

years

Unadjusted | 1 [Reference] | 128 (101, 1.63) | 132 (104, 1.69) | 1,57 (1.29, 1.92) | 0.0002 | 1 [Reference] | 084 (0.69, 1.02) | 0.73 (059, 0.90) | 0.72 (0.57, 0.92) | 0.0246
Model 1 1 [Reference] | 0.84 (0.67, 1.06) | 074 (0.60, 091) | 089 (074, 1.07) | 04270 | 1 [Reference] | 0.73 (0.60, 0.89) | 054 (0.44, 0.68) | 039 (045, 0.76) | 0.0008
Model 2 1 [Reference] | 0.86 (0.67, 1.11) | 0.73 (058, 0.93) | 0.91 (0.74, 1.11) | 05306 | 1 [Reference] | 0.83 (0.67, 1.03) | 0.68 (0.53, 0.87) | 0.78 (0.59, 1.04) | 0.1126
Model3 1 [Reference] | 0.84 (0.64, 1.10) | 0.69 (0.52, 0.92) | 0.75 (0.57, 0.97) | 0.0290 | 1 [Reference] A 0.82 (0.65, 1.03)  0.64 (0.49, 0.83)  0.65 (0.46,0.92) | 0.0193
Model 4 1 [Reference] | 0.80 (0.61, 1.04) | 0.62 (0.46, 0.82) | 0.64 (049, 0.83) | 00019 | 1 [Reference] | 0.77 (0.61, 0.97) | 0.60 (0.46, 079) | 061 (042, 0.88) | 00134

Values are n or weighted hazard ratio (95% confidence interval). Model 1: adjusted for age-. Model 2: model 1+ sex, race/ethnicity, education level, alcohol, and smoking.
Model 3: model 2 + uric acid, serum total cholesterol, albumin, vitamin C, folate (RBC). Model 4: model 3 + history of hypertension, history of diabetes.
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Characteristic Android fat mass Plend Gynoid fat mass B el

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

<1,487.40 1,487.40-2,208.79 | 2,208.80-3,036.09 | >3,036.10 <3,116.20 | 3,116.20-4,053.39 | 4,053.40-5,235.79 | >5,235.80
Total (N) 1,657 1,658 1,658 1,658 1,657 1,658 1,658 1,658

914 (58.2) 607 (41.2) 449 (30.8) 449 (284) 686 (48.4) 610 (40.9) 531 (35.0) 592 (36.9)
457 (322) 571 (40.8) 616 (47.6) 662 (50.2) 532 (37.3) 544 (422) 607 (44.4) 623 (45.6)
286 (9.6) 480 (18.0) 593 (21.6) 547 (214) 439 (14.3) 504 (16.9) 520 (20.7) 443 (17.5)

879 (47.1) 899 (51.3) 871 (53.5) 779 (48.9) 1,340 (78.5) 1,026 (60.4) 711 (43.1) 351 (22.6)
Women 778 (52.9) 759 (48.7) 787 (46.5) 879 (51.1) 317 (21.5) 632 (39.6) 947 (57.0) 1,307 (77.4)
Race/ethnicity
Non-Hispanic white 854 (72.1) 758 (68.2) 798 (71.6) 912 (76.6) 708 (65.8) 853 (73.1) 908 (75.4) 853 (73.8)
Non-Hispanic black 406 (11.4) 351 (11.2) 317 (9.7) 330 (10.0) 368 (11.4) 266 (7.6) 342 (10) 428 (13.3)
Mexican American 249 (6.1) 397 (99) 422(92) 333 (7.1) 420 (10.6) 396 (89) 298 (66) 287 (63)
Other 148 (10.5) 152 (10.6) 121 (95) 83 (6.3) 161 (12.3) 143 (10.4) 110 (8) 90 (6.6)
Education
<High school 159 (5.2) 237 (64) 269 (7.3) 167 (4.4) 299 (86) 232 (66) 170 (49) 131 (35)
High school 603 (3L5) 625 (36.5) 654 (37.6) 682 (39.7) 635 (36.6) 624 (34.6) 616 (34.2) 689 (39.5)
>High school 893 (63.4) 793 (57.1) 734 (55.0) 809 (55.9) 722 (54.8) 798 (58.8) 871 (60.9) 838 (57.1)
Smoking
Never smoker 830 (50.5) 895 (52.6) 822 (48.8) 812 (48.2) 708 (42.8) 835 (50.5) 888 (51.1) 928 (54.5)
Former smoker 298 (17.0) 369 (21.5) 472 (27.3) 481 (29.6) 395 (21.4) 420 (23.4) 424 (26.1) 382 (23.9)
Current smoker 527 (32.5) 394 (25.9) 363 (23.9) 364 (22.3) 553 (35.8) 401 (26.1) 346 (22.8) 348 (21.6)
Alcohol
Never drinker 1,087 (638) 1,131 (65.7) 1,187 (69.4) 1,279 (76.5) 1,052 (58.6) 1,117 (64.9) 1,189 (70.5) 1,326 (79.8)
Moderate drinking 162 (10.5) 164 (11.1) 158 (9.7) 118 (7.6) 187 (13.0) 171 (11.0) 149 (9.0) 95 (6.3)
Heavy drinking 360 (25.7) 310 (23.3) 271 20.9) 229 (15.9) 365 (28.5) 321 24.1) 281 (20.5) 203 (13.9)
Uric acid (umol/L) 28656 7152 31274+7795 33263 +80.84 348.45 £79.99 31874+ 74.18 322628299 320.17 +87.48 319297871
Serum total cholesterol (mg/dl) | 187.73 +39.58 20107 = 4115 207.13 + 42,60 20430 4467 19342+ 4271 20159 +4228 20268 +41.77 202.63 4333
Albumin (g/dl) 4345035 4272031 4232032 413%032 435033 4312032 423%032 40903
Vitamin C (mg/dl) 102052 09705 092047 0.83+0.46 09+048 096+05 098051 09047
Folate (ng/ml RBC) 25929  109.46 27387 +120.28 286.61 = 12858 29781+ 135.11 258.43 £ 104.24 285.04 £ 1225 285.78  130.79 288.28 + 13599
History of diabetes
Yes 69 (25) 123 (4.4) 184 (7.5) 242 (11.2) 146 (5.1) 159 (6) 150 (6.5) 163 (7.7)
No 1,578 (96.9) 1,516 (94.9) 1,451 (91.4) 1,374 (86.4) 1,494 (94.2) 1,478 (92.8) 1487 (92.7) 1,460 (90.2)
Borderline 10 (06) 17 (0.7) 22(12) 42 (2.4) 15 (0.7) 20 (1.2) 21 (08) 35 (22)
History of hypertension
Yes 262 (13.5) 436 (22.0) 619 (32.5) 716 (40.3) 376 (18.8) 501 (26.2) 556 (29.4) 600 (32.2)
No 1,383 (86.5) 1,207 (78.0) 1,029 (67.5) 933 (59.7) 1,262 (81.2) 1,146 (73.8) 1,091 (70.6) 1,053 (67.8)






OPS/images/fcvm-09-946540/fcvm-09-946540-t003.jpg
Variables Values

Mean right atrial pressure (mmHg) 7+4
sPAP (mmHg) 38+ 14
dPAP (mmHg) 15 (11-24)
mPAP (mmHg) 25+10
PCWP (mmHg) 14 (10-22)
Stroke volume index (ml/mq) 32+8
Cardiac index (L/min/mq) 2.14 £0.38
Total pulmonary resistance (mmHg/L/min) 6.41 (4.62-8.06)
Vascular pulmonary resistance (mmHg/L/min) 246 £1.19
Systemic resistance (mmHg/L/min) 1945 +4.79
Systolic aortic pressure (mmHg) 111 £ 13
Diastolic aortic pressure (mmHg) 68 +8
Heart rate (bpm) 69 £ 12
LV SWI (mmHg*ml/m?) 29.84 +9.51

sPAP, systolic pulmonary artery pressure; dPAP, diastolic pulmonary artery pressure;
mPAP, mean pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure;
LV, left ventricle; SWI, stroke work index.
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Variables

EDD (mm)

EDV (ml)

RWT

LV mass/BSA (g/mq)
Stroke volume (ml)
LV EF (%)

LA area (cmq)

LA volume (ml)

Mid RV EDD (mm)
TAPSE (mm)

RV s’ (m/s)

RV EAC (%)

E (m/s)

A (m/s)

E/A

DT (ms)

€ (m/s)

Ele

IVC (mm)

sPAP (mmHg)
Mitral regurgitation
Mild

Moderate

Severe

Tricuspid regurgitation
Mild

Moderate

Severe

Aortic regurgitation
Mild

Moderate

Severe

Pulmonary regurgitation
Mild

Moderate

Severe

Aortic peak velocity (m/s)
LV GLS (%)

LV GWE (%)

LV GWI (mmHg%)
LV GCW (mmHg%)
LV GWW (mmHg%)
LV GPW (mmHg%)
LV GNW (mmHg%)
LV GSCW (mmHg%)
LV GSWW (mmHg%)

Values

75 (63-79)
254 108
0.25 (0.23-0.29)
160 (131-182)
64426
25 (22-32)
28.5 (25.3-33.8)
111.5 (87.8-136.5)
3144
18 (15-20)
0.10 (0.09-0.11)
3948
0.73 +£0.26
056 +0.26
1.5 (0.6-2.4)
158 (124-223)
0.06 (0.04-0.08)
12 (9-16)
19+4
27 (25-44)

3 (7%)
27 (61%)
13 (30%)

14 (32%)
16 (36%)
1(2%)

9 (20%)
2 (5%)
0 (0%)

24 (55%)

5(11%)

0 (0%)
1124024
-5 (-8—3)

67.5 (62.0-77.8)
471 +294
612 (450-932)
269 £ 132
719 = 310
256 £ 117
653 = 303
206 (147-250)

EDD, end-diastolic diameter; EDV, end-diastolic volume; RWT, relative wall thickness;
LV, left ventricle; BSA, body surface area; EF, ejection fraction; LA, left atrium; RV, right
ventricle; TAPSE, tricuspid annular plane systolic excursion; FAC, fractional area change;

DT, deceleration time; IVC, inferior vena cava; sPAP, systolic pulmonary artery pressure;
GLS, global longitudinal strain; GWE, global work efficiency; GWI, global work index;
GCW, global constructive work; GWW, global wasted work; GPW, global positive work;
GNW, global negative work; GSCW, global systolic constructive work; GSWW, global

systolic wasted work.
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Variables

Age (years)

Male gender

BSA (m?)

Time between RHC and echo (days)
Active/former smoker
Dyslipidemia

Diabetes

Hypertension

Obesity (BMI > 30 kg/mq)
CKD (eGFR < 60 ml/min/1.73 mq)
COPD

Known CAD

Prior MI

Prior PCI

Prior CABG

Known PAD

Prior stroke

Known atrial fibrillation
Etiology of HF
Ischemic

Non-ischemic

NYHA class

I

II

I

v

ICD at baseline
Primary prevention
Pacemaker

CRT

Arrhythmic

Left bundle branch block
Any other conduction disturbance
Medications
Beta-blocker

ARNI

MRA

SGLT2i

ACEi/ARB

Ivabradine

Loop diuretics

Other diuretics

Digoxin

Laboratory tests

Hb (g/dl)

PLT (x 10°/L)

WBC (x 10°/L)

CRP (mg/dl)

Creatinine (mg/dl)

Na + (mEq/L)

K+ (mEq/L)

Bilirubin (mg/dl)

GOT (U/L)

GPT (U/L)

Proteins (g/dl)

Glucose (mg/dl)

HbAlc (%)

BUN (mg/dl)

Uric acid (mg/dl)

Iron (mcg/dl)

TSH (mlU/L)

Total cholesterol (mg/dl)
HDL-C (mg/dl)

LDL-C (mg/dl)

TG (mg/dl)
NT-proBNP (pg/ml)
Troponin (ng/ml)
Lactate (mmol/L)

LDH (U/L)

Mioglobin (mcg/L)

Values

60 (54-63)
34 (77%)
1.96 4 0.23
0 (0-24)
16 (36%)
28 (64%)
10 (23%)
15 (34%)
13 (30%)
6 (14%)
3 (7%)
12 (27%)
12 (27%)
9 (21%)
2 (5%)

7 (16%)
5 (11%)
15 (34%)

13 (30%)
27 (61%)

0 (0%)
27 (61%)
12 (27%)

0 (0%)
38 (86%)
25 (66%)
24 (55%)
17 (71%)

3 (7%)
7 (16%)

4 (9%)

37 (84%)
22 (50%)
38 (86%)
5(11%)
12 (27%)
4 (9%)
33 (75%)
3 (7%)
10 (23%)

142414
209 + 55
7.97 +2.37
0.26 (0.08-0.44)
1.10 +0.23
139 +3
44 (4.2-4.5)
0.65 (0.50-0.78)
21 (18-26)
21 (15-25)

7 (7-8)

101 (92-116)
5.9 (5.6-6.4)
51417
5.5 (4.6-6.8)
95 + 29
2.45 + 1.46
177 + 43
50 + 14
90 (73-131)
146 + 65
1377 (646-2570)
15.5 (10.8-28.6)
1.12 + 045
196 (174-225)
40 (30-46)

BSA, body surface area; RHC, right heart catheterization; BMI, body mass index;
CKD, chronic kidney disease; eGFR, estimated glomerular filtration ratio; COPD,
chronic obstructive pulmonary disease; CAD, coronary artery disease; MI, myocardial

infarction; PCI, percutaneous coronary intervention; CABG, coronary artery bypass

graft; PAD, peripheral artery disease; HE heart failure; ICD, implantable cardioverter

defibrillator; CRT, cardiac resynchronization therapy; ARNI, angiotensin receptor

neprilysin inhibitor; MRA, mineralocorticoid receptor antagonist; SGLT2i, sodium-

glucose co-transporter 2 inhibitor; ACEi, angiotensin converting enzyme inhibitor;
ARB, angiotensin receptor blocker; Hb, hemoglobin; PLT, platelets; WBC, white blood
cells; CPR, c-reactive protein; GOT, glutamic oxaloacetic transaminase; GPT, glutamic

pyruvic transaminase; HbAlc, hemoglobin Alc; BUN, blood urea nitrogen; TSH, thyroid

stimulating hormone; HDL-C, high density lipoproteins-cholesterol; LDL-C, low density

lipoprotein-cholesterol; TG, triglycerides; NT-proBNP, N terminal pro B type natriuretic

peptide; LDH, lactic dehydrogenase.
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n Relative risk T, Pvalue Egger’s
orbidity (95%Cls) Palue
Cardiovascular disease (100-199) 6 | e 1.012(1.01-1.014) 89.1%, <0.0001 <0.0001
Hypertension discase (110-15) 4 1.035(0.998-1.073 90.6%.<0.0001 0401
Coronary heart disease (120-25) 2 | 011(1.007-1.014) 85.7%, <0.0001 <0.0001

Heart failure (150) 4 1.03(1.013-1.048) 89.6%, <0.0001 088
Stroke (160-69) 12 |e 1.008(1.005-1.012) 81.8%, <0.0001 0292
Cardiacarrest (146) 10 = 1.024(1.012-1.035) 89.4%, <0.0001 0.003
urysm and dissection (I71) 3 . 1.026(1.021-1.031) 0.0%,0.691 0.789
Others 2 1.001(1.000-1.002 0.0%, 0900
Age
0-64 2 |- 1.011(1.005-1.017) 75.0%, <0.0001 <0.0001
64 2 |- 1.012(1.006-1.019) 78.2%, <0.0001 0013
Sex
1n e 1.004(1.002-1.007 92.7%, <0.0001 019
Female n o |e 1.004(1.001-1.008 82.4%,<0.0001 0618
National income level
Highiincome 0 e 1.011(1.009-1.014) 91.9%, <0.0001 <0.0001
Upper-middie income 21 e 1.011(1.008-1.015) 85.4%, <0.0001 <0.0001
Lowincome 2 1.145(1.059-1.238) 37.2%,0207
Climate zone
Atropical
2 e 1.009(0.996-1.023) 70.4%,0.066
C-mediterrancan 2 1.022(1.015-1.029) 0.0%,0.988
C-oceanic. 7 - 1.024(1.011-1.037) 89.5%,<0.0001 0.088
C-subtropical 27 . 1.017(1.012-1.022) 90.9%, <0.0001 <0.0001
D-continental 10 |e 1.009(1.005-1.014) 80.6%, <0.0001 0.004
E-subarctic 1. 1.000(1.000-1.002
Mortality outcome type
Hospitalization 26 . 1.016(1.011-1.022) 87.6%, <0.0001 0.001
Emergency room visit 1 1.017(1.008-1.026) 94.1%, <0.0001 0731
mbulance call-outs 4 e 1.014(0.996-1.032) 80.5%,0.006 0.033
ot 10 |e 1.007(1.003-1.01) 71.1%, <0.0001 0005
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B Relative risk I, Pvalue Egger’s
(95% Cls) Palue
Mortality
Cardiovascular disease (100-199) 80 . 1.016(1.015-1.018) 95.1%, <0.0001 <0.0001
Hypertension discase (110-15) 3 > 1.008(0.999-1.017) 36.2%,0209 0.151
Coronary heart disease (120-25) 21 . 1.015(1.011-1.019) 87.3%, <0.0001 <0.0001
Heart failure (150) 2 . 1.008(1.003-1.013) 0.0%,0.798
Stroke (160-69) 19 o 1.012(1.008-1.016) 76.6%, <0.0001 <0.0001
Others. 3 1 1.008(0.995-1.021) 0%,0.067 037
Age
064 13 1.019(1.012-1.027) 90.7%,<0.0001 0.141
>64 13 1.034(1.021-1.048) 96.7%,<0.0001 0211
Sex
Male 12 < 1.018(1.011-1.024) 89.2%, <0.0001 0427
Female 12 - 1.018(1.009-1.027) 90.1%, <0.0001 0429
National income level
High income 35 . 1.014(1.012-1.017) 95.2%, <0.0001 <0.0001
Upper-middie income 43 1.019(1.016-1.022) 94.7%,<0.0001 <0.0001
Lowincome 2 e 1.062(0.934-1207) 0.0%,0.854
Climate zone
Atropical 7 1.023(1.016-1.030, 18.3%,0291 0.136
B-dry 5 1.005(1.000-1.010) 51.4%,0.083 0172
C-mediterranean 3 —— 1.024(1.006-1.043 26.0%,0259 0517
C-oceanic. 6 3 1.009(1.004-1.014) 95.1%, <0.0001 0.002
C-subtropical 27 1.032(1.026-1.038) 97.4%,<0.0001 <0.0001
D-continental 14 . 1.010(1.007-1.014) 88.4%, <0.0001 <0.0001
E-subarctic 3 - 1.009(1.003-1.016) 63.8%,0.063 0.649
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Traditional DAPT group (N = 336)

FitzGibbon FitzGibbon Total
A (%) B+ 0 (%)
Internal thoracic artery (ITA) 314 (97.8) 7(2.2) 321
Radial artery (RA) 17 (94.4) 1(5.6) 18
Saphenous vein (SVG) 636 (84.4) 118 (15.6) 754

Traditional DAPT group (N = 679)

FitzGibbon FitzGibbon Total
A (%) B+ 0 (%)
640 (98.2) 12 (1.8) 652
40 (95.2) 2(4.8) 4
1354 (91.4) 127 (8.6) 1481

Odds ratio
(95% CI)

0.841
(0.328-2.157)
0.850
(0.072-10.015)
0.506
(0.387-0.661)

P value

0.718

1.000

< 0.001
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End point

MACE
All-cause death
CV death
Non-CV death
MI

Stroke
Ischemic stroke

Hemorrhagic stroke

Extensive metabolism
group (N = 164)

10 (5.5)
5(3.0)
3(1.8)
2(12)
4(2.4)
5(3.0)
4(2.4)
1(0.6)

No. of patients (%)

Non-extensive metabolism
group (N =218)

25(11.9)
11 (5.0)
8(3.7)
3(1.4)
12 (5.5)
9 (4.1)
9 (4.1)
0(0.0)

Hazard ratio
(95% CI)

0511 (0.246-1.065)
0595 (0.207-1.714)
0.494 (0.131-1.862)
0.884 (0.148-5.289)
0435 (0.140-1.349)
0.730 (0.244-2.177)
0582 (0.179-1.890)
/

P value

0.073
0.336
0.297
0.892
0.149
0.572
0.368
0.590






OPS/images/fcvm-10-1084611/fcvm-10-1084611-g001.jpg
Records identified from:
PubMed (n = 9,675)
Cochrane (n=1,733)
Scopus (n=10,3186)

!

