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Objectives: This study aimed to evaluate the risk of venous thrombosis (VTE) associated with Janus kinase (JAK) inhibitors in patients diagnosed with immune-mediated inflammatory diseases.
Methods: We conducted a comprehensive search of PUBMED, Cochrane, and Embase databases for randomized controlled trials evaluating venous thromboembolic incidence after administering JAK inhibitors in patients with immune-mediated inflammatory diseases. The studies were screened according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, and a meta-analysis was performed.
Results: A total of 16 studies, enrolling 17,242 participants, were included in this review. Four approved doses of JAK inhibitors were administered in the included studies. The meta-analysis revealed no significant difference in the incidence of VTE between patients receiving JAK inhibitors, a placebo, or tumor necrosis factor (TNF) inhibitors (RR 0.72, 95% CI (0.33-1.55); RR 0.94, 95%CI (0.33-2.69)). Subgroup analysis showed a lower risk of VTE with lower doses of JAK inhibitors [RR 0.56, 95%CI (0.36-0.88)]. Compared with the higher dose of tofacitinib, the lower dose was associated with a lower risk of pulmonary embolism [RR 0.37, 95%CI (0.18-0.78)].
Conclusion: Our meta-analysis of randomized controlled trials observed a potential increase in the risk of VTE in patients with immune-mediated inflammatory diseases treated with JAK inhibitors compared to placebo or tumor necrosis factor inhibitors, though statistical significance was not attained. Notably, a higher risk of pulmonary embolism was observed with high doses of tofacitinib. Our findings provide valuable insights for physicians when evaluating the use of JAK inhibitors for patients with immune-mediated inflammatory diseases.
Systematic Review Registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023382544, identifier CRD42023382544
Keywords: janus kinase inhibitor, venous thromboembolism, inflammatory immune diseases, meta-analysis topic: venous thromboembolism, deep vein thrombosis, pulmonary embolism
INTRODUCTION
Immune-mediated inflammatory diseases (IMIDs) are a prevalent and clinically diverse group of chronic inflammatory diseases, with a prevalence of 3%–7% in developed countries (Buckley et al., 2021). IMIDs include chronic inflammatory arthritis (rheumatoid arthritis (RA), spondyloarthritis (SpA) disease spectrum), connective tissue diseases, inflammatory skin diseases (including psoriasis and atopic dermatitis), inflammatory bowel disease (IBD), asthma, and autoimmune neurological diseases such as multiple sclerosis. The disease is characterized by relapsing exacerbations, often accompanied by comorbidities such as cardiovascular disease, cognitive impairment, and skeletal disease. As the disease progresses, there are varying degrees of organ damage, significantly increasing the risk of death. Traditionally, treatment has been based on broad-spectrum immunomodulation, with IMIDs classified according to the clinical type of organ involved. However, traditional therapies, including broad-spectrum immunomodulators, are often associated with severe adverse effects and diminishing efficacy (Mundo et al., 1997; Wang et al., 2018; Pfaller et al., 2020; McInnes and Gravallese, 2021). Cytokine-targeted immunotherapy has transformed the treatment of immune-mediated diseases as the pathogenesis of inflammatory autoimmune diseases has become better understood (Schwartz et al., 2016; Smolen et al., 2020).
Janus kinase (JAK) inhibitors are a new class of targeted synthetic disease-modifying anti-rheumatic drugs (tsDMARDs). As small molecule inhibitors, JAK inhibitors act on the JAK-STAT pathway to block one or more intracellular tyrosine kinases, including JAK1, JAK2, JAK3, and TYK2, mediating various immune regulatory processes by interfering with multiple cytokine signaling pathways (Schwartz et al., 2017).
JAK inhibitors are now commonly utilized in patients who have not responded well to conventional therapies. A second generation of JAK inhibitors has been developed, and currently, nine JAK inhibitors are available worldwide. Their primary indications include rheumatoid arthritis, myelofibrosis, psoriatic arthritis, ulcerative colitis, and graft-versus-host disease.
JAK inhibitors present promising options for managing chronic inflammatory diseases. However, healthcare providers and patients should remain aware of the potential risk of venous thrombosis during treatment. Several clinical trials have established that patients with rheumatoid arthritis receiving JAK inhibitor treatment, particularly those with cardiovascular or venous thromboembolic (VTE) risk factors at baseline, have a significantly higher incidence of thromboembolic events, cancer, and death compared to those treated with anti-TNF agents (Ytterberg et al., 2022; Charles-Schoeman et al., 2023; Curtis et al., 2023). In response to these safety concerns, the FDA issued a boxed warning for JAK inhibitors - including tofacitinib, baricitinib, and upadacitinib - in 2021 (Administration UFaD, 2021). These safety risks apply to all FDA-approved indications for JAK inhibitors, including rheumatoid arthritis, psoriatic arthritis, juvenile idiopathic arthritis, axial spondyloarthritis, ulcerative colitis, atopic dermatitis, and pemphigus (Agency, 2023). When weighing the potential advantages and risks associated with JAK inhibitor treatment, a thorough assessment of individual patient factors, including cardiovascular and VTE risk, is essential.
The mechanism of VTE is multifactorial, and the Virchow triad, which includes damage to the vessel wall, increased blood coagulability, and venous stasis, is a traditional theory linking it (Brotman et al., 2004). IMIDs boost the risk of VTE in the same three ways. Chronic inflammation damages the vessel wall and might impact endothelial functions beyond the physical destruction (Olech and Merrill, 2006; Smeeth et al., 2006). Patients with IMIDs often have varying degrees of pain and localized swelling, which limit movement, compress the affected area, and eventually lead to venous stasis, affecting regional blood flow (Previtali et al., 2011). Studies indicate that individuals suffering from inflammatory immune diseases are significantly more prone to pulmonary embolism (PE) and VTE than the control population (Romero-Díaz et al., 2009; Yusuf et al., 2015; Ketfi et al., 2021; Shaheen and Silverberg, 2021; Bieber et al., 2022). In theory, using JAK inhibitors could increase the risk of deep venous thrombosis (DVT), particularly in patients with preexisting thrombotic risk factors (Molander et al., 2020). The mechanisms leading to this paradoxical phenomenon remain insufficiently explained, and they might be partly linked to thrombogenic operations. The JAK/STAT pathway participates in thrombosis during platelet production or has a role in platelet functions that might relate to maturation processes such as aggregation. (Miyakawa et al., 1996).