Records removed before
screening.
Duplicate records removed
(n=1692)
Records marked as irrelevant
after screening titles (n =
18,753)

Records screened

(n=219)
|

Records excluded (n = 113)
Not original article (n = 19)

Irrelevant exposure (n = 71)

Reports sought for retrieval

Reports not retrieved (n = 0)

(n = 1868)
|

Reports assessed for eligibility
(n =166)

Reports excluded:
Qverlapping dataset (n = 1)
Non-standardisable

estimates (n = 6)

Studies included in review
(n=159)
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Consecutive patients with
advanced HF considered for
HTx from 2016 to 2021
(n=182)

y

Patients with available RHC
(n=96)

>| RHC not performed yet (n=86)

Included patients (n=91)

=I Unavailable echo (n=5)

Excluded patients:
- Time between echo and RHC >3 months
(n=20)
- LVAD carriers (n=5)

MW analysis performed
(n=44)

- Previous valve surgery/interventions
(n=8)

- Ventricular pacing (n= 2)

- Poor echocardiographic windows (n=13)
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End point

MACE
All-cause death
CV death
Non-CV death
MI

Stroke
Ischemic stroke

Hemorrhagic stroke

Extensive metabolism

group (N = 302)

17 (5.6)
9(3.0)
5(1.7)
4(1.3)
5(1.7)
10 (3.3)
9(3.0)
1(0.3)

No. of patients (%)

Non-extensive metabolism
group (N =450)

24 (5.3)
8(1.8)
5(1.1)
3(0.7)
8(1.8)
14 (3.1)
14 (3.1)
0(0.0)

Hazard ratio
(95% CI)

1.050 (0.564-1.954)
1.686 (0.650-4.369)
1.494 (0.433-5.162)
1.996 (0.447-8.916)
0.932 (0.305-2.848)
1.057 (0.469-2.379)
0.950 (0.411-2.195)
/

P value

0.878
0.283
0.525
0.366
0.901
0.894
0.904
0.585
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End point

CABG-relate major bleeding

Re-operative stanch

Fatal bleeding

Blood transfusion>5U in 48h or drainage volume> 2L in 24h
Non-CABG-related major bleeding

Overall major bleeding

Individual DAPT
group (N =

25(3.3)
11(L.5)
2(0.3)
12 (1.6)
15 (2.0)
40 (5.3)

No. of patients (%)

Traditional DAPT
752) group (N =382)

16 (4.2)
8(2.1)
1(03)
7(1.8)
7(1.8)
23 (6.0)

Risk ratio (95%
CI)

0.794 (0.429-1.469)
0.698 (0.283-1.722)
1.016 (0.092-11.169)
0.871 (0.346-2.194)
1.089 (0.448-2.647)
0.883 (0.537-1.453)

P value

0.461
0.434
1.000
0.769
0.852
0.626
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Characteristics Lp(a) <30 mg/ | Lp(a) =30 mg/

dL (n=328) dL (n=131) value
Age, years, mean (SD) 634 (8.3) 628 (7.8)
Male, n (%) 267 (81.4) 107 (81.7)
Clinical status, n (%)
ccs 111 (338) 48 (36.6)
ACS 217 (662) 83 (634)
Medical history, 7 (%)
Myocardial infarction 96 (29.3) 47 (359)
Hypertension 260 (79.3) 88 (67.2)
Diabetes mellitus 158 (48.2) 53 (405)
Peripheral artery disease 54 (16.5) 25 (19.1)
Stroke 39 (11.9) 13 (9.9)
Chronic kidney disease 6(18) 2(15)
Cigarette smoker, 7 (%) 158 (48.2) 67 (512)
NYHA, 7 (%)
1+10 203 (619) 75 (57.3)
I+ IV 125 (38.1) 56 (42.7)
LVEF, n (%)
<40% 309 205
40%-49% 27 (82) 14 (107)
250% 298 (90.9) 115 (87.8)
SYNTAX score, (%)
Low (0-22) 46 (14.0) 20 (15.3)
Medium (23-32) 180 (54.9) 74 (56.5)
High (>33) 102 (31.1) 37 (282)
EuroSCORE, 7 (%)
Low (0-2) 133 (40.6) 50 (38.2)
Medium (3-5) 152 (46.3) 58 (44.3)
High (26) 43 (13.1) 23 (17.6)
Baseline LDL-C levels
(mmol/L), n (%)

<18 103 (314) 32 (243)

18-<26 147 (448) 56 (43.8)

226 78 (23.8) 43 (328)

Antiplatelet therapy, 7 (%)

Aspirin 112 (342) 39 (298)

Aspirin + ticagrelor 114 (348) 45 (344)

Ticagrelor 102 (31.1) 47 (359)

Medication at discharge, 1

(%)

Beta-blocker 295 (899) 121 (924) 0382
ACEVARB 201 (61.3) 73 (55.7) 0268
Statin 310 (94.5) 127 (969) 0251
Surgical characteristics, n

(%)

On-pump 73 (223) 30 229) 0699
IMA user 278 (848) 105 (802) 0231

ACEI, angiotensin-converting enzyme inhibitor; ACS, acute coronary syndrome:
ARB, angiotensin receptor blocker, CCS, Canadian Cardiovascular Society:
EuroSCORE, European system for cardiac operative risk evaluation; IMA, interna
mammary artery; LVEF, left ventricular ejection fraction; NYHA, New York Heart
Association functional classification; SYNTAX, synergy between percutaneous
coronary intervention with taxus and cardiac surgery; Lpfa, lipoprotein(a); LDL-
C. Iow-dsrmity Eporrobeit cholestsrol.
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Device name

Atrial fibrillation history
feature

LINQ II Insertable Cardiac
Monitor, Zelda AI ECG

Classification System

Gili Pro Biosensor (Also
Known as Gili Biosensor
System)

Analytic for Hemodynamic
Instability (AHI)

ECG 2.0 App

Bodyguard Remote
Monitoring System
AI-ECG Tracker

Eko Analysis Software

FFRangio

EchoGo Core

AI-Rad Companion
(Cardiovascular)

EMurmur ID

KardiaAl

EchoMD Automated Ejection
Fraction Software

Acumen Hypotension
Prediction Index (HPI)
Feature Software

Arterys Cardio DL

Steth IO

Parent company
name

Apple Inc.

Medtronic, Inc.

Continuse Biometrics
Ltd.

Fifth Eye Inc.
Apple Inc.
Preventice Technologies,
Inc.

Shenzhen Carewell
Electronics Co., Ltd

Eko Devices Inc.

CathWorks Ltd.

Ultromics Ltd.

Siemens Medical
Solutions USA, Inc.

CSD Labs GmbH
AliveCor, Inc.

Bay Labs, Inc.

Edwards Lifesciences
LLC

Arterys Inc.

Stratoscientific, Inc.

Description

Detection of atrial fibrillation

Arrhythmia detector and alarm (including
ST-segment measurement and alarm)

Hardware and software for optical
camera-based measurement of pulse rate,
heart rate, breathing rate, and/or

respiratory rat

Adjunctive hemodynamic indicator with
decision point

Ambulatory ECG rhythm assessment

Arrhythmia detector and alarm (Including
ST-segment measurement and alarm)

Assessment of arrhythmias using ECG
data acquired from adults without
pacemakers

Support in the evaluation of patients heart
sounds and ECG’s

Analysis of previously acquired
angiography DICOM data for patients
with coronary artery disease

Quantification and reporting of results of

cardiovascular function

Image processing software for analysis
from CT images to support physicians in
evaluation and assessment of
cardiovascular diseases

Detection and identification of heart

murmurs

Ambulatory ECG rhythm assessment

Provides automated estimation of left
ventricular ejection faction based on
acquired transthoracic cardiac ultrasound
images
Detection support for future hypotensive

events

Analysis of cardiovascular images
acquired from MR scanners

Detection and amplification of sounds
from the heart and lungs

ECG, electrocardiogram; CT, computed tomography; MR, magnetic resonance.

FDA approval
number

K213971

K210484

DEN200038

DEN200022
K201525
K192732

K200036

K192004

K192442

K191171

K183268

K181988
K181823

K173780

DEN160044

K163253

K160016

Type of FDA
approval

510(k) premarket
notification

510(k) premarket
notification

De novo pathway

De novo pathway

510(k) premarket
notification

510(k) premarket

notification

510(k) premarket
notification

510(k) premarket
notification

510(k) premarket
notification

510(k) premarket
notification

510(k) premarket
notification

510(Kk) premarket
notification

510(k) premarket
notification

510(k) premarket
notification

De novo

510(k) premarket
notification

Date

03/06/2022

11/06/2021

01/04/2021

01/03/2021

08/10/2020

26/03/2020

20/03/2020

15/01/2020

09/12/2019

13/11/2019

10/09/2019

17/04/2019

11/03/2019

14/06/2018

16/03/2018

05/01/2017

15/07/2016
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End point

MACE
All-cause death
CV death
Non-CV death
MI

Stroke
Ischemic stroke

Hemorrhagic stroke

Individual DAPT

group (N =752)

Traditional DAPT

group (N = 382)

No. of patients (%)
41 (5.5) 35(9.2)
17 (2.3) 16 (4.2)
10 (1.3) 11 (2.9)
7(0.9) 5(1.3)
13 (1.7) 16 (4.2)
24(3.2) 14 (3.7)
23 (3.1) 13 (3.4)
1(0.1) 1(0.3)

Hazard ratio
(95% CI)

0.583 (0.371-0.915)
0.534 (0.270-1.058)
0.459 (0.195-1.082)
0.709 (0.225-2.234)
0.407 (0.196-0.846)
0.868 (0.449-1.678)
0.896 (0.454-1.770)
0.507 (0.032-8.111)

P value

0.019
0.072
0.075
0.557
0.016
0.674
0.753
0.631
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Characteristics Total Baseline LDL-C P- | Postoperative
N= (mmol/L) LDL-C
459) (mmol/I

LDL-C< 18 1.8<LDL-C LDL-C<1.8 | 1.8<LDL-C |LDL-C>
(n=135) . . (n=129) <26
(n=186)
Age, years, mean (SD) | 632 (8.1) 639 (83) .9 (8. 2 (7 X 633 (8.1) 645 (79)
Male, 7 (%) 374 (81.5) 118 (87.4) 162 (79.8) | 94 (77.7) 113 (87.6) 155 (833) | 106 (736)
Clinical status, n (%)
ccs 159 (346) 58 (43.0) 62 (305) 39 (322) 53 (41.1) 65 (35.0) 41 (28.5)
ACS 300 (654) 77 (57.0) 141 (69.5) | 82 (67.8) 76 (58.9) 121 (65.1) | 103 (71.5)
Medical history, 7 (%)
Myocardial infarction 143 (31.2) 40 (29.6) 75 (36.9) 28 (23.1) 42 (326) 59 (31.7) 42(292)
Hypertension 348 (758) 113 (83.7) 151 (74.4) | 84.(69.4) 99 (76.7) 148 (796) | 101 (70.1)
Diabetes mellitus 211 (460) 68 (504) 95 (468) 48 (39.7) 67 (519) 88 (47.3) 56 (38.9)
Peripheral artery disease | 79 (17.2) 30 (222) 28 (138) 21 17.4) 20 (155) 30 (16.1) 29 (20.1)
Stroke 52 (11.3) 20 (14.8) 22 (108) 10 (8.3) 15 (11.6) 24 (129) 13 (9.0)
Chronic kidney disease | 8 (1.7) 1(07) 5(25) 207 2(16) 3016 3@
Cigarette smoker, n (%) | 225 (49.0) 72 (53.3) 92 (453) 61 (50.4) 65 (50.4) 93 (50.0) 67 (46.5)

278 (60.6) 87 (64.4) 121 (59.6) 70 (57.9) 83 (64.3) 115 (61.8) 80 (55.6)
181 (39.4) 48 (35.6) 82 (404) 51 (42.1) 46 (35.7) 71 (382) 64 (44.4)

5(1.1) 0 3(15) 207) 1(08) 20 2(14)
41 (89) 11.8.1) 20 9.9) 10 (83) 13 (10.1) 15 (8.1) 13 (90)
413 (90.2) 125 (92.6) 180 (88.7) | 108 (90.0) 115 (89.2) 169 (909) | 129 (89.6)

SYNTAX score, 7 (%)
Low (0-22) 66 (14.4) 14 (104) 33 (163) 19 (157) 15 (11.7) 29 (156) 22(153)
Medium (23-32) 254 (55.3) 80 (59.3) 103 (50.7) 71 (58.7) 72 (55.8) 98 (52.7) 84 (58.3)
High (>33) 139 (30.3) 41 (304) 67 (33.0) 31 (256) 42 (326) 59 (317) 38 (264)
EuroSCORE, 7 (%)
Low (0-2) 183 (39.9) 53 (39.3) 79 (38.9) 51 (422) 52 (40.3) 74 (39.8) 57 (39.6)
Medium (3-5) 210 (45.8) 64 (47.4) 87 (429) 59 (48.8) 59 (45.7) 82 (44.1) 69 (47.9)
High (26) 66 (14.4) 18 (133) 37 (182) 1191 18 (140) 30 (161) 18 (12.5)
Lp(a) levels (mg/dL), n

(%)

<30 328 (715) 103 (76.3) 147 (72.4) 78 (64.5) 102 (79.1) 132 (71.0) 94 (65.3)
230 131 (285) 32(237) 56 (27.6) 43 (355) 27 (209) 54 (29.0) 50 (34.7)
Antiplatelet therapy, 1

Aspirin 151 (329) 45 (333) 68(335) | 38014 42 (326) 56(301) | 53(368)

' Aspirin + Ticagrelor | 159 (34.6) 50 (37.0) | 65320 44 (364) 46 (357) 67(360) | 46(319)
Ticagrelor 149 (325) 40 (296) 70 345) | 39 (322) 41 (318) 63(339) | 45(13)
Medication at discharge, n (%)

Beta-blocker 416 (90.6) 130 (96.3) 181 (89.2) | 105 (868) | 0055 123 (953) 166 (892) | 127 (882) | 0132
ACEUARB 274 (59.7) 9 (71.1) 16 67.) | 62(512) | 0006 83 (643) 12(602) | 79(49) | 0328
Statin 437 (95.2) 129 (95.6) 194 (95.6) | 114(942) | 0373 125 (969) 175 (941) | 137 (95.1) | 0639
Surgical characteristics, 1 (%)

On-pump [ 103 229 | 19 (14.1) | ws@a |92 [ oo | 16024 2@6) | 5613 | o0

IMA user [ 383 (83.9) | 107 (79.3) | w037 | 106676) | 0198 | 109 (845) 153 (823) | 121 (840) | 0849

ACEI angiotensin-converting enzyme inhibitor; ACS, acute coronary syndrome ARB, angiotensin receptor blocker; CCS, Canadian Cardiovascular Society; EuroSCORE,
European system for cardiac operative risk evaluation; IMA, internal mammary artery; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association functional
clasailication: SYNTAX. Svrsndy. btwess Bercillansous comnary intervention with taxs snd cardiac susdery: Lofal, liboarotsinga).
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Application/Task Model Data Training set  Testingset Accuracy/specificity/ References
sensitivity
Identification of arrythmia (SR, SVM ECG - - 100% (SR), 98.66% (15)
LBBB, RBBB, PVC, PAC) (LBBB), 100% (RBBB),
99.66% (PVC), and 100%
(PAC) accuracy
Discrimination of HCM from Ensemble ML (SVM, Clinical, - - 87% sensitivity and 82% (32)
ATH RE, ANNs) echocardiography specificity
Prediction of ACM in patients Boosted ensemble Clinical, CTA - 10,030 subjects AUC 0.79 (40)
with suspected CAD undergoing algorithm
CTA
Arrythmia detection (prediction DNN ECG - - 99% accuracy (13)
of 12 types of arrythmia
compared to cardiologist)
Detection of subclinical AF CNN ECG 454,789 images 130,801 images AUC 0.90, sensitivity (17)
82.3%, specificity 83.4%,
accuracy 83.3%
Identification of ventricular CNN ECG, 44,959 subjects 52,870 subjects AUC 0.93, sensitivity (52)
dysfunction (EF 35%) echocardiography 86.3%, specificity 85.7%,
and accuracy 85.7%
Phenogroup HF patients and Unsupervised ML Clinical, - 1,106 subjects - (60)
identification of responders to (Multiple Kernel echocardiography
CRT implantation Learning and
K-means clustering)
Automated analysis of cardiac CNN CMR 599 subjects 110 subjects - (47)
structure and function (left
ventricular chamber volumes,
mass and EF)
Prediction of CAD on CTA Boosted ensemble Clinical, CTA - 13,054 subjects AUC 0.881 (38)
algorithm (CACS)
Prediction of ACM for 1, 2-, 3-, RF Clinical, ECG, 2,282 subjects 1,510 subjects AUC 0.768 (1 year), 0.793 (59)
4-, and 5-years post CRT echocardiography (2 years), 0.785 (3 years),
implantation 0.776 (4 years), 0.803
(5 years)
Prediction of early coronary Ensemble LogitBoost Clinical, SPECT - 1,980 subjects AUC0.81 (44)
revascularisation within 90 days algorithm
after SPECT MPI
Identification of patients with Tensor based ML CMR 200 subjects 1,122 subjects AUC 0.92 (48)
PAH algorithm
(multilinear

subspace learning)

ACM, all-cause mortality; AF, atrial fibrillation; ANNS, artificial neural networks, ATH, athlete’s heart; AUC, area under the curve [integral of the ROC (receiver operator characteristic)
curve]; CACS, coronary artery calcium score; CAD, coronary artery disease; CMR, cardiovascular magnetic resonance imaging; CNN, convolutional neural network; CRT, cardiac
resynchronisation therapy; CTA, Cardiac Computed Tomography Angiography; DNN, deep neural network; ECG, electrocardiogram; EF, ejection fraction; HCM, hypertrophic
cardiomyopathy; HE, heart failure; LBBB, left bundle branch block; ML, machine learning; MPI, myocardial perfusion imaging; PAC, premature atrial contraction; PAH, pulmonary
arterial hypertension; PVC, premature ventricular contraction; RBBB, right bundle branch block; RF, random forest; SPECT, single-proton emission computerised tomography; SR, sinus
rhythm; SVM, support vector machine.
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A

Normal response (%)
Low response (%)

No response (%)

B

Normal response (%)
Low response (%)

No response (%)

Extensive metabolizer
(N =164)

120 (73.2)
40 (24.4)
4(2.4)

Extensive metabolizer
(N =302)

216 (71.5)
77 (25.5)
9(3.0)

Moderate metabolizer
(N=178)

111 (62.3)
32(18.0)
35(19.7)

Moderate metabolizer
(N =335)

223 (66.6)
51 (15.2)
61(18.2)

Poor metabolizer
(N =40)

2 (5.0)
6 (15.0)
32 (80.0)

Poor metabolizer
(N=115)

66 (57.4)
43 (37.4)
6(5.2)

Total
(N =382)

233 (61.0)
78 (20.4)
71 (18.6)

Total
(N =752)

505 (67.2)
171 (22.7)
76 (10.1)
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Characteristics Individual Traditional P value

DAPT DAPT
group group
(N=382) (N =382)

Male, N (%) 545 (72.5%) 272 (71.2%) 0.65
Age, years, mean (SD) 62.5+59 63.2+6.2 0.10
Smoking, N (%) 348 (463%) 162 (42.4%) 0.22
Medical history, N (%)
Hypertension 498 (66.2%) 261 (68.3%) 0.48
Diabetes mellitus 249 (33.1%) 119 (31.2%) 0.51
Hyperlipidemia 419 (55.7%) 195 (51.0%) 0.14
Myocardial infarction 142 (18.9%) 61 (16.0%) 0.23
Stroke 18 (2.4%) 10 (2.6%) 0.82
Renal insufficiency 59 (7.8%) 28 (7.3%) 0.76
Peripheral vascular disease 50 (6.6%) 18 (4.7%) 0.19
Preoperative LVEE, %, mean (SD) 61.0+59 60.6 +£6.2 0.45
Atrial fibrillation 63 (8.4%) 24 (6.3%) 0.21
PAGT, %, mean (SD) 422+179 42,5+ 19.0 0.81
Previous revascularization, N (%)
PCI 46 (6.1%) 26 (6.8%) 0.65
Coronary artery lesions, N (%)
Left main coronary disease 156 (20.7%) 74 (19.4%) 0.59
Diffuse vascular disease 79 (10.5%) 32 (8.4%) 0.25
Average number of graft, mean (SD) ~ 3.20 £ 0.96 323+£0.95 0.62
Medical treatment, N (%)
Beta-blockers 716 (95.2%) 367 (96.1%) 0.51
ACEI and ARB 674 (89.6%) 331 (86.6%) 0.14
Statin 746 (99.2%) 380 (99.5%) 0.60
Calcium channel inhibitor 215 (28.6%) 125 (32.7%) 0.15

Proton pump inhibitor 752 (100.0%) 382 (100.0%) 1.00
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Model

AlexNet
VGG
GoogleNet
ResNet
DenseNet

Main task

Uses Dropout and ReLu

Small filter size, increased depth

Different filter size, increased depth, block concept, concatenation concept
Robust against overfitting due to symmetry mapping-based skip links

Blocks of layers—layers connected to each other

Dataset

ImageNet
ImageNet
ImageNet
ImageNet

CIFAR-10, CIFAR100,
ImageNet

Error rate

16.4
7.3
6.7
3.57
3.46, 17.18,5.54

Input size

227 x 227 x 3
224 x 224 x 3
224 x 224 x 3
224 x 224 x 3
224 %224 x 3

Year

2012
2014
2015
2016
2017
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Acting humanly

“The art of creating machines that perform functions that require intelligence
when performed by people.” (107)

Thinking humanly

“The exciting new effort to make computers think. .. machines with minds, in
the full and literal sense.” (109)

Acting rationally

“Computational intelligence is the study of the design of intelligent agents.” (108)

Thinking rationally

“The study of mental faculties through the use of computational models.” (110)
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1134 patients were involved

' '

A Traditional DAPT strategy group Individual DAPT strategy group B
N=382 N=752

CYP2C19 genetic testing

(*2 and *3 alleles)

| v | '

I Extensive metabolic group I I Moderate metabolic group | I Poor metabolic group I I Extensive metabolic group I I Moderate metabolic group | I Poor metabolic group |
N=164 =178 =302 =335 =115
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Clipidogrel 75mg Qd
+

Aspirin 100mg Qd
for 7 days

Platelet aggregation test

W R SRR R W SR W W W W W e wwwn wwel] SR W W W W W W w— w— w— w— w— w— w— w— w— v v v | ww— w— w— w— w— w— w— w— w— v w— w— w— w— w— w— w— v v D w— w— w—

in 7 day post-op

Normal response to clopidogrel No/Low response to clopidogrel
N=223 N=112

\ 4 \ 4 \ 4

Clopidogrel 7Smg Qd (1 year)
+
Aspirin 100mg Qd (lifelong)

N=382

Clipidogrel 75mg Qd (1 year) Ticagrelor 90mg Bid (1 year)
+ +

Aspirin 100mg Qd (lifelong)

N=525

Aspirin 100mg Qd (lifelong)

N=227
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Artificial Intelligence: any technique that
allows computer systems to mimic the human
intelligence and behaviour

Machine Learning: subset of Al, that uses
statistical techniques to enable machines to
learn from data and improve with experience

Deep Learning: subset of ML, in which
multilayered neural networks learn from vast
amounts of data
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Su B 2021 (17)

Interventions of the treat

Chinese medicine
Danlou tablet 1.2 g, tid

t group

Western medicine
Aspirin 300 mg/time, tid;

Interventions of the control group

Western medicine
Aspirin 300 mg/time, tid;

Atorvastatin, 20 mg/time, qd

Atorvastatin, 20 mg/time, qd

Tan JY 2013 (18)

Danlou tablet 1.5 g, bid

Aspirin 100 mg, qd;

Aspirin 100 mg, qd

Simvastatin 20 mg, qd;

Simvastatin 20 mg, qd;

Isosorbide nitrate 10 mg, tid

Isosorbide nitrate 10 mg, tid

Kang RK 2013 (19)

Danlou tablet 1.5 g tid

Hypoglycemic,

Lipid-regulating

Hypoglycemic,

Wang L 2015 (20)

Danlou tablet 1.5 g, tid

Bayaspirin 100 mg, qd;

Bayaspirin 100 mg, qd;

Atorvastatin calcium 20 mg, qd

Atorvastatin calcium 20 mg, qd

Polyvir, 75 mg, qd;

Polyvir, 75 mg, qd;

Low-molecular weight heparin calcium 6000 iu, bid,
subcutaneous injection;

Low-molecular-weight heparin calcium 6000 u, bid,
subcutaneous injection;

Metoprolol succinate 23.75-47.5 mg, qd

Metoprolol succinate 23.75-47.5 mg, qd

Wang SH 2012 (21)

Danlou tablet 1. 5 g, bid

Aspirin 100 mg, qd;

Aspirin 100 mg, qd

Simvastatin 20 mg, qd;

Simvastatin 20 mg, qd;

Isosorbide nitrate 10 mg, tid

Isosorbide nitrate 10 mg, tid

Wang WL 2021 (22)

Danlou tablet 1.5 g bid

Aspirin sustained-release tablets;

Aspirin sustained-release tablets;

Isosorbide mononitrate 20 mg, bid

Isosorbide mononitrate 20 mg, bid

Wang YH 2018 (23)

Danlou tablet 1.5 g bid

Aspirin 100 mg, qd;

Aspirin 100 mg, qd;

10 mg, qd;

10 mg, qd;

Isosorbide nitrate 10 mg, tid

Isosorbide nitrate 10 mg, tid

Wei Q 2015 (24)

Danlou tablet 1.5 g, bid

Aspirin enteri d 100 mg, qd;

Aspirin d 100 mg, qds

Clopidogrel 75 mg, qd;

Clopidogrel 75 mg, qd;

Simvastatin 20 mg, qd;

Simvastatin 20 mg, qd;

Isosorbide nitrate 10 mg, tid

Isosorbide nitrate 10 mg, tid

Metoprolol tartrate tablets 25 mg, bid

Metoprolol tartrate tablets 25 mg, bid

Xing XH 2020 (25)

Danlou tablet 1.5 g tid

Statins,

Statins,

coronary vasodilators

coronary vasodilators

Zang GP 2018 (26)

Danlou tablet 15 g, tid

Aspirin tablet 500 mg, qd;

Aspirin tablet 500 mg, qd;

Atorvastatin calcium 20 mg, qd;

Atorvastatin calcium 20 mg, qd;

Isosorbide mononitrate sustained-release tablets 60 mg, qd

Isosorbide mononitrate sustained-release tablets 60 mg, qd

Isosorbide

Ma XF 2017 (27)

Danlou tablet 15 g, tid

tablets 20 mg, tid

Isosorbide tablets 20 mg, tid

Ren DZ 2014 (28)

Danlou tablet 1.2 g, tid

Aspirin; low-molecular-weight heparin calcium; nitrates;
Polockers

Aspirin; low-molecular-weight heparin calcium; nitrates; -
blockers

Tian CH 2017 (29)

Danlou tablet 2.5 g, tid

Trimetazidine hydrochloride tablets 20 mg, tid

Trimetazidine hydrochloride tablets 20 mg, tid

Wang M 2019 (30)

Danlou tablet 1.5 g, qd

Aspirin 100 mg, qd;

Aspirin 100 mg, qd;

Atorvastatin calcium 20 mg, qd

Atorvastatin calcium 20 mg, qd

Yang XY 2014 (31)

Danlou tablet 0. 5-1 g, bid

Aspirin 150 mg, qd;

Aspirin 150 mg, qd;

Atorvastatin 10 mg, qd

Atorvastatin 10 mg, qd

Zang JH 2018 (32)

Danlou tablet 1.5 g, tid

Simvastatin pills 10 mg, qd

Simvastatin pills 10 mg, qd

Zhou MJ 2013 (33)

Danlou tablet 0. 5-1 g, qd
or bid

Aspirin 150 mg, qd;

Aspirin 150 mg, qd;

Atorvastatin 10 mg, qd

Atorvastatin 10 mg, qd
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Variables Univariable analysis Multivariable analysis

HR 95% CI P-value HR 95% CI P-value

CAC score, 100 AU 1.01 0.99-1.02 0.278
CAC Score (<100 AU vs. >100 AU) 0.68 0.50-0.94 0.021 0.61 0.41-0.90 0.013
Age, years 1.02 0.99-1.03 0.179
Gender (female vs. male) 0.65 0.47-0.90 0.010 0.64 0.45-0.91 0.012
Race (white vs. other) 0.98 0.56-1.72 0.946
BMI 1.00 0.97-1.03 0.864
Smoking status:

—Never 0.83 0.41-1.69 0.610

—Previous 1.06 0.72-1.58 0.757

—Current 1.00
Pre-existing heart disease:

—CAD vs. none 1.09 0.69-1.71 0.727 0.62 0.36-1.05 0.076

-PAD/TIA/AAA vs. none 0.89 0.36-2.19 0.806 0.42 0.16-1.11 0.082

—Heart failure vs. none 1.97 0.92-4.24 0.083 1.38 0.60-3.21 0.449
Tumor histology:

-SCC 1.00

—Adenocarcinoma 0.66 0.47-0.93 0.020 0.75 0.43-1.30 0.313

~Other 0.60 0.36-1.00 0.048 0.58 0.33-1.00 0.050
Stage

-II 1.00

-IITA 1.03 0.55-1.92 0.921

-111B 1.18 0.63-2.18 0.608

-1V 1.02 0.38-2.73 0.964

—-Recurrence 0.73 0.30-1.78 0.486
Gross tumor volume, cm? 1.001 1.000-1.002 0.006
Tumor location (left/mediastinum vs. right) 0.860 0.62-1.19 0.355
Mean lung dose, Gy 1.05 1.001-1.095 0.046 1.04 0.99-1.09 0.144
Mean heart dose, Gy 1.00 0.98-1.02 0.843
KPS (>80 vs. <80) 0.63 0.41-0.99 0.043 0.62 0.37-1.02 0.060
Total radiation dose, Gy 0.96 0.93-0.99 0.012 0.95 0.91-0.99 0.016
Radiation technique (proton vs. photon) 1.19 0.86-1.66 0.284

BMI, body mass index SCC, squamous cell carcinoma CAC, coronary artery calcium scoring; KPS, Karnofsky performance status; HR, hazard ratio; CI, confidence interval. Bold numbers
indicate a statistically significant p-value of <0.05.





OPS/images/fcvm-10-1103681/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1100006/fcvm-10-1100006-t001.jpg
Study cohort No (T/C)

Gender

T (M/W)

C (M/W)

Course (day)

Su B 2021 (17) 100/100 61.66 + 5.52 61.59 +5.67 (1)

Tan JY 2013 (18) 60/60 3921 3921 625+7 60129 28 WR)G)E)
Tang RK 2013 (19) 20120 1317 119 62938 6105855 180 (DR)G)A)E)
Wang L 2015 (20) 30/30 18/12 16/14 6425+335 28 (DR)BNA)E)
Wang SH 2012 (21) 32130 2517 24/6 60.2:9.0 28 )G
‘Wang WL 2021 (22) 43/43 22/21 2023 69.93 % 2.04 28 2)(3)
‘Wang YH 2018 (23) 35/35 20/15 18/17 558+8.9 28 2)(3)

Wei Q 2015 (24) 40/30 22/23 24/21 52.77+9.67 28 ax )(8)(9)
Xing XH 2020 (25) 60/60 33127 3432 56.53%5.44 56 W)s)

Zang GP 2018 (26) 53/53 4013 38015 48.88+5.01 49.94£4.69 30 WE)3)

Ma XF 2017 (27) 40/40 28,12 25015 58.5+85 595+85 28 )

Ren DZ 2014 (28) 34134 20/14 18/16 612 63.5 30 WE)OTNE)O)
Tian CH 2017 (29) 47/47 28/21 27/20 58.8+3.5 59.1£35 30 (1)

‘Wang M 2019 (30) 50/50 28/22 2921 60.32+7.65 60.81 £7.94 28 1)(5)
Yang XY 2014 (31) 41/41 23/18 28/13 - - 30 (1)2)(3)(4)
Zang JH 2018 (32) 45/45 22123 2421 60.23812 60.06+7.58 180 A6)(7)(8)(9)
Zhou MJ 2013 (33) 70170 - - - — 30 MR)B)E)

Outcome: (1) clinical treatment effect; (2) angina pectoris frequency; (3) angina pectoris duration; (4) angina pectoris degree; (5) adverse events; (6) TG; (7) LDL-C; (8} HDL-

C: and (9) TC.
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First author (year) Upper gastrointestinal symptoms Lower gastrointestinal symptoms Other

Nausea, n Vomiting, n Composite, Defecation Diarrhea, Composite, Diaphoresis, Bradycardia/
(%) (%) n (%) urge/abdominal n (%) n (%) n (%) asystole, 1 (%)
pain, 1 (%)

Atsuumi et al. (9) 1(100%)
°Busweiler et al. (10) 33 (61.1%) 33(61.1%) 39 (72.2%) 39(72.2%) 35(64.8%)
Eguchi etal. (11) 1(100%) 1(100%) 1(100%)
Iskos et al. (12) 2 (100%)
°Jardine et al. (6) 57 (82.6%) 57 (82.6%)
*Kapoor (13) 9 (100%) 9 (100%)
*Khadilkar et al. (14)
Marrison and Parry (15) 1 (100%) 1 (100%) 1 (100%) 1 (100%)
Overdijk et al. (16) 1 (100%) 1 (100%) 1(100%) 1 (100%) 1 (100%) 1 (100%) 1 (100%)
Rytlewski et al. (17) 1(100%) 1(100%) 1 (100%) 1(100%) 1(100%) 1(100%) 1 (100%) 1(100%)
Shahab et al. (18) 5(100%) 1 (20.0%) 5(100%) 5(100%) 5(100%) 3(60.0%) 0(0.0%)
Tewfik et al. (19)
Xu et al. (20) 1 (50.0%) 1 (50.0%) 1 (50.0%) 2 (100%)