In view of the high incidence of PE and VTE in patients with inflammatory immune diseases, and the increasing use of JAK inhibitors, this study aims to investigate the incidence of VTE associated with JAK inhibitors in the target population, based on clinical study data and comparison with two control groups. Through subgroup analysis, the study aims to identify the risk of VTE and PE associated with different types and doses of JAK inhibitors, and to provide guidance and support to clinicians in developing personalized immunotherapy regimens, assessing patients’ risks, and selecting appropriate drugs.
METHODS
Databases and search strategy
We comprehensively searched human studies through 7 November 2022, without a defined start date. Our search was performed in PubMed, Cochrane, and Embase using the following search string: “tofacitinib or baricitinib or peficitinib or upadacitinib or filgotinib” and “rheumatoid arthritis, psoriatic arthritis, spondyloarthritis, ulcerative colitis, Crohn’s disease, lupus erythematosus, or psoriasis.” Sample search terms are provided in Supplementary Material S1. Two researchers (ZJQ and GML) conducted the initial search.
Eligibility criteria
Eligible studies were original reports of phase II and phase III randomised clinical trials (RCTs) of JAK inhibitor therapy with a placebo comparator arm. Studies that lacked a double-blind design were omitted. After confirming that the original papers were included in the search, long-term extension (LTE) studies, post hoc analysis, and pooled analyses were omitted. Abstracts of conferences, case reports, letters to the editor, review papers, case–control studies and cohort studies were omitted. As of the literature search date of 7 November 2022, all authorized doses of the JAK inhibitors included in the study were considered. The following doses were evaluated: tofacitinib at 5 mg and 10 mg twice daily, baricitinib at 2 mg and 4 mg once daily, upadacitinib at 7.5 mg, 15 mg, 30 mg, and 45 mg once daily, and fingotinib at 100 mg and 200 mg once daily.
Study selection
Two researchers independently evaluated the titles and abstracts of relevant papers and selected those that met the criteria for inclusion. A third researcher resolved disagreements on the inclusion of a study. Three researchers extracted information from relevant studies and entered it into a collection table. Studies that were later deemed ineligible following a comprehensive assessment of the transcripts were excluded. To verify that there was no duplication, the national clinical trial numbers of the included studies were compared.
Data extraction
The following details were retrieved from each study: citation information, author list, study design, underlying ailment, study duration, study location, number of patients, inclusion/exclusion criteria, drug doses, patient characteristics, and adverse events (AEs). Deep vein thrombosis (DVT) and pulmonary embolism (PE) were classified as VTE-related occurrences. Full-text articles, additional materials, and appendices were mined for information regarding these events. To confirm that all VTE events were recognised, an extra evaluation of the tabular summary of the original RCT data was undertaken in the ClinicalTrials.gov database. Three separate researchers reviewed all of the data included in the meta-analysis.
Assessment of bias
Each study undergoing data extraction was assessed for quality using the Cochrane risk-of-bias tool (Supplementary Figure S1).
Statistical analysis
The Revman5.4 program was used for the analysis. Using the Mantel‒Haenszel random-effects approach for binary data, risk ratio (RR) and 95% confidence intervals were calculated to evaluate the pooled relative risk of VTE with JAK inhibitor therapy versus placebo and TNF inhibitor. Subgroup analyses were performed for four JAK inhibitor classes and doses. Forest plots graphically depict the estimates.
RESULTS
Study screening
Upon searching the electronic database, a total of 513 articles were identified. After evaluating each article’s title and abstract, 429 were ineligible. A complete read-through was performed from the remaining 50 articles, leading to the exclusion of an additional 34 articles for failure to meet the eligibility criteria. Only 16 articles remained eligible, as presented in Supplementary Material S2. Figure 1 provides a flowchart illustrating the systematic literature review.
[image: Figure 1]FIGURE 1 | Search results and study selection.
Study characteristics
This meta-analysis includes 16 studies with a total of 17,242 patients, one of which was designated as a phase II/III study. The studies were published between 2013 and 2022, with 10,918 patients receiving JAK inhibitors, 3,119 patients receiving a placebo, and 3,205 patients receiving TNF inhibitors. Seven studies focused on rheumatoid arthritis, five on ulcerative colitis, three on psoriatic arthritis, and one on systemic lupus erythematosus. Supplementary Table S1 presents a detailed summary of all the randomized controlled trials (RCTs) included in this analysis.
Meta-analysis
In this study, 79 VTE events were reported in patients treated with JAK inhibitors, while 9 VTE events were reported in patients treated with a placebo, and 20 VTE events were reported in patients treated with TNF inhibitors. The pooled risk ratio (RR) for the JAK inhibitor versus placebo group was 0.72 (95% CI 0.33, 1.55) (Figure 2), and the pooled RR for the JAK inhibitor versus TNF inhibitor group was 0.94 (95% CI 0.33, 2.69) (Figure 3). Further subgroup analyses were conducted examining the specific types of JAK inhibitors used in the studies. Additional details are presented in Figures 4–6. Notably, the subgroup analysis comparing JAKi with placebo as the control group demonstrated a statistically significant reduction in the risk of VTE in patients treated with filgotinib compared to placebo [RR 0.14 (0.03, 0.74); p = 0.02] (Figure 4), while the analysis of the other group showed a higher risk of VTE with tofacitinib compared to TNF inhibitors [RR 2.54(1.29,4.99); p = 0.007] (Figure 5). Additionally, further subgroup analyses regarding dose showed that the overall number of VTE events was higher with higher doses of JAK inhibitors, and the risk of VTE was higher with tofacitinib at higher doses compared to lower doses [RR 0.51(0.30,0.86); p = 0.01] (Figure 6).
[image: Figure 2]FIGURE 2 | Forest plot of Jaki vs. PBO venous thromboembolism events. JAKi = JAK inhibitors; PBO = placebo; 95% CI = 95% confidence interval; p < 0.05 was considered statistically significant.
[image: Figure 3]FIGURE 3 | Forest plot of Jaki vs. TNFi venous thromboembolism events. JAKi = JAK inhibitors; TNFi = TNF inhibitors; PBO = placebo; 95% CI = 95% confidence interval; p < 0.05 was considered statistically significant.