*Subgroup from larger cohort. °Includes data from the same cohort. Only unique data presented in the study by Busweiler et al. was used in analysis of clinical characteristics and symptoms.
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Variables

CAC score, 100 AU

CAC score (<100 AU vs. >=100 AU)

Age, years
Gender (female vs. male)
Race (white vs. other)
BMI
Smoking status
—Never vs. current
—Previous vs. current
Pre-existing heart diseases
—-CAD vs. none
-PAD/TIA/AAA vs. none
—Heart failure vs. none
Tumor histology
—Adenocarcinoma vs. SCC
—Others vs. SCC
Stage
-IITA vs. I
—IIB vs. IT
IV vs. II
—-Recurrence vs. I

Gross tumor volume, cm?®

Tumor location (left/mediastinum vs. right)

Mean heart dose, Gy
KPS (>80 vs. <80)

Total radiation dose, Gy

Radiation technique (proton vs. photon)

Univariable analysis

Multivariable analysis

HR

1.04
0.55
1.03
0.67
2.86
1.01

1.73
1.32

1.90
1.09
5.81

0.72
1.35

0.41
0.30
0.17
1.000
1.060
0.99
0.62
1.06
0.92

95% CI

1.01-1.06
0.26-1.16
0.99-1.07
0.31-1.41
0.38-20.0
0.94-1.08

0.41-7.25
0.50-3.52

0.76-4.77
0.15-8.16
1.68-20.11

0.31-1.67
0.51-3.57

0.15-1.07
0.11-0.84
0.02-1.38
0.996-1.00
0.50-2.24
0.95-1.03
0.23-1.62
0.96-1.16
0.44-1.93

P-value

0.003
0.118
0.183
0.292
0.308
0.808

0.455
0.576

0.170
0.935
0.005

0.451
0.542

0.067
0.022
0.970
0.096
0.571
0.873
0.447
0.325
0.263
0.827

HR

1.04

1.00

0.71
0.67
4.76

7.49
377
3.67

1.12
1.00

95% CI

1.01-1.08

0.95-1.05

0.21-2.48
0.08-5.59
1.29-17.50

0.81-69.53
0.42-33.57
0.39-34-64

0.50-2.55
0.96-1.05

P-value

0.022

0.957

0.600
0.720
0.019

0.077
0.235
0.256

0.781
0.954

BMI, body mass index; SCC, squamous cell carcinoma; CAC, coronary artery calcium scoring; KPS, Karnofsky performance status; HR, hazard ratio; CI, confidence interval. Bold numbers

indicate a statistically significant p-value of <0.05.
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PIFB group Control group  p

(n=25) (n=25)

‘Time to extubation, mean = SD, 94241 121246
hour
Sufentanil consumption during 153.2+483 1994 £51.7

surgery, mean £ SD, g
Hydromorphone consumption 19213 2117
within 24 h, mean + SD, mg
Moderate to severe pain, n (%) 5 (20) 10 (40)
Opioid related adverse events, n (%) 11 (49) 9 (36)

Nausea and vomiting 5 (20) 28
Pruritus 0© 0
Urinary retention 1) 3(12)
Dizziness 5 (20) 4.(16)
Length of stay in ICU, mean =SD, | 332%247 370267
hour
‘Time to drain removal, mean = SD, | 818237 769+ 114
hour
Length of hospital stay, mean = SD, [ 10353 101463
day
PIFB, pecto-intercostal fascial block; ICU, intensive care unit; and SD, standard
Mot
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Expenmemal Control Mean Difference Mean Difference
SD.

Study or Subgroup _Mean Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
RenDZ 2014 147 089 34 208 09 34 128% -061[1.04,-018 e

Wei Q2015 115 077 40 159 128 30 87% -0.440.96,008 I
Zang JH 2018 136 038 45 169 045 45 785% -0.33[-0.50,-0.16] -

Total (95% C1) 119 109 100.0% -0.38[-053,-0.22] N

Heterogeneity: Chi*=1.50, df= 2 (P = 0.47), F= 0%
Test for overall effect: Z= 4.83 (P < 0.00001)

105 05 1
Favours [experimental] Favours [control}
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First author
(year)

Atsuumi et al. (9)
°Busweiler et al. (10)
Eguchietal. (11)
Iskos et al. (12)
°Jardine et al. (6)
*Kapoor (13)
*Khadilkar et al. (14)

Marrison and Parry
(15)

Overdijk et al. (16)
Rytlewski et al. (17)

Shahab et al. (18)
Tewfik et al. (19)
Xu et al. (20)

Syncope
history,
years

Life

ime

094
6.2

2

0.

6.0 4

E0.3
+7

0

5

£ 1.0

Sleep

syncope

prevalence®

10
54108

4

2.0 & 3 per year

Every 8 to
12 months

Supine,

n

1(

18 (32.7%)

1(
2(

(%)

00%)

00%)
00%)

00%)
00%)
00%)

00%)

0(0.0%)

5¢(
8 (4
2(

00%)
2.1%)
00%)

Daytime
VVS, n (%)

54 (100%)

68 (98.6%)
9 (100%)

1 (100%)

4 (80.0%)

1 (50.0%)

Childhood
syncope, n

(%)

0(0.0%)
27 (50.0%)
0(0.0%)

41 (58.0%)

0(0.0%)

1(100%)
1(100%)

1(20.0%)

0(0.0%)

Phobias, n
(%)

40 (74.5%)

49 (71.0%)

1(20%)

Tilt positive,
n (%)

47 (87.0%)

63 (91.3%)

1(100.0%)

1(100.0%)
0(0.0%)

5(100.0%)

*Subgroup from larger cohort. °Includes data from the same cohort. * Absolute number or frequency as reported in original studies. Only unique data presented in the study by Busweiler

et al. was used in analysis of clinical characteristics and symptoms.
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Characteristics

Age, mean (SD), years
Male sex, N (%)
Race, N (%)

- White

- Other
BMI, mean (SD), kg/m2
Smoking status, N (%)

- Never

- Previous

- Active
Hypertension, N (%)
Dyslipidemia, N (%)
Diabetes mellitus, N (%)

Pre-existing cardiovascular
disease, N (%)

Tumor histology, N (%)
- Adenocarcinoma
-SCC
- Other

Disease stage, N (%)
-1I
- 1A
- 111B
-1V

Recurrent disease

Gross tumor volume, mean
(SD), cm?

Radiation dose, N (%)
- <66 Gy
- 66-73 Gy
- >74 Gy
Mean heart dose (SD), Gy
Radiation technique, N (%)
- Photon

- Proton

Total

(n=193)

64 (9)
106 (55)

176 (91)
17 (9)
28 (6)

14 (7)
137 (71)
42 (22)
89 (46)
45 (23)
32(17)
42 (22)

95 (49)
70 (36)
28 (15)

16 (8)
79 (41)
78 (40)

8 (4)

12 (6)

129 (134)

16 (8)
64 (33)
113 (59)
14 (10)

114 (59)
78 (40)

CAC=0
(n=>51)

57 (10)
18 (35)

45 (88)
6 (12)
28 (6)

6(12)
32(63)
13 (25)
22 (43)
7 (14)
5(10)
1(2)

32 (63)
13 (25)
6 (12)

2(4)
12 (23)
29 (57)

3(6)
5(10)

126 (166)

5(10)
23 (45)
23 (45)
16 (10)

32 (63)
29 (37)

CAC >0
(n=142)

66 (8)
88 (62)

131 (92)
11 (8)
28 (5)

8 (6)
105 (74)
29 (20)
67 (47)
38 (27)
27 (19)
41 (29)

63 (44)
57 (40)
22 (16)

14 (10)
67 (47)
49 (35)
5(4)
7(5)
130 (122)

11(8)
41 (29)
90 (63)

14 (9)

82 (58)
59 (42)

P-value

<0.0001
0.001
0.385

0.572
0.218

0.619

0.059

0.249
<0.0001

0.076

0.010

0.849

0.070

0.284
0.567

0< CAC <100
(n=48)

64 (9)
22 (46)

43 (90)
5 (10)
28 (4)

6(13)
34 (71)
8(17)
18 (38)
10 (21)
4(8)
1(2)

21 (44)
14 (29)
13 (27)

1(2)
23 (48)
19 (40)

3(6)

2(4)

121 (119)

5(10)
13 (27)
30 (63)
15 (9)

28 (58)
20 (42)

CAC =100
(n=94)

68 (7)
66 (70)

88 (94)
6 (6)
29 (6)

2(2)
71 (76)
21 (22)
49 (52)
28 (30)
23 (25)
40 (43)

42 (45)
43 (46)
9 (10)

13 (14)
44 (47)
30 (32)
2(2)
5(5)
134 (124)

6(6)
28 (30)
60 (64)

13 (9)

54 (58)
39 (42)

P-value

0.002
0.006
0.247

0.631
0.036

0.099

0.254

0.019
<0.0001

0.015

0.090

0.562

0.685

0.376
1.000

SD, standard deviation; BMI, body mass index; SCC, squamous cell carcinoma; CAC, coronary artery calcium scoring. Bold numbers indicate a statistically significant p-value of <0.05.
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Age, mean = D, year

PIFB group
(n=25)
62.20 = 1286

Control group

61.40 = 10.68

P

Men, n (%)

16 (64)

BMI, mean * SD, kg/m®

2492+ 447

Comorbidities, 1 (%)

Hypertension

15 (60)

18 (72)

Diabetes mellitus

6(24)

8 (32)

Stroke

312

4316

Chronic bronchitis

1@

0(0)

ASA, 1 (%)

I

14

2(8)

1

24 (96)

23 (92)

NYHA, n (%)

il

16 (64)

17 (68)

I

9 (36)

8 (32)

Surgery type, n (%)

CABG alone

18 (72)

20 (80)

0508

Valve surgery alone

2(8)

14

1.000

Combined procedures

50

4316

1.000

CPB, n (%)

10 (40)

10 (40)

1.000

EF before surgery, mean = SD, %

650272

61.0+9.2

0.089

E/A before surgery, median (IQR)

0.69 (0.63 10 0.82)

0.69 (052 to 0.83)

0336

EuroSCORE II, median (IQR)

1.45 (098 10 3.15)

131 (085 to0 2.82)

0.448

Surgical time, mean * SD, min

2844716

300.8 £ 663

0.406

Anesthetic time, mean + SD, min

3937757

4083 =700

0481

ASA, American Society of Anesthesiologists; BMI, body mass index; CABG,
coronary artery bypass graft; CPB, cardiopulmonary bypass; EF, ejection fraction:
EuroSCORE Il, European System for Cardiac Operative Risk Evaluation II; IGR
interquartite range; NYHA, New York Heart Association; PIFB, pecto-intercosta
ksclal Black: dhd SO siandand dadation;
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Experimental Control Mean Difference. Mean Difference
Study or Subgroup _ Mean _SD_Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Ren DZ 2014 467 101 34 518 094 34 19.0% -0.51[0.97,-0.0]

Wei 2015 307 162 40 386 171 30 65% -0.79[1.58,0.00]

Zang JH 2018 417 062 45 493 051 45 74.4% -0.76[-0.99,-0.53] -

Total (95% C1) 119 109 100.0% -0.71[-0.92,-0.51] <>
Heterogeneity: Chi= 0.93, df= 2 (P = 0.63); F'= 0%

Testfor overall effect: Z= 6.92 (P < 0.00001)

R A 1
Favours [experimental] Favours [control}
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A. Case reports and case series
First author (year) Selection Ascertainment Causality Reporting Risk of bias
Max score 1 2 2 1 6

Atsuumi et al. (9) 1
Eguchi etal. (11)

Iskos et al. (12)
Marrison and Parry (15)
Overdijk et al. (16)
Rytlewski et al. (17)
Shahab et al. (18)

Xu et al. (20)
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—
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B. Cohort studies and case-control studies
First author (year) Selection Comparability Exposure/outcome Risk of bias
Max score 4 2 3 9

Busweiler et al. (10)
Jardine et al. (6)
Kapoor (13)
Khadilkar et al. (14)
Tewfik et al. (19)
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Experimental Control Std. Mean Difference Std. Mean Difference
M SD T

Study or Subaroup lean otal Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Kang RK 2013 18 1.01 20 21121 20 147% -0.26 [-0.89, 0.36] —r
TanJY 2013 81 37 60 126 4 60 181%  -116[155.-077) ==

Wang L2015 191 084 30 211 147 30 164%  -0.19(0.69,032] i

Wang SH 2012 82 38 32 127 4 30 159% -1.14-1.68,-0.60] i

Yang XY 2014 81 36 41 157 49 41 163%  -1.75[-2.26,-124) A

Zhou MJ 2013 826 372 70 1325 485 70 185%  -1.15[151,-0.79) -

Total (95% CI) 253 -0.96[-1.39, -0.53] b
Helerogeneily: Tau"= = 25,05, df=5 (P = 0. =+

Test for overall effect: Z= ¢ 35 (P < 0.0001)

-2 2
Favours [experimental] Favours [control]
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First author (year)

Atsuumi et al. (9)
°Busweiler et al. (10)
Eguchi etal. (11)
Iskos et al. (12)
°Jardine et al. (6)
*Kapoor (13)
*Khadilkar et al. (14)
Marrison and Parry (15)
Overdijk et al. (16)
Rytlewski et al. (17)
Shahab et al. (18)
Tewfik et al. (19)

Xu et al. (20)

Design

Case report
Retrospective case-control
Case report
Retrospective case series
Prospective cohort
Prospective cohort
Retrospective cohort
Case report
Case report
Case report
Retrospective case series
Retrospective case-control

Retrospective case series

Size, n

19

Age, years

53.0
46.0 4
66.0

2.1

285+£0.5

47.0£15.0

65.0
45.0

4444138

50.5£245

Female, n (%)

0(0.0%)
35 (64.8%)
0 (0.0%)
0 (0.0%)
46 (66.7%)

0 (0.0%)
1(100%
1(100%
2 (40.0%)

)
)

1 (50.0%)

Observation

duration,
months

24
96
12

11+3
180

60

70
36 24

*Subgroup from larger cohort. °Includes data from the same cohort. Only unique data presented in the study by Busweiler et al. was used in analysis of clinical

characteristics and symptoms. Continuous variables are presented as mean

t standard deviation if available.
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Excluded (n=13)

+ Severe kidney disease (n=4)

+ Coagulation disorder (n=3)

+ Infection at puncture site (n=1)
+ Pain syndrome history (n=3)

+ Declined to participate (n=2)

(n=50)
S

PIFB group (n=25)
+ Received allocated intervention (n=25)

Control group (n=25)
+ Received allocated intervention (n=25)

1

l l

Lost to follow-up (n=0) Lost to follow-up (n=0)

Analysed (n=25)
+ Excluded from analysis (n=0)

Analysed (n=25)
+ Excluded from analysis (n=0)
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Experimental

Control
SD Total Mean SD Total

Std. Mean Difference

Std. Mean Difference

Study or Subgroup _Mean Weight IV, Random, 95% C1 1V, Random, 95% CI
7.21 <39

Zhou MJ 2013 726 224 70 1627 347 70 102%  -273[:39,-2.26) #
Yang XY 2014 78 21 41 154 33 41 100% bl
Subtotal (95% CI) I11 111 202% .75 [-3.12,-2.38] ‘
Heterogeneity: Tau hit=0.03, df=1 (= 0.87); F= 0%

Testfor overal efect Z= 14 p (P < n 00001)

7.22 =3gand <4.59

Wei 02015 156 1 40 248 118 30 102%  -0.84[1.34,-035) &
Wang YH 2018 19 045 35 255 1.03 35 -0.81[1.30,-0.32) b
Wang WL 2021 084 021 43 152 033 43 -2.44(3.00,-1.87) =
Wang SH 2012 7 22 32 165 23 % =
TanJY 2013 v 60 165 22 60 [+ i
Subtotal (95°% CI) 210 198 2.50[-3.94,-1.07] >
Heterogeneity: Taw*= 2.67; Chi*= 117.23, df= 4 (P < 0.00001);

Test for overall effect Z= 3.42 (P = 0.0006)

7.2.3 =459

Zang GP 2018 343 07 53 757 082 53 97% -5.36-6.19,-4.53] -

Wang L2015 179 088 30 265 112 30 101%  -084[1 37 0.31) b1
Kang RK 2013 185 067 20 245 105 20 100%  -067[131,-0.03 )
Subtotal (95% CI) 103 29.8% -2.27 -4 83. 0.33] -
Heterogeneily: Tau*= 5.17; Chi 0, df=2 (P < 0.00001); F= 98%

Test for overall effect Z=1.71 (P= 0 09)

Total (95% CI) 424 412 100.0%  248[3.42,-154] *
Heterogeneiy: Tau*= 2.20; Chi*= 230,51, df= 9 (P < 0.00001); F'= 96%

Testfor overall effect: Z= 5.17 (P < 0.00001)
Test for subaroun differences: Chi*= 0.23. df= 2 (P = 0.89). F= 0%

A0 5 5 10
Favours [experimental] Favours [control]
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n=42 (%)

72410
10 (24)
32 (76)
16 (38)
4(10)
4(10)

P-values < 0.05 are reported as bold.

Cancer non-TTS
n =284 (%)

72410
20 (24)
47 (57)
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Type of cancer

Breast
Colon
Lung
Gastric
Adrenal gland
Thyroid
Ovarian
Bladder
Kidney
Sarcoma
Melanoma

Hematologic*

n, %

12 (29%)
7 (17%)
5 (12%)
4(11%)
2 (5%)
1(2%)
1(2%)
1(2%)
1(2%)
1(2%)
1(2%)
6 (14%)

*Includes: chronic myeloid leukemia (2), multiple myeloma (1), Walderstrom
macroglobulinemia (1), non-Hodgkin lymphoma (1), acute myeloid leukemia (1).
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Pt#
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For abbreviations see Table 1.

Family
history

0
0

Brother SCD
Mother HCM

0

Mother DCM
and ICD

0
0
0
0

0 (unknown
father)

0

0

Son AM Mother
SCD Uncle HTx

Sister HTx
Brother SCD
Sister ICD

0

Sister ACM/
PKP2*

Brother
ACM/PKP2

HTx (4th
degree)

0

Follow-up ACM criteria
Age (y-0) Clinical Resting Exercise CMRi Right Left
presentation ECG ECG
26 0 Normal Normal LGE lateral apical 0 1M O0m
46 Dyspnea SND, 1st degree Left PVCs LGE lateral basal 0 1M Im
AVB, iRBBB
13 0 Normal Normal Not done 0 0
67 0 Normal Normal Normal 0 0
35 0 TWI VI-V4 Right PVCs RV EDV 108 ml/m? and RVOT 2M Im 1M Om
dyskinesia, LGE inferior median
22 0 Normal PVCs LGE inferolateral median, LVEF 0 2M Om
49%
24 Palpitations Paroxysmal AF Left PVCs LGE inferior basal median and 0 2M Im
anterolateral median, LVEF 28%
No follow-up data
23 0 Normal Normal Normal 0 0
69 Dyspnea Normal Normal LGE lateral apical 0 1M O0m
35 Chest pain Normal Normal LGE inferolateral basal, septal 0 1M Om
median
63 0 TWI inferior PVCs LGE inferolateral basal, LVEF 1M Om 2M2m
Microvoltage 50% LGE inferior RV
25 0 1S inferolateral Normal LGE lateral basal & apical and 0 1M Im
Microvoltage inferior median and anterior
apical
29 0 Normal Normal Normal 0 0
49 Palpitations Normal Normal LGE lateral median, LVEF 46% 0 2M Om
53 0 Normal Left PVCs LGE multifocal, LVEF 49% 0 2M Om
36 0 Normal Normal Normal 0 0
23 0 TWI VI-V2 Normal LGE lateral median RVOT 2M Im 1M 0m
NSVT hypokinesia, RVEF 30%
32 0 TWI VI-V6 Right PVCs LGE inferior median 2M Im 1M 0m
RV EDV 105 ml/m?, RVEF 44%
24 0 Normal Normal LGE inferolateral basal & median 0 1M 0m

No follow-up data

Genetic
testing?

Yes
Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Genetic mutation (Grade)

DSP p.Glul343Asnfs* (IV)

DSP ¢.3082_3084-+13del (IV)

DSP C.34030T (IV)BAG3 C.1550G (III)

DSP ¢.2588T>C (IV)
DSP ¢.5028_5031del (IV)
PKP2 C.1132C>T (V)
PKP2 C.1132C>T (V)

TTN c.14372-2A>G (IV)
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Pt#

20

21

Family
history

0
0

Brother SCD
Mother HCM

0

Mother DCM
and ICD

0

0 (unknown
father)

0

Son AM Mother
SCD
Uncle HTx
Sister HTx
Brother SCD
Sister ICD

0

Brother
ACM/PKP2

HTx (4th
degree)

0

Age (y-0)

20
43

11
60
31

14
17
49
18

49

28
55

23

20

27

41

19

19

29

22

Clinical
presentation

Pseudo-ACS,
Rhinitis
Pseudo-ACS

Pseudo-ACS, GE
Pseudo-ACS
Pseudo-ACS

Pseudo-ACS
Pseudo-ACS
Pseudo-ACS
Pseudo-ACS,

Amygdalitis
Pseudo-ACS

Pseudo-ACS,
Bronchitis

Palpitations

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS,
Fever

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS,
Amygdalitis

Index AM

ECG

Diffuse ST elevation
TWTI inferolateral

Diffuse ST elevation
Normal
TWIV1-V2

Normal

LV anterior PVCs
Normal

Diffuse ST elevation

Normal

Diffuse ST elevation
TWTI inferior

TWTI inferolateral
Left VT

PVCs

Diffuse ST elevation
TWIV3-V6

Lateral ST elevation

Normal

Diffuse ST elevation

Diffuse ST elevation
PVCs

TWIV1-V4
Right PVCs

Normal

nferior ST elevation

CMR

LGE inferolateral (subepi)

LGE inferolateral basal &
median

LGE lateral (subepi)

LGE lateral apical (subepi)

LGE lateral (subepi), RV
inferolateral dyskinesia
LGE inferolateral median &
apical (subepi)

LGE anterolateral (subepi),
LVEF 45%

LGE anterolateral medial
(subepi)
No LGE

No CMR (normal coronary
angiography)

LGE inferior basal

LGE inferolateral basal
(subepi), LVEF 45%
LGE inferolateral basal &

median (subepi), LVEF 53%,
Pericadial effusion

LGE lateral apical (subepi)

No CMR (normal coronary
angiography)

No CMR (normal coronary
angiography)

LGE inferolateral median
(subepi)

No LGE, RV hypokinesia, RV
EDV 63 ml/m?, RVEF 26%

No LGE, RV dyskinesia, RV
EDV 105 ml/m?, RVEF 36%,
LVEF 47%

No LGE

LGE lateral (subepi), LVEF
52%

Age (y-0)

22
44

12
61
32

14
19
52
21

54

35
56

24

29

44

51

31

18

26

Clinical
presentation

Pseudo-ACS
Pseudo-ACS

Pseudo-ACS
Pseudo-ACS
Pseudo-ACS

Pseudo-ACS
Pseudo-ACS
Pseudo-ACS
Pseudo-ACS

Pseudo-ACS,
Fever

Pseudo-ACS,
Vaccine

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS,
Amygdalitis

Palpitations

Pseudo-ACS

Pseudo-ACS

Pseudo-ACS,
Pharyngitis

First RAM

ECG

TWIV4-V6

TWI inferolateral

Normal
Normal
TWI VI-V2+V3

Normal

LV anterior PVCs
RV inferior PVCs
Diffuse ST elevation

Normal

Diffuse ST elevation,
TWI V3-V6. DL
aVL

Diffuse ST elevation

TWTI inferior Left VT

Anterior ST
elevation

Normal

TWI lateral

Lateral ST elevation,
NSVT

Diffuse ST elevation

TWIV1-V3
Right VT

TWI anterior and
inferior

Anterior ST
elevation

Lateral ST elevation

CMRi

LGE lateral (subepi)
LGE inferolateral basal

LGE inferolateral (subepi)
LGE lateral basal (subepi)
LGE inferior median, lateral
basal (subepi), RV dyskinesia
LGE inferolateral basal
(subepi)

LGE anterolateral LVEF 28%

No LGE Pericardial effusion

No LGE
LVEF 45%

LGE lateral apical (subepi)
LVEF 49%

LGE multifocal, RVEF 48%,
LVEF 35%

LGE inferolateral basal
(subepi), inferior RV

LGE inferolateral basal
(subepi), anterior apical
(subepi)

LGE lateral apical (subepi)

LGE anterolateral (subepi),
inferior (subepi)

LGE multifocal, LVEF 34%

LGE anterolateral median &
apical (subepi), LVEF 47%

LGE lateral median (subepi),
LVEF 55%, RV hypokinesia,
RV EDV 75 ml/m?

LGE inferolateral median

(subepi), LVEF 45%, RVEF
44%, RV RDV 90 ml/m?

LGE inferolateral basal

(subepi)

LGE lateral (subepi), LVEF
50%

Other AM

ACM, arrhythmogenic cardiomyopathy; ACS, acute coronary syndrome; AF, atrial fibrillation; AM, acute myocarditis; AVB, atrioventricular block; BAG3, BCL2-associated athanogene 3; CMRI, cardiovascular magnetic resonance imaging; DCM,

dilated cardiomyopathy; DSP, desmoplakin; GE, gastroenteritis; HCM, hypertrophic cardiomyopathy; HTx, heart transplantation; ICD, implantable cardioverter defibrillator; iRBBB, incomplete right bundle branch block; LGE, late gadolinium
enhancement; LV, left ventricle; LVEF, left ventricular ejection fraction; M, major criterion for ACM; m, minor criterion ACM; NSVT, non-sustained ventricular tachycardia; PKP2, plakophilin 2; PVCs, premature ventricular contractions; RVEDYV,
right ventricular end-diastolic volume; RVEE, right ventricular ejection fraction; RVOT, Rightventricular outflow tract; SCD, sudden cardiac death; SND, Sinus nodedysfunction; ST, ST segment; Subepi, subepicardial; TTN, titin; TWI, T wave inversion;

VT, ventricular tachycardia.
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No Side of MAP Combined

1 R1
2 R2
3 R3
4 R4
5 RS
6 R6
7 R7
8 R8
9 R9
10 R10
11 R11
12 R12
13 R13
14 L1
15 L2
16 L3
17 L4

arrhythmias

AVNRT
None
AVNRT
None

None

None
AVNRT +
Concealed AP
None

AVRT

None
AVNRT
None

AT

AVNRT +
Concealed AP
None

None

None

Minimal
pre-excitation

+

+ o+

M
potential

76
None
83
114
None
None

111

None
87
None
43
None
43

None

None
None

None

MV

33
None
69
27
None
None

42

None
44
None
61

None

None

None

None

None

Vabl-QRS  Vip1-RVapex AP type AP length

22
26
33

-22
49
—13
—26
33
51

66
=21
49

54
-26
49

69
53
62

AF
AV
AF
AF
AV
AV
AF

AV
AF
AV
AF
AV
AF
AV

AV
AV
AV

Long MAP
Short MAP
Long MAP
Long MAP
Short MAP
Short MAP
Long MAP

Short MAP
Long MAP
Short MAP
Long MAP
Short MAP
Long MAP
Short MAP

Short MAP
Short MAP
Short MAP

AR, atriofasicular; AP, accessory pathway; AM, the interval between the beginning of the atrial ECG and the M potential; AT, atrial tachycardia; AV, atrioventricular; AVRT, atrioventricular
reentrant tachycardia; AVNRT, atrioventricular nodal reentrant tachycardia; EPS, electrophysiological study; L, left side; MV, the interval between the M potential and the beginning of
ventricular ECG; MAP, Mahaim accessory pathway; SV'T, supraventricular tachycardia; R, right side; RE, radiofrequency; V u1-QRS, the interval between the beginning of ventricular ECG

and the beginning of the QRS complex; Vu41-RV ape interval, the interval between the beginning of ventricular ECG at the successful ablation point and the ventricular ECG recorded

from the RV apex.
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26 year-old: palpitations, left PVCs, TWI V, V,, normal TTE (no CMR1)
Asymptomatic on Nadolol

31 year-old: index AM, pseudo-ACS, TWI V, V,, LGE lateral subepi, RV inferolateral dyskinesia

32 year-old: RAM, pseudo-ACS, TWIV, V,, LGE inferior median subepi, lateral basal, RV
inferolateral dyskinesia
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B s P e SR

b2 ! | - | " |

33 year-old: normal cardiac PET-TDM

37 year-old: last follow-up, asymptomatic, TWIV, — V,, RV EDV 108ml/m2, RVOT dyskinesia
and inferolateral dyskinesia, LGE inferior median

|
*__NAMJ”\M,«_/MN};,J \M&/ﬂw\}; 2 / " eese! -.f4_ ‘r"-\\j»-#-—-u—" ,.-u_-s\.r-"; ‘,—-'m\/—f-'——\,—/\i 'P\\( ,.'--w—v-’! 'r\v

! | !
i '* ﬂ ‘ . l ' Y2 ] i
———n \.ov"}“-—“./\__: w/\"’"“-—v’\\n‘ b’ \‘"‘MJ ‘\’/\‘M‘g“ V-/\--—-—.‘_ M f“‘\_/‘""“‘""_\'ﬂ ”'\;"”‘"—"ﬁ’i /—‘\-\/""'_‘"“““I I’“\/""""—"\ﬁ P B 7
51 - :! h‘ i3
il V3
o -~—---s.---‘l\v--\—.~ -"\—vu‘q!“w'-‘.ﬂf\-“"‘w»m.‘.\-—-‘_.w._.,.,..""-f‘—w‘*- - "\"‘4 T e ‘“'—'ﬂ ¥ s -""’\‘}; - “\f‘w””_"‘ | gmn Y e wrm— "'\_"; .
! 1. ]

= { i 1
B
.....-u--.\/“-‘;’wtv,w*‘f‘v"\q'fv"‘f‘"'v’“,{—-\/H‘ "'*"‘\-"‘.{"'"\J""""_‘,."\ "“Vf-“‘ e .'tv.—"\ﬁ' f—---\-«qf --\f——T— ..1,4{,-—\,~-—--..,-\J!-~\,- .T"-J“‘T-) Pants Panass

i | |

IR : : , i ' v

avL V3 | |
— *-Mr.'-f\w— OM.N—.M,,M~—~.”MWJWW-’\..»". - ;“.-w—--\-—“o . ...s_J‘r- ————r— —.-«.}‘——»—-—-—-—c—‘ — _,1. —— —»-..-s_)“- me—— —

alF | | V8

A A A ' J b
ol ST R s ] S .'-\...,\—‘J“'-*..,.._,., ) PSRN SLaE SIS, SRS ,'..JL—-"-"‘ww-a-...ps. I s L e ‘AJ'\‘ Lasmn O rm“_.k-d' S oA Sd W~

DSP p.Glul1343Asnfs* (IV)





OPS/images/fcvm-09-1052465/fcvm-09-1052465-t002.jpg
Parameter Right-sided
EPS

QRS duration 132 (111-159)
Basic cycle length, ms 691 (540-813)
M potential 53.9% (7/13)
SVT cycle length, ms 325 (242-379)
Combined other tachycardia

AVRT or concealed AP 15.4% (2/13)
AVNRT 30.7% (4/13)
AT 7.7% (1/13)
Ebstein’s disease 0
Procedure

Procedure duration, min 111 (89-221)
RF duration, min 11(2-38)
Recurrence 7.7% (1/13)

Left-sided

150 (133-169)
717 (613-825)
0% (0/4)
332 (299-369)

25% (1/4)
25% (1/4)
0
0

82 (62-133)
3(2-3)
0% (0)

P-value

0.17
0.43
0.06
0.97

0.66
0.78
0.56

0.17
0.03
0.56

X2

3.662

0.195
0.17
0.327

0.327

AP, accessory pathway; AT, atrial tachycardia; AVRT, atrioventricular reentrant tachycardia; AVNRT, atrioventricular nodal reentrant tachycardia; EPS, electrophysiological study; SVT,

supraventricular tachycardia; RE radiofrequency.
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Characteristic

Female, 1 (%)

Age, years

Clinical features

Palpitation

ECG documented tachycardia
Syncope

Drugs

Calcium channel blocker

Beta blocker

No medication
Electrocardiogram

Minimal pre-excitation during sinus rhythm

No pre-excitation

Right side (n =13)

54.8% (7/13)
47 (28-66)

100% (13/13)
84.6% (11/13)
0% (0/13)

23.1% (3/13)
38.5% (5/13)
38.5% (5/13)

38.5% (5/13)
61.5% (8/13)

Left side (n =4)

50% (2/4)
56 (31-79)

100% (4/4)
100% (4/4)
0% (0/4)

25% (1/4)
25% (1/4)
50% (2/4)

25% (1/4)
75% (3/4)

P-value

0.89
0.42

0.40

0.87
0.62
0.68

0.62
0.62

0.018

0.697

0.023
0.243
0.168

0.243
0.243
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LVGLS LVGWI LVGCW LVGPW LVGSCW

LVGLS / r=0.390 r=0.520 r=0.505 r=0.513
p=0044  p=0003  p=0.005 p=10.004
LVGWI r=0.390 / r=0.522 r=0.506 r=0.512
p=10.044 p=0002  p=0.005 p=10.004
LVGCW r=0.520 r=0.522 / r=0.472 r=0.473
p=0.003  p=0002 p=0.011 p=0.011
LVGPW r=0.505 r=0.506 r=0.472 / r=0.470
p=0.005  p=0.005 p=0.011 p=0.011

LVGSCW  r=0.513 r=0.512 r=0.473 r=0.470 /

p=0004 p=0004 p=0011  p=0011

LV, left ventricle; STE, speckle-tracking echocardiography; GLS, global longitudinal
strain; GWI, global work index; GCW, global constructive work; GPW, global positive
work; GSCW, global systolic constructive work.
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Eagger's p-value