[image: Figure 4]FIGURE 4 | Forest plot of VTE in JAK vs. PBO for drug subgroup analysis.
[image: Figure 5]FIGURE 5 | Forest plot of VTE in JAKi vs. TNFi for drug subgroup analysis.
[image: Figure 6]FIGURE 6 | Forest plot of VTE for subgroup analysis of drug doses.
Risk of bias
In general, this selection of research presented a minimal risk of bias. Thirteen studies (81%) were randomised and double-blind (regarding participants and assessors), while 11 studies (69%) had a low risk of bias overall. Relevant data on the possible bias of individual studies can be found in the Supplementary Figure S1.
PUBLICATION BIAS
For the Mantel–Haenszel fixed-effect, funnel plot analysis showed no evidence of publication bias in all comparisons (Supplementary Figure S2).
DISCUSSION
We have acquired safety data on four JAK inhibitors from the most recent randomized controlled trials in various IMIDs, including rheumatoid arthritis, psoriatic arthritis, spondyloarthritis, ulcerative colitis, Crohn’s disease, lupus erythematosus, and psoriasis. To assess the safety of JAK inhibitors, we conducted a systematic review and meta-analysis of randomized controlled trials, comparing JAK inhibitors with TNF inhibitors and placebo controls. With conventional treatments for immune diseases exhibiting adverse side effects, there has been increased attention on biologics and targeted therapies, including JAK inhibitors. Given their promising clinical potential, an array of randomized controlled trials on their safety and efficacy have been published. There are growing concerns about the emerging thrombotic risk of JAK inhibitors, warranting theoretical support. As such, we have expanded our sample size and conducted a meta-analysis based on existing RCTs to mitigate the risk of potential study biases. Our paper provides an updated refinement of clinical trial data relating to JAK inhibitors compared to other meta-analyses (Yates et al., 2021; Chen et al., 2022). Additionally, we provide subgroup analyses of VTE risk with different types of JAK inhibitors, discuss selective differences in mechanisms, and offer recommendations for appropriate VTE risk groups. Our in-depth analysis includes recent randomized controlled trials using approved and marketed JAK inhibitors for autoimmune diseases and analyzes their VTE risk to provide evidence supporting clinical decisions related to adverse events.
This meta-analysis, encompassing 16 RCTs and with a total of 18,448 IMIDs patients, indicates that the incidence of VTE is not significantly higher with JAK inhibitors, as compared to placebo and TNF inhibitors in IMIDs patients (RR 0.71 [0.31, 1.60]; RR 1.28 [0.54, 3.05]). This conclusion is consistent with previous research studies (Yates et al., 2021; Chen et al., 2022).
Several real-world studies have investigated the link between JAKis and VTE risk. One multi-database study evaluated RA patients from 14 real-world data sources in the USA, Europe, and Japan. These patients had received baricitinib treatment compared to TNFi, with an average therapy duration of 9 months. The results indicate an elevated VTE risk in patients who received baricitinib (IRR = 1.51, 95% CI 1.10-2.08) (Salinas et al., 2023). Another post hoc analysis of 12,410 patients combined data from the US Corrona registry, the IBM MarketScan study database, and the US FDA Adverse Event Reporting System database. The analysis concluded that RA, PsA, and psoriasis patients taking tofacitinib had a higher VTE rate, and the incidence of arterial thromboembolism (ATE) increased in those patients with cardiovascular or VTE risk factors (Mease et al., 2020). However, RCTs and cohort studies often report more conservative results. A recent large French cohort study of 15,835 patients assessed VTE incidence in RA patients receiving JAKis (upadacitinib, baricitinib) and TNFi. This study found no significant VTE risk (HRw 1.1 [0.7, 1.6], p = 0.63) (Hoisnard et al., 2023). However, since VTE events are rare and RCTs have strict inclusion criteria that may impact the analysis, VTE is not usually a primary outcome measure and has no central adjudication. Therefore, the analysis may underestimate the real-world incidence. Since most JAKis have a black box warning, the VTE risk should not be overlooked (Bilal et al., 2021).
In this study, we performed a comprehensive update on relevant RCTs and extracted data from various databases. We divided the control group into a placebo group and one that administered TNF inhibitors. We conducted a sub-group analysis for each JAK inhibitor. Our results showed an increased risk of VTE in the filgotinib group (RR 1.04 [0.03, 0.74]) in the placebo control group, while the tofacitinib group exhibited a lower VTE risk than the TNF inhibitor group in the control group (RR 2.56 [1.30, 5.04]). The other groups did not show significant differences. We further explored the correlation between the findings and the selectivity of JAK targets. The JAK signaling pathway is crucial in activating downstream channels that regulate immune activity. Different JAK and STAT proteins have been associated with various immune mechanisms. Genome-wide association studies (GWAS) have established a relationship between the JAK-STAT pathway and IMIDs, For example, JAK2, Tyk2, STAT1, STAT3, STAT4, and IBD; TyK2, TAT1, SLE; TyK2, STAT4, RA; and TyK2, STAT3, and psoriasis are closely linked to the JAK-STAT pathway (Villarino et al., 2017). The studies we reviewed involved selective JAK1 inhibitors (upadacitinib, filgotinib), a JAK1/2 inhibitor (baricitinib), and a JAK1/3 inhibitor (tofacitinib). Most JAK inhibitors resulted in lower platelet counts, except for baricitinib, which caused transient platelet count increases (Harigai and Honda, 2020). This response may be related to the JAK2- thrombopoietin receptor signal transduction, although the exact role of JAK2 in platelet activation remains unclear (Miyakawa et al., 1995). Parra-Izquierdo et al. reported that JAK1/2 inhibitors decrease platelet adhesion to collagen and inhibit platelet activity in vitro (Parra-Izquierdo et al., 2022). Moreover, apart from JAK2, JAK3 is also a crucial regulator of platelet function (Witthuhn et al., 1999), and research has linked the JAK/STAT3 pathway with abnormal platelet biology (Cecati et al., 2013). H E Tibbles et al.'s study showed that JAK3 inhibitors prolong bleeding time and event-free survival in a mouse model of thrombin-induced thromboembolism (Tibbles et al., 2001). However, these findings seem contradictory to the VTE events associated with JAK inhibitors. Previous studies attributed this to off-target effects on other pathways (Yates et al., 2021), which remains an avenue for further investigation.