Adjusted for air pollution

PM,.5 mortality 10 1021 1012 1031 95.90% <0.0001 0013
PM, 5 morbidity 16 1010 1.007 1014 9180% <0.0001 0005
PMo mortality 40 1024 1019 1028 96.40% <0.0001 <0.0001
PM, o morbidity 21 1020 1013 1028 91.40% <0.0001 0001
0; mortality 28 1028 1021 1035 9690% <0.0001 0003
0, morbidity 19 1028 1012 1027 92.10% <0.0001 0002
NO, mortality 31 1026 1019 1032 95.80% <0.0001 0001
NO, morbidity 2 1011 1008 1015 90.70% <0.0001 0001
CO mortality 8 1025 1010 1040 96.60% <0.0001 0658
CO morbidity 5 1019 1.008 1.030 87.20% <0.0001 0865
50, mortality 20 1026 1018 1035 95.60% <0.0001 0068
S0, morbidity 18 1016 1009 1023 79.30% <0.0001 0001
Null mortality 2 1011 1009 1014 9110% <0.0001 0001
Null morbidity 2 1007 1005 1009 89.10% <0.0001 <0.0001
Exposure
Tmean mortality 70 1015 1013 1016 95.30% <0.0001 <0.0001
Tmean morbidity 48 1014 1011 1017 90.00% <0.0001 <0.0001
Tmax mortality —
Tmax morbidity 3 1022 0998 1046 83.00% 0.003 0169
Tmin mortality 4 1019 1009 1029 65.30% 0.034 0001
Tmin morbidity 3 1012 0.99 1028 93.70% <0.0001 0306
Tapp mortality 5 1015 1005 1025 93.40% <0.0001 0168
‘Tapp morbidity 9 1003 1.000 1006 49.80% 0063 0028
Season
Annual mortality 66 1017 1015 1019 95.70% <0.0001 <0.0001
Annual morbidity 56 1011 1009 1013 88.70% <0.0001 <0.0001
Cold mortality 9 1010 1.006 1015 84.20% <0.0001 0025
Cold morbidity 5 1041 1011 1071 92.50% <0.0001 0235
Warm mortality 6 1019 1015 1024 0.00% 0757 095
Warm morbidity 2 1010 0.989 1032 79.40% 0.028 —
Study design
TS mortality 68 1019 1017 1022 95.50% <0.0001 <0.0001
TS morbidity 48 1011 1.090 1013 89.80% <0.0001 <0.0001
CC mortality 12 1007 1005 1008 83.20% <0.0001 0007
CC morbidity 14 1016 1009 1022 9150% <0.0001 0007
Lag days mortality (day)
Cumulative 0-9 17 1017 1010 1023 96.80% <0.0001 0142
Cumulative 10-19 15 1017 1012 1022 88.70% <0.0001 00002
Cumulative >20 10 1025 1017 1034 96.00% <0.0001 0002
Single 0-9 13 1022 1015 1028 9690% <0.0001 0.02
Single >10 8 1022 1013 1032 92.00% <0.0001 0083
Lag days morbidity (day)
Cumulative 0-9 7 1005 1.001 1.009 74.50% <0.0001 0054
Cumulative 10-19 4 1012 1003 1022 91.80% <0.0001 0628
Cumulative >20 12 1043 1029 1058 81.30% <0.0001 0008
Single 0-9 11 1015 1009 102 66.70% 0.001 0032
Single >10 4 1003 1 1005 72.20% 0013 0359
Risk of bias (mortality)
Low 10 1014 1009 1019 83.20% <0.0001 0007
Probably low 67 1016 1015 1018 95.50% <0.0001 <0.0001
Probably high 3 1021 1012 1027 83.00% 0.003 0169
Risk of bias
Low 6 1017 1009 1026 96.60% <0.0001 0658
Probably low 51 1012 101 1014 91.50% <0.0001 <0.0001
Probably high 4 1023 1014 1027 93.40% <0.0001 0216
RR, relative risk, Cl, confidence interval; T-S, time series; C-C, ; Tmin, minimum Tmax, maximum Tmean, mean

Tapp, apparent temperature.
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LV SWI

LV EF

LV GLS
LV GWE
LV GWI
LV GCW
LV GWW
LV GPW
LV GNW
LV GSCW
LV GSWW

Correlation index (r)

0.308
-0.337
0.254
0.425
0.506
0.076
0.464
0.183
0.471
0.100

P-value

0.050
0.031
0.110
0.006
0.001
0.635
0.003
0.264
0.002
0.545

LV, left ventricle; SWI, stroke work index; EF, ejection fraction; GLS, global longitudinal
strain; GWE, global work efficiency; GWI, global work index; GCW, global constructive
work; GWW, global wasted work; GPW, global positive work; GNW, global negative
work; GSCW, global systolic constructive work; GSWW, global systolic wasted work.
Bold values indicate statistical significance.
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Year Location Study | Study | Exposure| Mean Mean | Season | Adjusted | Mortality/ utcome | Ages | Climate | Climate Income

period | design value (° | value (° for air morbidity (ICD) zones zones group
(a); (@] pollution
range
Ren etal. Brisbane, Australia 1542(12 | 1542 PM10, 03 Both CVD (100-199) C-subtropical
2001 to0 26) ages
2 | Ferreira et al. 2019 | Five cities, Brazil | 1996~ | TS Mean 20510265 205 | Annual | NA Mortality ACS (21-122)  |[Al | Af A-tropical UM
2013 (4910 ages
31.9)
3 | Analitis et al 2018 | Nine cities, Europe | 2004- | TS Tapp 184 10 30 23| Cold PM10, 03, Mortality CVD (100-199) | Al | Csb c H
2010 (NA to (Oct- NO2 ages mediterranean
NA) Mar)
4 | Hashizume etal. | 2009 | Matlab, 1994 | TS Mean NA(NAto| NA [Annual | NA Mortality CVD (100-199) | Al | Aw A-tropical M
Bangladesh 2002 NA) ages
5 | Huangetal. 2014 | Changsha, China | 2008- | TS Coldspell | NA (=53 | NA |Annual | PMI10,NO2, | Mortality CVD (100-199) | Al | Cfa C-subtropical | UM
2011 10 40.7) 502 ages
6 |Linetal 2013 | Four 1994 | TS Mean 242(81t0| 242 |Annual | PM10,03, Mortality CVD (100-199) | All | Cha Cosubtropical | H
metropolitans, 2007 33) NO2 ages
Taiwan
7 | Sonetal 2016 | Sio Paulo, Brazil | 1996~ | TS Mean 201 (7510 201 [Annual | PM25, PM10, | Mortality CVD (100-199) |All | Cfa C-subtropical | UM
2010 287) ages
8 | Xiong et al. 2017 | Shanghai, China 2011~ | TS Mean 174(-2t0| 174 | Annual | PM10,NO2, | Mortality CVD (100-199) Al | Cfa C-subtropical | UM
2013 36) 502 ages
9 | Ikefuti et al 2018 | Sio Paulo, Brazil | 2002~ | TS Mean 195(8410 | 195 | Annual | PMI0, O3, Mortality Stroke (160-169) | All | Cfa C-subtropical | UM
2011 27.6) NO2,502 ages
10 | Gouveiaetal | 2003 | Sio Paulo, Brazil | 1991- | TS Mean 193(7to | 193 | Annual | PM10, 03, Mortality CVD (100-199) | Al | Cfa C-subtropical | UM
1994 263) NO2, €0, 502 ages
11| Livetal 2020 | Hong Kong, China | 2007 | TS Mean 235@B4to| 235 |Annual | PM25, 03, Mortality CVD (100-199) | All | Cha Cosubtropical | H
2015 324) NO2, 502 ages
12 | Guoetal 2011 | Tianjin, China 2005- | cc Mean 13 (=7 to 13 | Annual | PM10,NO2, | Mortality CVD (100-199) | All | Dwa D-continental | UM
2007 29) 502 ages
13 | Zhang et al. 2014 | Five cities, China | 2004~ | TS Mean 17.12 1712 | Annual | PM10,NO2 | Mortality Stroke (160-169) | Al | Dwa D-continental | UM
2008 (=105 to ages
342)
14 | Romani et al 2020 | Two cities, Spain | 2005- | TS Min NA(-28 | NA |Annual | NA Mortality CVD (100-199) | Al | Csb c- H
2017 10 40.8) ages mediterranean
15 | Daietal 2015 | Shanghai, China 2006~ | TS Mean 18 (=210 18 | Annual | PM25, PM10, | Mortality CHD (120-125) |All | Cha C-subtropical | UM
2011 34) 03, NO2, €O, ages
502
16 | Silveira et al. 2019 | 27 cities, Brazil 2000- | TS Mean 18910289 | 239 | Annual | NA Mortality CVD (100-199) | Al | Multi Multi UM
2015 (3.8 10 36) ages
17 | Guoetal 2012 | Chiang Mai, 199~ | TS Mean 262133 | 262 | Annual | PM10, 03 Mortality CVD (100-199) | All | Aw A-tropical uM
Thailand 2008 10 33.5) ages
18 | Seposo et al. 2015 | Manila, 2006~ | TS Mean 288(235 | 188 |Annual | NA Mortality CVD (100-199) | Al | Aw A-tropical LM
Philippines 2010 10333) ages
19 | Zhang et al. 2016 | Wuhan, China 2003~ | TS Mean 179(-27 | 179 | Annual | PM10,NO2, | Mortality CVD (100-199) Al | Cha C-subtropical | UM
2010 10 35.8) 502 ages
20 | Yangetal 2012 | Guangzhou, China | 2003~ | CC Mean 2@l 2 Annual | PM10,NO2, | Mortality CVD (100-199) | Al | Cha Cosubtropical | UM
2007 342) 502 ages
21 | Yuetal 2011 | Brisbane, Australia | 1996~ | TS Mean 201 (9810 201 | Summer | PM10,03, Mortality CVD (100-199) | Al | Cfa C-subtropical | H
2004 319) NO2 ages
2 |Yuetal 2011 | Brisbane, Australia | 1996 | TS Mean 201 (154 | 201 |Annual | PM10,03, Mortality CVD (100-199) |[All | Cfa C-subtropical | H
2004 1025.2) NO2 ages
23| Kwon etal. 2015 | South Korea 2004~ | TS Min 2419 (102 | 2419 | Cold PM10, 03, Mortality CVD (100-199) | Al | Multi Multi H
2012 10 327) (Dec-Feb) | NO2, CO, 502 ages
24 | Maetal 2020 | Jiangsu, China 2015- | Ts Mean 139(-115| 139 | Annual | PM25,03, Both CVD (100-199) | All | Cfa C-subtropical | UM
2017 10 30.6) NO2, €0, 502 ages
25 | Ballesteretal. | 1997 | Valencia, Spain 1991- | TS Mean 22 (NA to 2 | Cold 502 Mortality CVD (100-199) | Al | BSk Bdry H
1993 NA) (Nov- ages
Apr)
26 | Silveira et al. 2021 | Rio de Janeiro, 2001- | cC Mean 247 (155 | 247 |Annual | NA Mortality CVD (100-199) | Al | Aw A-tropical uM
Brazil 2018 10 35) ages
27 | Zhaietal. 2022 | Qingdao, China 2009- | Ts Mean 145 (NA 145 | Annual | NA Mortality CVD (100-199) | Al | Cwa C-subtropical | UM
2017 to NA) ages
28 | Maetal 2014 | 17 cities, China 199 | TS Mean 153(-237| 153 | Annual | PMI10,NO2, | Mortality CVD (100-199) | All | Multi Multi uM
2008 10 36.4) 502 ages
29 | O'Neill etal. 2005 | Two cities, Mexico | 1996 | TS Tapp 199 (=27 | 199 | Annual | PM10, 03 Mortality CVD (100-199) | Al | Cwb C-oceanic UM
1998 to 42.1) ages
30 | Yiand Chan 2015 | Hong Kong, China | 2002~ | TS Mean 234 (82t0| 234 |Annual | PM10,NO2, | Mortality CVD (100-199) | Al | Cha Cosubtropical | H
2011 318) 502 ages
31 | Xing etal. 2020 | Beijing, China 2006~ | TS Mean 1256 1256 | Annual | PM25, 03, Mortality CVD (100-199) | Al | Dwa D-continental | UM
2011 (14110 NO2, 502 ages
33)
32 | Sharovsky etal | 2004 | Sio Paulo, Brazil | 1996 | TS Mean 1938810 193 | Annual | PMI0,NO2, | Mortality ACS (21-12)  |[Al | Ch C-subtropical | UM
1998 283) co ages
33 | Achebak etal. | 2018 | 47 cities, Spain 1980~ | TS Mean NA(NAto| NA [Summer |NA Mortality CVD (100-199) | Al | Multi Multi H
2015 NA) months ages
34 | Linetal 2020 | Taiwan, China 2000- | TS Mean 233(95t0| 233 [Annual | PM25,PM10, | Both CVD (100-199) | Al | Cfa C-subtropical | H
2014 3L1) 03, NO2, CO ages
35 | Analitis et al. 2007 | 15 European cities | 1990~ | CC Mean NA(NAto| NA [Annual | NA Mortality CVD (100-199) | All | Multi Multi H
2000 NA) ages
36 | Denpetkuland | 2021 | 65 provinces, 2000- | TS Mean 2748 (695 | 2748 | Annual | NA Mortality CVD (100-199) | Al | Aw A-tropical uM
Phosri ‘Thailand 2017 10 36.6) ages
37 | Guoetal 2013 | Five cities, China | 2004~ | TS Mean 17.12 1712 | Annual | PM10,NO2 | Mortality CVD (100-199) | Al | NA NA UM
2008 (10510 ages
342)
38 | Chenetal 2017 | Texas, United 1992- | cC Coldspell | 204 (=64 | 204 | Annual | NA Mortality CVD (100-199) | Al | Dfa D-continental | H
States 2011 10 34.4) ages
39 | Zekaetal 2014 | Ireland 1984 | TS Tapp 58(Glto | 58 | Cold NA Mortality CVD (100-199) |18+ | Cfb C-oceanic H
2007 8.6) (Dec-Feb)
40 | Medina-Ramon | 2007 | 50 cities, United 1989- | CC Min 198(185 | 198 | Warm | NA Mortality CHD (120-125) | Al | NA NA H
and Schwartz States 2000 to 32.1) (May- ages
Sep)
41 | Ha and Kim 2013 | Seoul, South Korea | 1993~ | TS Mean 244(NA | 244 | Wam | NA Mortality CVD (100-199) | Al | Dwa D-continental | H
2009 to NA) (Jun-Aug) ages
42 | Tian etal. 2012 | Beijing, China 2000- | cC Mean 133(-76 | 133 |Annual | NA Mortality CHD (120-125) |Al | Dwa D-continental | UM
2011 10 30.5) ages
43 | Sharafkhani et al. | 2017 | Urmia, Iran 2005- | TS Mean NA(NAto| NA [Annual | PM10,NO2, | Mortality CVD (100-199) | All | Cfa C-subtropical | UM
2010 NA) 502 ages
44 Panetal 1995 | Taiwan, China 1981- | TS Mean NA@t | NA |Annual |[NA Mortality Stroke (160-169), | 45+ | Cfa C-subtropical | H
1991 32) CHD (120-125)
45 | Yangetal 2015 | Shanghai, China 1981~ | TS Mean 169 (~48 | 169 | Annual | NA Mortality CVD (100-199) |All | Cha C-subtropical | UM
2012 10 346) ages
46 | Breitner et al. 2014 | Bavaria, Germany | 1990 | TS Mean 95(-142 | 95 |Annual | PMI0, 03 Mortality CVD (100-199) | Al | Dfb D-continental | H
2006 10292) ages
47 | Rodrigues etal. | 2019 | Lisbon, Portugal 2000- | TS Mean 1738 (41 | 1738 | Annual | PMI10 Mortality Stroke (160-169) | Al | Csa c- H
2013 t0 33.3) ages mediterranean
48 | Chen et al. 2014 | Six cities, China 2009- | TS Mean 49-23 15 | Annual | PM10,NO2, | Mortality CHD (120-125) |All | NA NA uM
2011 (-24210 502 ages
33)
49 | Chan et al. 2012 | Hong Kong, China | 1998- | TS Mean 276197 | 276 |Warm | PM10,03, Mortality CVD (100-199) | All | Cha C-subtropical | UM
2006 10 31.8) (May- | NO2, 502 ages
Oct)
50 | Rocklov et al. 2011 | Stockholm, 1990- | TS Tappmin | 216 (5810 | 216 | Cold 03, NO2 Mortality CVD (100-199) | All Esubarctic | H
Sweden 2002 335) (Oct- ages
Mar)
51 Fuetal 2018 | India 2001- | cc Mean NA(NAto| NA |Annual | NA Mortality CVD (100-199) | All C-subtropical | UM
2013 NA) ages
52 | Goodman etal | 2004 | Dublin, Ireland 1980- | TS Min 65(~79t0| 65 |Annual | PM10 Mortality CVD (100-199) | Al | Cfb C-oceanic H
1996 184) ages
53 | Baietal. 2014 | Three cities, Tibet | 2008~ | TS Mean 5897 75 | Annual | NA Mortality CVD (100-199) | All | Dw(x) D-continental | UM
2012 (-12210 ages
226)
54 | Liuetal 2011 | Beijing, China 2003- | TS Mean 226(6910| 226 | Cold PM25 Mortality CVD (100-19) | Al | Dwa D-continental | UM
2005 32.1) (Oct- ages
Mar)
55 | Alahmad etal. | 2020 | Kuwait 2010- | TS Mean 279686 | 279 | Annual | PM10, 03 Mortality CVD (100-199) | Al | BWh Bdry H
2016 10 44.65) ages
56 | Iranpouretal. | 2020 | Ahvaz, Iran 2014~ | TS Mean 2695 (58 | 2695 |Annual | PM25, PM10, | Mortality CVD (100-199) | Al | BSh Bdry uM
2018 to 42.4) 03, NO2, €O, ages
502
57 | Yin etal. 2019 | Beijing, China 2000 | TS Mean NA(-14 | NA | Annual | PM10 Mortality CVD (100-199) | Al | Dwa D-continental | UM
2016 10 35) ages
58 | Chenetal 2018 | 272 cities, China | 2013 | TS Mean 15(-05t0 | 15 | Annual | PMI0, 03 Mortality CVD (100-199) | Al | NA NA uM
2015 25) ages
59 | Huetal. 2019 | 89 Zhejiang 2000- | TS Mean 169 (-2t0| 169 | Annual | PMI0,03 Mortality CVD (100-199) [ Al | Multi Multi uM
counties, China 2015 353) ages
60 | Yang et al. 2015 | 15 cities, China 2007- | TS Mean 53216 12 [Annual | NA Mortality CVD (100-199) | All | Dwa D-continental | UM
2013 (-2810 ages
367)
61 | Chen et al. 2013 | Eight cities, China | 1996 | TS Mean 16(-2210 | 16 | Annual | PMI0,NO2, | Mortality Stroke (160-169) | Al | Multi Multi UM
2008 34) 502 ages
62 | Zhang et al. 2021 | Ganzhou, China 2015~ | Ts Mean 204 (-3t0| 204 [Annual | PM25,PM10, | Mortality CVD (100-199) | All | Cfa C-subtropical | UM
2019 39) 03, NO2, €O, ages
502
63 | Rocklov and 2008 | Stockholm, 1998 | TS Mean NA(NAto| NA [Annual | NA Mortality CVD (100-199) | Al | Cfb Esubarctic | H
Forsberg Sweden 2003 NA) ages
64 | Yatim et al. 2021 | Klang Valley, 2006~ | TS Mean 277235 | 277 | Annual | PM10, 03 Mortality CVD (100-199) | All | Af A-tropical uM
Malaysia 2015 10 309) ages
65 | Xuetal 2022 | Jiangsu, China 2015- | cc Mean NA (3.2 NA | Annual | PM25, PM10, | Mortality CVD (100-199) Al | Cha Cosubtropical | UM
2019 278) 03, NO2, €O, ages
502
66 | Schite et al. 2021 | seven geographic | 1998~ | TS Mean 22(3t040)| 22 | Annual | NA Both CVD (100-199) | All D-continental | H
regions in 2016 ages
Switzerland
67 |Luetal. 2021 | Queensland, 1997- | CC Mean 234 (-89 | 234 |Annual | NA Mortality CVD (100-199) | Al | Multi Multi H
Australia 2013 10 48.3) ages
68 | Wang et al. 2015 | two cities, China | 2007~ | TS Mean 1565 (-94 | 1565 | Annual | PM10,NO2, | Mortality CVD (100-199)  |Al | Dwa D-continental | UM
2009 10 346) 502 ages
69 | Polcaro-Pichet | 2019 | Quebec, Canada 1981- | CC Mean NA(NAto| NA | Cold NA Mortality Stroke (160-169) | Al | Dfb D-continental | H
2015 NA) (Nov- ages
Apr)
70 | Klot et al 2012 | 48 cities in the 1992- | cC Mean NA(NAto| NA |Cold NA Mortality CVD (100-199) | All | Multi Multi H
United States 2000 NA) (winter) ages
71 | Moghadamnia | 2018 | Rasht, Iran 2005- | TS Tapp 1738 (=26 | 1738 | Annual | NA Mortality CVD (100-199) | Al | Cfa C-subtropical | UM
etal 2014 to 38.6) ages
72 | Breitner et al. 2014 | Three regions, 1990- | TS Mean 95(-153 | 95 |Cold PM10, 03 Mortality CVD (100-199) | Al | Cfb C-oceanic H
Germany 2006 10 287) (Dec-Feb) ages
73 | Chen etal. 2019 | Augsburg, 1987- | CC Mean 96(-55t0| 9.6 | Annual | PM10,03, Mortality CHD (120-125) | All | Cfb C-oceanic H
Germany 2014 235) NO2 ages
74 | Nafstad et al. 2001 | Oslo, Norway 1990~ | TS Mean 125 (NA 125 | Wam | NO2 Mortality CVD (100-199) | Al | Dfb Esubarctic | H
1995 to NA) (Apr-Sep) ages
75 | Zhang etal. 2018 | Yinchuan, China | 2010~ | TS Mean 105(-15 | 105 | Annual | NA Mortality CVD (100-199) | All | Bsk Bdry uM
2015 10 30.6) ages
76 | Gholampour 2019 | Isfahan, Tran 2008~ | TS Mean 1752(~74 | 1752 | Annual | NA Mortality CVD (100-199) | Al | BWk Bdry uM
etal. 2016 10 35.4) ages
77 | Tsoutsoubi etal. | 2021 | Greece 1999~ | TS Mean NA@-3to| NA |Annual | NA Mortality CVD (100-199) |70+ | Multi Multi H
2012 2]
78 | Kim etal. 2015 | Seoul, South Korea | 1995 | TS Mean 128(-157 | 128 | Annual | PMI0 Mortality CVD (100-199) | Al | Dwa D-continental | H
2011 10 30.4) ages
79 | Andersonand | 2009 | 107 communities, | 1987~ | TS Mean NA(NAto| NA |Annual | PM10, 03 Mortality CVD (100-199) | Al | Multi Multi H
Bell United States 2000 NA) ages.
80 | Saucy et al. 2021 | Zurich, 2000 | TS Mean 9(-l4t0 9 Annual | PM25,NO2 | Mortality CVD (100-199) | Al | Cfb C-oceanic H
Switzerland 2015 28) ages
81 | Maetal 2021 | 47 prefectures, 1972- | cC Coldspell | NA (05 | NA | Cold NA Mortality CVD (100-199) | All | Multi Multi uM
Japan 2015 10 186) (Nov- ages
Mar)
82 | Ebietal 2004 | Three regions, 1983 | TS Min NA(NAto| NA [Annual | NA Morbidity CVD (100-199) |55+ | Csa € H
United States 1998 NA) i
83 | Rocklov et al. 2014 | Stockholm, 1990- | TS Coldspell |NA(NAto| NA |Annual | NO2 Morbidity CVD (100-199) | All Esubarctic | H
Sweden 2002 NA) ages
84 | Wangetal. 2013 | Jinan, China 1990 | TS Mean 15 (=105 15 | Annual | NA Morbidity Stroke (160-169) | Al | Cwa C-subtropical | UM
2009 10 35.8) ages
85 | Hajat etal. 2002 | London, United 1992- | CC Mean 81(NAto| 81 | Cold 502, 03, PM10 | Morbidity CVD (100-199) |65+ | Cib C-oceanic H
Kingdom 1995 NA) (Oct-
Mar)
86 | Shaposhnikov | 2014 | Moscow, Russia 1992~ | TS Mean 55(-17t0| 55 |Annual | NA Morbidity Stroke (160-169) | All | Db D-continental | UM
etal 2005 25) ages
87 | Kovats et al. 2004 | London, United 1994 | TS Mean 116(31t0| 116 | Annual | PMI0, 03 Morbidity CVD (100-199) | Al | Cfb C-oceanic H
Kingdom 2000 26.7) ages
88 | Wuetal 2011 | Taiwan, China 1994~ | CC Coldspell |NA(NAto| NA |Cold NA Mortality CVD (100-199) | Al | Cfa C-subtropical | UM
2003 NA) (Nov-Jan) ages
89 | Kysely et al 2009 | Czech Republic 1994 | CC Coldspell | NA(-19 | NA | Cold NA Mortality CVD (100-199) | 25+ C-oceanic H
2006 10 21.9) (Dec-Feb)
90 | Madrigano et al. | 2013 | Worcester, United | 1995~ | CC Coldspell |79(-69t0| 7.9 | Annual | PM25,03 Mortality ACS (21-122)  |Al | Dfa D-continental | H
States 2003 255) ages
91 |Luetal 2020 | Queensland, 1995- | CC Mean 259(-89 | 259 |Anmual | NA Morbidity CVD (100-199) | Al | Multi Multi H
Australia 2016 10 48.8) ages
92 | Bai etal 2018 | Ontario, Canada 1996- | TS Mean NA (=331 NA | Annual | PM10,NO2, | Morbidity CVD (100-19) | Al | Db D-continental | H
2013 10 322) PM25 ages
93 | Chen etal. 2010 | Taiwan, China 1997- | TS Coldspell |NA(NAto| NA |Annual | NA Mortality CVD (100-199) | All | Cfa C-subtropical | UM
2003 NA) ages
94 | Martinez-Solanas | 2017 | Spain 1997- | TS Max 209(688 | 209 |Annual | NA Morbidity CVD (100-199) | Al | Multi Multi H
and Basagana 2013 10 34.69) ages
95 | Mohammad etal. | 2020 | Hong Kong, China | 1998~ | TS Mean 2352(82 | 2352 |Annual | PM10,NO2, | Morbidity CVD (100-199) | Al | Cha C-subtropical | H
2011 10 31.8) 03 ages
96 | Ryti etal. 2017 | Ouly, Finland 1998~ | CC Cold spell | 1.4 (-413 14 |Annual | NA Mortality CVD (100-199) | All Esubarctic | H
2011 to0 33) ages
97 | Ryti etal. 2018 | Ouly, Finland 1998- | CC Cold spell | 1.4 (-413 14 | Amnual | NA Mortality Atherosclerotic | 35+ Esubarctic | H
2011 to0 33) heart disease
(125.1)
98 | Sartini et al. 2016 | London, United 1998 | TS Coldspell |NA(NAto| NA |Annual | NA Mortality CVD (100-199) |60+ | Cfb C-oceanic H
Kingdom 2012 NA)
99 | Wichmann et al. | 2012 | Copenhagen, 1999- | CC TappMax | 16(01030)| 16 | Annual | PM10,NO2, | Morbidity ACS (21-122) |18+ | Cfb C-oceanic H
Denmark 2006 co
100 | Wang and Lin | 2014 | Taipei, China 2000~ | TS Mean 234 (8310 234 |Annual | PM10,NO2, | Morbidity CVD (100-199) Al | Cfa C-subtropical | UM
2009 33) 03 ages
101 | Liang et al. 2008 | Taichung, China | 2000~ | TS Mean 2729(NA| 28 | Annual | PMI0,NO2, | Morbidity ACS (121-122)  [All | Cfa C-subtropical | H
2003 to NA) €0, 502, 03 ages
102 | Revich and 2008 | Moscow, Russia 2000- | cC Coldspell |NA(NAto| NA |Annual | NA Mortality CHD (120-125), | Al | Dfb D-continental | H
Shaposhnikov 2006 NA) stroke (160-169) | ages
103 | Dahlquist etal. | 2016 | Stockholm, 2000- | cC Mean 71(-182 | 71 |Annual | PMI0, 03 Morbidity OHCA (146) Al b C-oceanic H
Sweden 2010 10 25.2) ages
104 | Lin et al. 2021 | Five cities, Taiwan, | 2000~ | TS Mean 23.1-254 14 | Annual | PMI0, 03, Morbidity CVD (100-199) |40+ | Cfa C-subtropical | H
China 2014 (NA to NO2, 502
NA)
105 | Vaiciulis et al. | 2021 | Kaunas, 2000- | TS Coldspell |NA(NAto| NA |Cold NA Mortality MI (121-123) 25+ D-continental | H
Lithuanian 2015 NA) (Nov-Jan)
106 | Ma et al. 2013 | Shanghai, China 200~ | TS Coldspell | 175 (34 | 175 | Cold NA Mortality CVD (100-199) | Al | Dwa D-continental | UM
2009 10 39) (Jan-Mar) ages
107 | Wichmann et al. | 2011 | Greater 2002- | cc Tapp 10 (-8 to 10| Cold PM10,NO2, | Morbidity CVD (100-199) | Al | Cfb C-oceanic H
Copenhagen, 2006 30) (Oct- co ages
Denmark Mar)
108 | Goggins etal. | 2017 | Hong Kong, China | 2002~ | TS Mean 234 (82t0| 234 |Annual | PM10, 03 Morbidity CVD (100-199) | 0-59 | Cfa Cosubtropical | H
2011 318) ages
109 | Kim et al. 2021 | Seven 2002- | TS Mean NA(NAto| NA |Annual | PM25,PM10, | Morbidity ACS (21-122) [ Al | Multi Multi H
metropolitan 2017 NA) 03, NO2, €O, ages
provinces, South 502
Korea
110 | Misailidou et al. | 2006 | Five rural regions, | 2003~ | TS Mean NA(NAto| NA |Annual | NA Morbidity ACS (121-122) | All | Multi Multi H
Greece 2004 NA) ages
111 | Vasconcelos etal. | 2013 | Lisbon and 2003- | TS Mean NA(NAto| NA | Cold PM10 Morbidity MI (121-123) Al Csa c- H
Oporto, Portugal 2007 NA) (winter) ages i
112 Son et al. 2014 | Eight cities, South | 2003~ | TS Mean 1410126 | 141 | Annual | NA Morbidity CVD (100-199) | Al | Multi Multi H
Korea 2008 10162) ages
113 | Ma et al. 2011 | Shanghai, China 2005- | TS Coldspell | 177 (=31 | 177 | Cold NA Morbidity CVD (100-199) | Al | Cha C-subtropical | UM
2008 to34.1) (Jan-Feb) ages
114 | Choetal. 2018 | Seoul, South Korea | 2005 | TS Mean 129(-115| 129 | Annual |03, PM25 Morbidity Stroke (160-169) | Al | Dwa D-continental | H
2009 10 30.1) ages
115 | Yamazaki and | 2017 | Three prefectures, | 2005- | CC Mean 1683 (NA | 1683 | Annual | NA Morbidity OHCA (146) Al | Ch Cosubtropical | H
Michikawa Japan 2012 to NA) ages
116 | Bai et al. 2014 | Lhasa, Tibel, 2005- | TS Max 96(-161 | 96 |Annual | NA Morbidity CVD (100-199) | Al | Dwb D-continental | UM
China 2012 10 30.4) ages
117 | Tian et al 2016 | Hong Kong, China | 2005~ | CC Mean 234(87t0| 234 |Annual | NO2,PMI0, | Morbidity CVD (100-199) | Al | Cha C-subtropical | UM
2012 318) 03 ages
118 | Xuetal. 2021 | Brisbane, Australia | 2005~ | CC Mean NA(NAto| NA |Annual | PM10,NO2 | Morbidity Stroke (160-169) | All | Cfa C-subtropical | H
2013 NA) ages
119 | Moghadamnia | 2018 | Rasht, Iran 2005- | TS Tapp 174(-26 | 174 |Annual | NA Morbidity ACS (21-12)  |[All | Cha C-subtropical | UM
etal 2014 10 38.6) ages
120 | Onozukaetal. | 2017 | Japan 2005- | TS Mean 94232 16 | Annual | NA Morbidity OHCA (146) Al | Multi Multi H
2014 (=107 10 ages
337)
121 | Shin et al. 2021 | Seoul, South Korea | 2005~ | CC Min 127 (NA 127 | Annual | NO2, €O, $O2 | Morbidity MI (121-123) Al | Dwa D-continental | H
2014 to NA) ages
122 | Cheng et al. 2020 | Brisbane, Australia | 2005~ | TS Mean 16 (10 to 16 | Annual | PM10,NO2, | Morbidity MI (121-123) Al | Cla C-subtropical | H
2015 25) ages
123 | Zhou et al. 2014 | 15 provinces in 2006- | cC Coldspell | NA(-19 | NA |Cold NA Mortality CVD (100-19) | Al | Cha C-subtropical | UM
China 2010 10 21.9) (Dec-Feb) ages
124 | Ponjoan etal. | 2017 | Two regions, Spain | 2006~ | CC Coldspell | 281(27.3 | 281 | Cold PM10, 03, Morbidity CVD (100-199) | All | Multi Multi H
2013 t0 29) (Nov-Jan) | NO2, 502, CO ages
125 | Lee etal. 2014 | 16 cities, South 2006- | TS Mean 133(-195| 133 | Annual | PM10,NO2, | Morbidity ACS (121-122) | All | Multi Multi H
Korea 2014 10 37.7) €0, 502, 03 ages
PM25
126 | Wang et al. 2020 | Taiwan, China 2006- | TS Mean 234106 | 234 |Annual | PM1ONO2, | Morbidity OHCA (146) Al | Cha C-subtropical | H
2014 to0 31) PM25 ages
127 | Moraes et al. 2022 | Sio Paulo, Brazil | 2006~ | CC Coldspell |NA(NAto| NA | Annual | PM10 Mortality CVD (100-199) | All | Cha C-subtropical | UM
2015 NA) ages
128 | Chen et al. 2019 | 31 cities, China 2007- | cc Coldspell |NA(NAto| NA | Annual | NA Mortality CVD (100-199) | All | Cfa C-subtropical | UM
2013 NA) ages
129 | Doan et al. 2021 | Brisbane, Australia | 2007- | TS Mean 209 (104 | 209 |Annual | NA Morbidity OHCA (146) Al | Ca C-subtropical | H
2019 10 30.1) ages
130 | Giang et al. 2014 | Thai Nguyen, 2008- | TS Mean 236210 236 | Anmual | NA Morbidity CVD (100-199) |60+ | Cfa C-subtropical | LM
Vietnam 2012 275)
131 | Niu et al. 2016 | Guangzhou, China | 2008 | TS Mean 23 (5.0to| 223 |Annual | PM10,NO2, | Morbidity OHCA (146) Al | Cfa Cosubtropical | UM
2013 335) 502 ages
132 | Thu Dang etal. | 2019 | Two Central Coast | 2008- | TS Mean 261150 | 261 |Annual | NA Morbidity ACS (21-122)  |[A | NA NA M
regions, Vietnam 2015 10 36.9) ages
133 | Bijelovi¢ etal. | 2017 | Novi Sad, Serbia 2010 | TS Mean NA(NAto| NA [Annual | NA Morbidity ACS (121-122) |19+ | Cha C-subtropical | UM
2011 NA)
134 | Sangkharat et al. | 2020 | London, United 2010- | TS Mean 118(-22 | 118 |Annual | PM10,NO2, | Morbidity CVD (100-199) | Al | Cfb C-oceanic H
Kingdom 2014 1025.4) €0, 502, 03, ages
PM25
135 | Hensel et al. 2017 | Hamburg, 2000- | TS Mean 10 (NA to 10 | Annual | NA Morbidity CVD (100-199) | Al | Cfb C-oceanic H
Germany 2014 NA) ages
136 | Pourshaikhian | 2019 | Rasht, Iran 2010- | TS Tapp 301 (NA | 301 | Wam | NA Morbidity CVD (100-199) |All | Cha C-subtropical | UM
etal 2015 to NA) (May- ages
Sep)
137 | Zhan et al. 2022 | Fujian province, 2010- | Ts TappMean | 20 (=2 to 20 | Annual | PMI0,NO2, | Morbidity CVD (100-199) | Al | Cha C-subtropical | UM
China 2016 338) €0, $02 ages
138 | Han et al. 2017 | Jinan, China 2011~ [ TS Coldspell | 147 (-94 | 147 |Annual | NA Mortality CVD (100-199) [All | Cwa C-subtropical | UM
2014 to 34) ages
139 | Mohammadi 2021 | Sabzevar, Iran 2011~ [ TS Tapp 129(-112| 129 | Annual | NA Morbidity CVD (100-199) | All | DSk D-continental | UM
etal. 2017 10 45.4) ages
140 | Zhao et al. 2018 | Ningxia Hui 2012- | Ts Mean 85(-186 | 85 |Annual | NO2,CO, SO2, | Morbidity CVD (100-199) | All | BWk Bdry uM
Autonomous 2015 1029.7) PM25 ages
Region, China
141 | Luo et al. 2017 | Beijing, China 2013- | Ts Mean 116(-129 | 116 | Annual | PM25 Morbidity Stroke (160-169) | All | Cfa C-subtropical | UM
2014 t0 30.1) ages
142 | Guo et al. 2017 | Guangzhou, China | 2013 | TS Mean NA(NAto| NA |Annual | NO2,502 03, | Morbidity Stroke (160-169) | All | Cfa C-subtropical | UM
2015 NA) PM25 ages
143 | Gao et al. 2019 | Hefei, China 2013~ |TS Coldspell |NA(NAto| NA |Annual | NO2,PM10, | Morbidity CVD (100-199) | Al | Cha C-subtropical | UM
2015 NA) 03 ages
144 | Lei et al. 2022 | 272 cities, China | 2013~ | CC Mean NA | Annual | PM25,03 Mortality CVD (100-199) | All | Cfa C-subtropical | UM
2015 ages
145 | Liu et al. 2018 | Beijing, China 2013- | TS Mean 128(-16 | 128 | Annual | NA Morbidity ACS (21-122) | Al | Dwa D-continental | UM
2016 t0 32) ages
146 | Aklilu et al. 2020 | Beijing, China 2013- | cc Mean 139 (-141| 139 | Annual | PMI10,NO2, | Morbidity CVD (100-199) | Al | Dwa D-continental | UM
2017 10 326) €0, 502, 03, ages
PM25
147 | Garcl'a-Lledo | 2020 | Madrid, Spain 2013- | Ts Max NA(NAto| NA [Annual | NA Morbidity ACS (21-122) | Al | BSk Bdry H
etal. 2017 NA) ages
148 | Guo et al. 2020 | Yancheng, China | 2013- | TS Mean 152(-47 | 152 |Annual | PM25, 03, Morbidity ACS (21-12) Al | Cha C-subtropical | UM
2018 to 32.9) NO2, €O, 502 ages
149 | Wang et al. 2021 | Qingdao, China 2014~ [TS Mean 149 (NA 149 | Annual | PMI0, PM25, | Morbidity CVD (100-199) Al | Cha C-sublropical | UM
2017 to NA) 502, NO2, €O, ages
03
150 | Wang et al. 2021 | Shenzhen, China | 2015~ | TS Mean 235(NA | 235 | Warm | S02,03,PM25 | Morbidity CVD (100-199) |[Al | Cfa C-subtropical | UM
2016 to NA) (May- ages
Oct)
151 | Cui et al. 2019 | Hefei, China 2015- | TS Mean 181(-59 | 181 |Annual | PM10,NO2, | Morbidity CVD (100-199) Al | Cfa C-subtropical | UM
2017 10 35.6) 502 ages
152 | Mohammad etal. | 2018 | Sweden 2017- [ TS Min NA(-111| NA | Annual | NO2, €O, 03, | Morbidity CHD (120-125) | Al | Dfb Esubarctic | H
2018 to 11.5) PM25 ages
153 | Lietal. 2021 | Beijing, China 2017- | Ts Tapp 101012 11 | Annual | PM10,NO2, | Morbidity ACS (121-122)  |All | Dwa D-continental | UM
2019 (=610 33) €0, 502, 03, ages
PM25
154 | Borghei et al. 2020 | Rasht, Iran dyer | TS TappMean | 172 (NA 172 | Annual | NA Morbidity OHCA (146) Al | Cha Cosubtropical | UM
period to NA) ages
155 | Lietal. 2017 | Shenyang, China | 2006 | TS Mean 82(-240 | 82 | Annual | PMIO,NO2, | Morbidity DVT (182) Al | Dwa D-continental | UM
2015 10 29) 502 ages
156 | Chiara et al. 2021 | 8,084 2006- | cC Mean 137(-258 | 137 | Annual | PM25,PMI0 | Morbidity DVT (182) Al | c C-oceanic H
municipalities of 2015 10 38.5) ages
Italy
157 | Chen et al. 2022 | 11 cities, China 2009- | cC Mean NA(NAto| NA |Annual | PM25,03 Morbidity AAD (I71) Al | Ch C-subtropical | UM
2019 NA) ages
158 | Yu etal. 2021 | Wuhan, China 2011~ | TS Mean NA(NAto| NA [Annual | 502, NO2 Morbidity AAD (I71) Al | Cfa C-subtropical | UM
2018 NA) ages
159 | Zhang et al. 2022 | 131 cities, China | 2015~ | CC Mean NA(NAto| NA [Annual | PM25, 03, Morbidity AAD (171) Al | Cla C-subtropical | UM
2020 NA) NO2, €O, 502 ages
T-S, time series; C-C, ; Min, minimum Max, maximum Mean, mean ; Tapp, apparent : D, daily resolution; W, weekly resolution; M, monthly resolution; ACS, acute coronary