Our study has demonstrated a higher incidence of VTE in patients receiving a tofacitinib dose of 10 mg twice daily compared to those receiving a dose of 5 mg (RR 0.51 [0.30, 0.86]). Specifically, PE was significantly more frequent in patients receiving the higher dose (RR 0.37 [0.18, 0.78]) (Supplementary Figure S3). These results are in accordance with the recommendations issued by the European Medicines Agency (EMA), based on an open-label clinical trial that focused on safety in patients with RA. The trial revealed that compared to TNF inhibitor therapy, the 5 mg twice daily dose of tofacitinib increased the risk of PE by approximately threefold, while the 10 mg twice daily dose increased the risk by sixfold (EMA, 2020). Following this evidence, the FDA has released a boxed warning against higher tofacitinib doses (10 mg twice daily) concerning their potential for dose-dependent VTE (Administration UFaD). It should be noted, however, that further long-term observational studies are necessary to establish the dose dependency relationship. Based on our findings, we suggest that high-dose JAK inhibitors should be cautiously administered to VTE patients at high risk after a thorough risk-benefit assessment, especially when patients receive tofacitinib and exhibit a risk of PE.
Studies on epidemiology of multiple immune diseases included in this research show that women are at a higher risk of developing such diseases (except for UC), which present greater activity and faster disability progression following menopause (Zandman-Goddard et al., 2007; Lleo et al., 2008; Favalli et al., 2019). Given the gender-specific patterns of disease manifestation, the influence of gender variations in trial recruitment on the outcomes should not be ignored. The RCTs included in the analysis enrolled a greater proportion of females with an average age of 50. However, epidemiological data suggest a higher incidence of VTE in males (Bleker et al., 2014). Therefore, gender differences need to be taken into account when interpreting study results. Additionally, we recognize that the majority of participants in our study were of Caucasian ethnicity, highlighting the need for further research from diverse populations to enable race-specific analyses. Our results also showed that patients with IMIDs with baseline VTE risk factors were more susceptible to thromboembolic events than those without such risk factors. These events were typically associated with more than two risk factors: increasing age, obesity, hypertension, hyperlipidemia, smoking, or a family history of VTE. This particular patient population may be underrepresented in current research, thus underscoring the need for more detailed stratification studies for different risk groups in the future.
The prevalence of VTE in IMIDs is higher compared to the general population (Galloway et al., 2020). However, there are baseline VTE risk variations by disease type. For instance, the relative risk of VTE (PE and/or DVT) in patients with RA is 1.99 (Matta et al., 2009). Studies in Asian populations have shown that patients with IBD are 36 times more prone to developing VTE (Chung et al., 2015; Kim et al., 2022). Similarly, a study based on a UK database showed that the incidence of VTE was 3.7 times higher in patients hospitalized with SLE than in controls (Ramagopalan et al., 2011). Hence, it is advisable for clinicians to diagnose different IMIDs accordingly based on the corresponding baseline VTE risk information. There is some available evidence suggesting that the risk of VTE does not increase in patients with RA treated with TNF inhibitors (Davies et al., 2011). In fact, TNF inhibitors appear to reduce the risk of cardiovascular events in RA patients (Barnabe et al., 2011; Ridker et al., 2017). For patients with high VTE risk, who do not respond to conventional therapies, TNF inhibitors have a relatively safe profile. However, extensive studies are necessary to substantiate this conclusion. In light of the findings from our research, it is essential for clinicians to proactively identify patients with IMIDs and evaluate their risk factors for VTE by establishing a suitable VTE risk assessment system. In addition, physicians should exercise caution while prescribing JAK inhibitors and provide meticulous monitoring and follow-ups to reduce the risk of thromboembolic events and enhance patient prognosis. These measures are critical for optimizing patient care and promoting positive clinical outcomes.
Our study is not without limitations. Firstly, we restricted our study to only RCTs and excluded cohort and pathology-controlled studies. We opted to exclude the long-term studies that did not employ a placebo control group. Our analysis of the RCTs showed that the dosing cycles with JAK inhibitors were significantly longer than those in the control group. Incorporating LTE studies in our analysis could have resulted in a more pronounced disparity in the rates of events per year (PEY) between patients who received JAK inhibitors and the control group. While our stringent screening criteria ensured accuracy, RCTs may not provide real-world outcomes. Moreover, short observation and follow-up periods conflict with the long treatment cycles and duration of immune diseases, emphasizing the need for more long-term studies. Some studies also lacked specific numerical data, which may have impacted the results. Secondly, there are confounding factors when investigating the relationship between JAK inhibitors and VTE. IMIDs are known to increase VTE risk, and studies have reported a higher VTE incidence in RA and SLE patients. (Yafasova et al., 2021). High disease activity also increases VTE risk, which may make it challenging to attribute increased risk solely to JAK inhibitors (Molander et al., 2021). Finally, various studies have limited data on thrombotic risk in patients, and drug combinations like glucocorticoids and NSAIDs remain controversial in their cardiovascular safety for RA patients, which can result in observational study bias. The presence of these confounding factors highlights the need for more comprehensive research in this area (Schjerning et al., 2020; Ocon et al., 2021).
The emerging potential of JAK inhibitors in treating autoimmune diseases warrants the need to implement specific treatment strategies while considering the patient’s unique situation. Efficacy and safety must be weighed comprehensively. In addition, discussions regarding the benefits of JAK inhibitors in combination with other immune therapies, particularly for high-risk populations of VTE, the selection of JAK inhibitors targeting various specificities, and the development of future drugs, are anticipated. This article presents a partial analysis of the safety profile of JAK inhibitors, providing medical professionals with insights into these drugs’ clinical applications.
RHEUMATOLOGY KEY MESSAGES