syndrome: OHCA, out-of-hospital cardiac arrest: H, high-income: UM, upper-middle income: LM, lower-middle income: NA, not available.
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BMI, kg/m?

Smoking history, 1 (%)
Diabetes, 1 (%)

COPD, 1 (%)

Coronary artery disease, 1 (%)
Age of the lesion*, years
Serum lipids

Total triglyceride, mmol/L
Total cholesterol mmol/L
HDL, mmol/L

LDL, mmol/L
Homocysteine, umol/L
SBP, mmHg

DBP, mmHg

Atherosclerotic lesion (n = 25)

25.05 +4.26
9 (36)
1(4)
3(12)
6 (24)
80+65

1.18 (0.60-1.57)
3.66 (2.84-4.54)
0.96 (0.80-1.11)
220 (1.67-2.89)
13.9 (6.9-19.3)
115 (109-124.5)
78 (71-84.5)

Non-atherosclerotic lesion (n = 25)

24,00 +3.21
11 (44)
0
1(4)
5 (20)
47+42

1.05 (0.59-2.22)
3.49 (2.76-5.13)
0.96 (0.68-1.06)
2.02 (1.67-3.37)
16.1 (8.3-21.9)
118 (106.5-135.75)
81 (72.25-89.5)

P-value

0.335
0.564
1.000
0.609
0.733
0.039

0.960
0.904
0.536
0.920
0.472
0.284
0.423

BMI, body mass index; COPD, chronic obstructive pulmonary disease; HDL, high-density lipoprotein; LDL, low-density lipoprotein; SBP systolic blood pressure; DBP,

diastolic blood pressure.

*The age of the lesion was defined as the timespan (years) between the first episode of pulmonary embolism and the PEA surgery.
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Age, years

Male, 1 (%)

Acute PE/DVT, n (%)
Thrombophilia*, # (%)
Preoperative hemodynamics
mRVP, mmHg

mPAP, mmHg

>45 mmHg, n (%)

PVR, Wood units

>12.5 Wood units, # (%)
WHO functional class
TI/1V, 1 (%)
Echocardiography

RV, mm

TAPSE, mm

S/, cm/s

PA, mm

NT-proBNP, pg/ml
SvO2, %

Preoperative PH treatment, n (%)

Post-operative mPAP, mmHg
Persistent PH?, 1 (%)

Atherosclerotic lesion (n = 25)

56.0 (47.0-61.0)
15 (60)
22 (88)
2(8)

30.0 (23.0-34.0)
45.0 (38.0-51.0)
12 (48)
11.50 (8.59-17.29)
12 (48)

19 (76)

50.84 % 8.36
15.37 +£2.88
9.34+2.05
34.80 &+ 7.58
1399 (681-2625)
67.0 (58.0-73.85)
11 (44)
24.0 (20.5-28.0)
6 (24)

Non-atherosclerotic lesion (n = 25)

54.0 (46.5-62.5)
15 (60)
14 (56)
2(8)

27.0 (23.0-31.0)
45.0(39.0-53.5)
11 (44)
11.54 (9.43-12.86)
9(36)

17 (68)

49.92 +7.62
14.56 £ 3.29
9.10 £2.55
33.92 +6.51
799 (257.5-3427)
68.0 (56.0-73.0)
8(32)
26.0 (21.5-34.0)
9(36)

P-value

0.808
1.000
0.012
1.000

0.299
0.141
0.777
0.961
0.390

0.529

0.892
0.557
0.632
0.944
0.299
0.832
0.387
0.339
0.355

DVT, deep vein thrombosis; PE, pulmonary embolism; mPAP, mean pulmonary artery pressure; mRVP, mean right ventricular pressure; PVR, pulmonary vascular resistance; WHO,

World Health Organization; RV, diameter of right ventricle (basal); TAPSE, tricuspid annular plane systolic excursion; §', tricuspid systolic velocity; PA, diameter of pulmonary artery;

NT-proBNP, N-terminal pro B-type natriuretic peptide; SvO2, mixed venous oxygen saturation; PH, pulmonary hypertension.

*Thrombophilia included patients with protein C deficiency, protein S deficiency or antithrombin deficiency. *Persistent PH, was defined by an mPAP >30 mmHg 2-3 days after

pulmonary endarterectomy.
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Mortality HR (95% Cl) | P-value

Age 1.05 (1.02-1.08) 0.001
ACHD 1.48 (0.16-13.42) 0.726
Severe renal failure 2.21(1.22-4.03) 0.009
(GFR < 30 mL/min/1.73

m?)

Chronic pneumopathy 1.18 (0.63-2.24) 0.606
PHT 1.67 (0.57-4.89) 0.348
TAPSE/PASP < 0.31 0.953 (0.51-1.80) 0.881
HFrEF (LVEF < 40%) 1.973 (1.06-3.66) 0.031
Vena contracta width 3.47 (1.19-10.12) 0.023
>14 mm

Cox regression (proportional hazards regression) for mortality analysis at 2 years.
ACHD, adult congenital heart disease; PHT, pulmonary hypertension; PASP,
estimated pulmonary artery systolic pressure; Chronic pneumopathy: COPD or
interstitial lung disease. NB: Lost to follow-up at 2 years: n = 39. Patients with TV
intervention or surgery during 2-year follow-up were excluded: n = 22.
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Deceased @ P-value

(n = 115)

Age (years) 70.2 £ 15.5 77.6 £10.1 <0.001
Sex (Female) 44.1 50.4 0.352
Obesity (BMI > 30 kg/m?) 257 29.2 0572
ACHD 6.9 0.9 0.019
OHT/VAD 9.8 3.5 0.058
Acute TR 49 43 0.846
Secondary TR 85.1 90.7 0.213
CAD 36.3 46.1 0.143
Previous open-heart 36.3 26.1 0.105
surgery
Previous tricuspid valve 20 0.9 0.602
surgery
Previous TAVR 8.8 9.6 0.850
Previous mitral TEER 6.9 8.7 0.616
Previous TTVr 2.0 2.6 0.751
Severe renal failure 31.4 61.7 <0.001
(GFR < 30 mL/min/1.73
m?)
Creatinine (umol/l) 105 (80-131) 126 (91-191) 0.006
Chronic pneumopathy 12.7 252 0.020
Malignancy 8.8 15.7 0.128
Atrial fibrillation 67.3 70.4 0.622
CIED RV lead 314 33.0 0.793
Severe MR 59 13.0 0.075
HFrEF (LVEF < 40%) 19.6 34.8 0.013
NT-proBNP (pg/mL) 2,285 6,683 <0.001

(1,024-5211) | (4,417-10,209)
PHT 7151 87.2 0.003
TAPSE/PASP 0.35(0.22) 0.25(0.13) 0.001
(mm/mmHg)
TAPSE/PASP < 0.31 539 74.7 0.003
RV dilatation 81.4 79.1 0.679
RV dysfunction 68.2 77.0 0.175
Vena contracta width 8 (7-10) 9 (7-11) 0.036
(mm)
Vena contracta width 5.1 9.6 0.211
>14 mm
EROA (mm?) 49 (31-62) 42 (33-52) 0.641
Regurgitant Volume of TR 43 (17) 35 (10) 0.309
(mL)
VCI diameter (mm) 23 (6) 24 (6) 0.073
Backflow in liver veins 64.7 70.4 0.368

Results are expressed as percentage for categorical variables and mean (+ SD)
or median (IQR) for continuous variables. Between-group comparisons using chi-
square test or Fisher’s exact test for categorical variables and Students t-test or
Kruskal-Wallis test for continuous variables. NB: Lost to follow-up at 2 years:
n = 39. Patients with TV intervention or surgery during 2-year follow-up were
excluded: n = 22. CAD, coronary artery disease; TAVR, transcatheter aortic valve
replacement; mitral TEER, mitral transcatheter edge-to-edge repair; TTV, transcatheter
tricuspid valve repair; ACHD, adult congenital heart disease; OHT, orthotopic heart
transplantation; VAD, ventricular assist device. Chronic pneumopathy, COPD or
interstitial lung disease.
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N 278

LVEF (%) 497 +£153
RV/RA-gradient (mmHg) 422 +18.1
TV annulus (cm) 44407
Secondary TR 231 (83.1)
TR etiology

Primary 10 (3.6)
Secondary 231 (83.1)
Mixed 32(11.5)
Unclear 5(1.8)
TAPSE (mm) 153 +6.3
RV S-TDI (cm/s) 94434
Vena contracta width (mm) 9.0+3.2
Severe TR (vena contracta width 7-13 mm) 258 (92.8)
Massive TR (vena contracta width 14-20 mm) 16 (5.8)
Torrential TR (vena contracta width >21 mm) 4(1.4)
EROA (mm?) 46.1 £24.3
Regurgitant volume of TR (mL) 382 £14.5
IVC diameter (mm) 233+6.1
LV systolic dysfunction (LVEF < 50%) 98 (35.3)
HFrEF (LVEF < 40%) 75 (27.0)
PASP (mmHg) 5519
PHT (estimated PASP > 40 mmHg) 223 (80.2)
TAPSE/PASP (mm/mmHg) 0.30 £0.18
RV dysfunction (TAPSE < 17 mm or RV 166 (59.7)
S-TDI < 9.5 cm/s)

RV dilatation (RVEDd base > 41 mm) 217 (78.1)
Hepatic systolic backflow 176 (63.3)
CIED RV lead 81(29.1)
Mitral regurgitation

None 18 (6.5)
Mild 138 (49.6)
Moderate 95 (34.2)
Severe 27 (9.7)

Results are expressed as mean £ SD or median (IQR) for continuous variables for
continuous variables or number of patients (percentage) for categorical data. LVEF,
left ventricular ejection fraction; TAPSE, tricuspid annular plane excursion; S-TDI, RV
systolic-tissue doppler imaging; EROA, effective regurgitant orifice area; IVC, inferior
vena cava inferior; HFrEF, heart failure with reduced ejection fraction; PHT, pulmonary
hypertension; CIED, cardiac implantable electronic device.
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Age (year) 749+ 137
BMI (kg/m?) 254450
Female 133 (47.8)
CAD 119 (42.8)
Previous open-heart surgery 91 (32.7)
Previous tricuspid valve surgery (repair) 5(1.8)
Previous TAVR 25(9.0)
Previous mitral TEER 25(9.0)
Previous TTVr 10 (3.6)
Severe renal failure (GFR < 30 mL/min/1.73 m?) 123 (44.2)
Creatinine (umol/l) 107 (85-155)
NT-proBNP (pg/mL) 4,580 (2,203-4,580)
Chronic pneumopathy 52 (18.7)
Malignancy 31(11.2)
Atrial fibrillation 189 (68.0)
ACHD 10 (3.6)
Acute TR 13 (4.7)
OHT/VAD 14 (5.0)
RV Lead 81(29.1)

Results are expressed as percentage for categorical variables and mean (+ SD) or median.
(IQR) for continuous variables or number of patients (percentage) for categorical data.
CAD, coronary artery disease; TAVR, transcatheter aortic valve replacement; mitral
TEER, mitral transcatheter edge-to-edge repair; TTVr, transcatheter tricuspid valve
repair; ACHD, adult congenital heart disease; OHT, orthotopic heart transplantation;
VAD, ventricular assist device; Chronic pneumopathy, COPD or interstitial lung disease.





OPS/images/fcvm-09-981088/fcvm-09-981088-g004.jpg
Non-Muse Muse

PBS

Idva Lbay
ZVINOIN

B Non-Muse

o0 @% % m
* \V\§ o =
#* * @%\V _H_ -
. \»o
° T+._ s - S5 A
(v 4
I D L D »
o o o o ) -
O <t ™ AN - *
*
eale aAlIsod-ZyINO O %)
eale aAlisod-a|qnop ZvINOIN/LBIY
O
%, o0
2 |
[
*
o *
| | | | |
o (@) (@) o o
' T ' | ' O < ™ N -

(ease [e}0} JO %)
eaJe aAnsod-ZvINOIN

uoissaldxa YNYW dAlje|ay

Arg1 CD206

IL10





OPS/images/fcvm-09-1026230/fcvm-09-1026230-g004.jpg
Number at risk

No severe renal failure

Severe renal failure

Cumulative Survival

08

06

04

0.2

0.0

~I"TNo severe renal failure

S Severe renal failure
e T— ——

p S— ."

Log Rank: p-value <0.001

.0 0.5 1.0 1.8 20

Follow-up (years)

19 94 89 82 77
110 66 52 45 37

Number at risk

No HFrEF (LVEF >40%)

HFrEF (LVEF 540%)

Cumulative Survival

06

0.4

0.2

0.0

~ITNo HFEF
“ ~STHF(EF
Log Rank p-value 0.002
.0 0.5 1.0 1.5 20
Follow-up (years)
165 125 110 101 91
64 35 31 26 23





OPS/images/fcvm-09-981088/fcvm-09-981088-g003.jpg
e o 1< }

i I l I
0 0) © < Q] o

S oS o o o
(3unod [192 aAIsod-1€aD JO %)

m SII99 aAnisod-ajgnop Lego/Ausyow

DAPI

mCherry

Merge

CD31

a (uvjoiad Bw/bBu) uonesuasuod 4HJA

= ©
o X
X S
>
N T
©
® 5>
* @)
S
O
% Z
| | | | | |
o () o () o o
(9 o (9 o (@)
N (q\| <~ <~
O (qwy6d) uonesuasuod JHJA

B Non-Muse

1 PBS
B Muse

..
X
* - o
F 01 Wl
&
* [
i
*_0
*
*
09 |
o
»
o Tg¥ o
[
*|
*
)

| | | | | I
) < 38 N ~— o

uolissaldxa YNYW aAlje|ay

Angpt1 Pdgfb Igf1

Fgf2





OPS/images/fcvm-09-1026230/fcvm-09-1026230-g003.jpg
1.0 ~7 Medical treatment only during FU
—4+—- Lostto FU
0.8
©
2
e 06
=
(7))
S
= 04
)
—
5
O 0.2
0.0
0 1 2 C 4
Follow-up (years)
Number at risk 253 135 99 48 10
Death 88 27 18 7
Lostto FU 30 9 0K 31

Cumulative survival 0.63 0.50 0.39 0.31





OPS/images/fcvm-09-1029685/crossmark.jpg
(®) Check for updates