1) The increased risk of VTE with JAK inhibitors is of concern.
2) Evaluation of the risk-benefit ratio for the use of JAK inhibitors in patients with IMID who have high risk factors for VTE.
3) Use high-dose JAK inhibitors with caution in patients with IMIDs at high risk of PE.
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Background: QRS transition criteria during dynamic manoeuvers are the gold-standard for non-invasive confirmation of left bundle branch (LBB) capture, but they are seen in <50% of LBB area pacing (LBBAP) procedures.



Objective: We hypothesized that transition from left ventricular septal pacing (LVSP) to LBB pacing (LBBP), when observed during lead penetration into the deep interventricular septum (IVS) with interrupted pacemapping, can suggest LBB capture.



Methods: QRS transition during lead screwing-in was defined as shortening of paced V6-R wave peak time (RWPT) by ≥10 ms from LVSP to non-selective LBBP (ns-LBBP) obtained during mid to deep septal lead progression at the same target area, between two consecutive pacing manoeuvres. ECG-based criteria were used to compared LVSP and ns-LBBP morphologies obtained by interrupted pacemapping.



Results: Sixty patients with demonstrated transition from LVSP to ns-LBBP during dynamic manoeuvers were compared to 44 patients with the same transition during lead screwing-in. Average shortening in paced V6-RWPT was similar among study groups (17.3 ± 6.8 ms vs. 18.8 ± 4.9 ms for transition during dynamic manoeuvres and lead screwing-in, respectively; p = 0.719). Paced V6-RWPT and aVL-RWPT, V6-V1 interpeak interval and the recently described LBBP score, were also similar for ns-LBBP morphologies in both groups. LVSP morphologies showed longer V6-RWPT and aVL-RWPT, shorter V6-V1 interpeak interval and lower LBBP score punctuation, without differences among the two QRS transition groups. V6-RWPT < 75 ms or V6-V1 interpeak interval > 44 ms criterion was more frequently achieved in ns-LBBP morphologies obtained during lead screwing-in compared to those obtained during dynamic manoeuvres (70.5% vs. 50%, respectively p = 0.036).



Conclusions: During LBBAP procedure, QRS transition from LVSP to ns-LBBP can be observed as the lead penetrates deep into the IVS with interrupted pacemapping. Shortening of at least 10 ms in paced V6-RWPT may serve as marker of LBB capture.
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1. Introduction

Left bundle branch (LBB) area pacing can provide physiological pacing through two different types of capture: left ventricular septal myocardial pacing (LVSP) or direct LBB capture via non-selective (ns)-LBB or selective (s)-LBB pacing. Both LBB area pacing (LBBAP) modalities [LVSP and LBB pacing (LBBP)] have demonstrated shorter QRS duration, improved electro-mechanical left ventricular (LV) synchrony, and better clinical outcomes when compared to conventional right ventricular pacing among bradycardia patients (1, 2). However, direct capture of the LBB provides faster LV activation than LVSP, generates superior electrical and mechanical resynchronization (3), and it results in better LV ejection fraction improvement and higher rates of clinical and echocardiographic response among heart failure patients with broad QRS complex (4).

Nowadays, the discrimination between ns-LBB capture and deep left septal myocardial capture remains one of the challenges of LBBAP (5). The electrophysiological demonstration of early retrograde His potential or early distal anterograde left conduction system potential during LBBAP offers 100% specificity for the confirmation of LBB capture, but relies on invasive procedures which are difficult to generalize in clinical practice (6). Thus, QRS morphology transition criteria demonstrated during dynamic electrocardiographic (ECG) manoeuvres (differential output pacing or programmed stimulation) are the current gold-standard for the non-invasive confirmation of LBB capture. An abrupt prolongation of the paced R wave peak time (RWPT) in lead V6 corroborates the loss of LBB capture (6, 7). However, sensitivity of the dynamic ECG manoeuvres to discriminate LBB capture is usually low and in many cases it is not possible to demonstrate differential captures because of the close proximity in pacing thresholds of the cardiac conduction system and the adjacent myocardium (8).

We hypothesize that transition from LVSP morphology to ns-LBBP morphology, when observed during the lead screwing into the deep interventricular septum with interrupted pacemapping, can also suggest direct LBB capture during LBBAP implantation.



2. Material and methods


2.1. Study design

This study enrolled all consecutive patients with an attempt of LBBAP procedure for bradycardia and/or heart failure indications (as bailed-out strategy) from February 2020 to March 2023 at our institution. Baseline clinical data and procedure-related data were acquired in a prospective way.

We defined QRS transition from LVSP to ns-LBBP capture during interrupted lead screwing-in pacemapping. Then, we compared LVSP and ns-LBBP morphologies obtained in cases in which transition was demonstrated during dynamic ECG manoeuvres using differential output pacing, with LVSP and ns-LBBP morphologies obtained in cases in which transition was observed during lead screwing-in. ECG-based criteria (paced V6-RWPT and V6-V1 interpeak interval) (9, 10) were used for the comparison, along with the paced aVL-RWPT and LBBP score, recently described by our group (11). Finally, we analysed the accomplishment of currently accepted 100% specific cut-off values (12), V6-RWPT < 75 ms or V6-V1 interpeak interval > 44 ms, as surrogates of LBB capture.

The study adhered to the Helsinki Declaration as revised in 2013 and the Institutional Bioethical Committee approved the research protocol. All patients were informed about the nature of the conduction system pacing device and provided informed consent.



2.2. Procedure description

In our laboratory, LBBAP implantation is routinely performed using the “single lead technique” (13–15). All procedures were performed using the fix curve Medtronic C315His sheath and the 4.1F, active helix, screw-in pacing lead (model 3830; Medtronic). First, the most superior aspect of the tricuspid annulus, appraised fluoroscopically, was used as anatomical landmark. We targeted the area located approximately 2 cm apically from the tricuspid annulus, extending conically 2 cm to the superior and inferior midseptum, to perform right ventricular septal pacemapping before the lead deployment. Ideal paced QRS morphologies were those with QS and notched nadir in V1 with discordant polarity in lead II and III (R wave in lead II with RS/rS/QS morphology in lead III). The lead screwing-in process was then initiated by rapid rotations. Interrupted pacing from the lead was provided to monitor changes in the paced QRS morphology during the penetration process. The paced QRS morphology was considered optimal if significant QRS narrowing occurred, along with the disappearance of the LBB block pattern and the appearance of QR/Qr or rsR′/rSr′ pattern in lead V1 and RS or R morphology in lead V5/V6. At this point, QRS measurements and differential output pacing were performed to confirm LBB capture. We did not perform deep septal stimulation. If the optimal paced QRS morphology was not obtained or deep septal lead penetration was not possible, the lead was extracted and other areas of the interventricular septum were targeted, such as those with paced QRS morphologies suggesting superior locations (R wave in lead II and III) or inferior locations (rS/QS in lead II and III). We did not routinely use contrast injection through the delivery sheath.

Procedures were recorded on a digital electrophysiological system (General Electric, USA). The measurements were performed using all 12 surface ECG leads and the endocardial channel recorded simultaneously, digital callipers and fast sweep speed (100 mm/s). At least three QRS complexes were measured, and the values were averaged.



2.3. Definition of LBB capture and LVS capture

LBB capture was defined if unipolar paced QRS morphology in lead V1 showed QR/rSR′ pattern and at least one of the following:


	(a)Transition from ns-LBBP to s-LBBP during differential output pacing characterized by distinct isoelectric interval before the local EGM and the appearance of M/rsR′ pattern and wide R′ with a notch in lead V1, S wave in V5/V6, with constant V6-RWPT.

	(b)Transition from ns-LBBP to LVS capture defined by an abrupt prolongation of V6-RWPT ≥10 ms during differential output pacing (6).

	(c)When the above QRS transition criteria were not achieved, we used the combined ECG-based criterion of either V6-RWPT < 75 ms or V6-V1 interpeak interval ≥ 33 ms to discriminate ns-LBBP from LVSP (9).



QRS transition during lead screwing-in was defined as shortening of paced V6-RWPT by ≥10 ms from LVSP morphology to ns-LBBP morphology, obtained with interrupted pacemapping, during mid to deep septal lead progression at the same target area, between two consecutive pacing manoeuvres, deep and deeper, with a QR/rSR′ pattern in V1 in both (Figure 1). It was mandatory that paced V6-RWPT remained short and constant in the deeper LBBP position, at high and low output pacing.
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FIGURE 1
Schematic representation of QRS transition during lead screwing-in. Left ventricular septal morphology is accomplished as the lead reach the LBB area but not the left bundle branch. With additional rotations, the lead finally reaches the conduction system and therefore a ns-LBBP morphology appears. Shortening of at least 10 ms in paced V6-RWPT suggests LBB capture. AV, atrioventricular; IVS, interventricular septum; LBB, left bundle branch; LVSP, left ventricular septal pacing; ns-LBBP, non-selective left bundle branch pacing; RBB, right bundle branch; RWPT, R wave peak time.


LVSP was defined when the paced QRS morphology at deep septal location showed a QR or QS pattern in lead V1, R wave without any notch in lead V6, and none of the above LBBP criteria were met.



2.4. Measurements and LBBP morphologies

In each patient, every available paced QRS type (s-LBB, ns-LBB and LVSP) and native QRS were measured. The following QRS characteristics were obtained:


	(1)Native QRS duration and paced QRS duration measured from the pacing stimulus and from the earlier onset to the latest offset of the QRS in any of the 12 ECG leads recorded simultaneously.

	(2)RWPT, measured from the beginning of the pacing spike to the peak of R wave in lead V6 and aVL.

	(3)V6-V1 interpeak interval, measured from the R-wave peak in lead V6 to the R-wave peak in lead V1 during simultaneous recording.

	(4)The different morphologies of LBBP attending to the site of pacing at the LBB system were analysed, to consider whether they corresponded to left bundle trunk pacing or left fascicle pacing. The different types of pacing sites were considered as following (16, 17):

	•Left bundle trunk pacing (LBTP): Potential-ventricular EGM (vEGM) interval of 25–35 ms and QRS axis similar to sinus rhythm.

	•Left anterior fascicular pacing (LAFP): dominant S wave in leads I and aVL, dominant R wave in leads II, III, and aVF, right-axis deviation, with potential-vEGM interval <25 ms or without potential.

	•Left septal fascicular pacing (LSFP): potential-vEGM interval <25 ms or without potential and QRS axis similar to sinus rhythm or inferior axis with negative component in lead III.

	•Left posterior fascicular pacing (LPFP): dominant R wave in leads I and aVL, dominant S wave in leads II, III, and aVF, left-axis deviation, with potential-vEGM interval <25 ms or without potential.








2.5. Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) and categorical data as numbers or percentages. Continuous variables were compared using the Student t-test or the Mann–Whitney U-test, as appropriate. Categorical variables were compared using χ2, or the Fisher exact test when the conditions required for the former test were not met. For paired comparisons, Student t-test was used for Gaussian variables, Wilcoxon non-parametric test for non-Gaussian variables and McNemar-Broker test for categorical variables. The predictive value of the optimal LBBP score cutoff value (≥3 points) (11) for the discrimination of ns-LBBP from LVSP was assessed using standard measures [sensitivity (SN), specificity (SP)] among the study groups of patients according to the type of QRS transition (dynamic manoeuvres vs. lead screwing-in). The data managements and analyses were performed with SPSS, version 20.0 (IBM corporation, Chicago, Illinois). Significance was defined as p < 0.05.




3. Results

A total of 305 patients with intended LBBAP were screened. Figure 2 shows the study population flowchart. Successful LBBAP was accomplished in 95.1% of procedures with direct LBB capture demonstrated in 220 patients (75.9%) and LVSP capture achieved in 18.7% of patients. Transition in QRS morphology occurred in 139 out of 290 successful procedures (47.9%). In 17 patients both QRS transitions (from ns-LBBP to s-LBBP and from LVSP to ns-LBBP) were observed. The final study population consisted of 104 patients with transition from left ventricular septal capture to ns-LBBP: forty-four patients with transition during lead screwing-in were compared to 60 cases with a demonstrated transition criterion during pacing manoeuvres.


[image: Figure 2]
FIGURE 2
Study population enrollment flowchart. LBBP, left bundle branch pacing; LBBAP, left bundle branch area pacing LVSP, left ventricular septal pacing; ns-LBBP, non-selective left bundle branch pacing; s-LBBP, selective left bundle branch pacing. †Indetermined: patients with LBBAP morphology but without definitive characterization due to overlap criteria for LVSP and ns-LBBP capture.



3.1. Baseline characteristics

Table 1 and Supplementary Table S1 show the baseline characteristics of the whole study population and the study groups according to the moment of QRS transition. Majority of patients received a device due to bradycardia pacing indications (93.3%) and only 12.7% of patients presented with left ventricular ejection fraction below 40%. Non-diseased LBB [narrow QRS complex or isolated right bundle branch block (RBBB)] was present in 71.2% of patients and only 9.6% (n = 10) of patients showed complete LBB block (LBBB). There were no significant differences in baseline characteristics among study groups, especially regarding left chambers size and function, interventricular septum (IVS) thickness and baseline QRS parameters (QRS width and distributions of bundle branch block). A trend towards a lower body mass index was found among patients in which QRS transition was observed during lead screwing-in.


TABLE 1 Baseline characteristics according to the type of transition from ns-LBBP to LVSP.
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3.2. Procedural and electrical parameters

Table 2 and Supplementary Table S2 display data related to the implantation procedures depending on the type of QRS transition observed. The average time spent for the LBBP lead implantation (from sheath introduction to sheath removal) was 19.1 ± 18.5 min. There were no differences between native QRS duration and final paced QRS duration (ns-LBBP morphology) among study groups (119.3 ± 34.8 vs. 116.6 ± 17.7 ms; p = 0.433 for cases with transition during lead screwing-in; and 113.4 ± 29.7 vs. 111.8 ± 16.2 ms; p = 0.614 for cases with transition during dynamic manoeuvres). Left conduction system potential was found in 58 cases (56.9%) and the most frequent capture type was left septal fascicular pacing (n = 39). Procedural characteristics did not differ among study groups, although there were significantly higher rates of left fascicular pacing (vs. left bundle trunk pacing; p = 0.032) among patients in which QRS transition appeared during lead screwing-in.


TABLE 2 Comparison of procedural characteristics according to the type of transition from ns-LBBP to LVSP.
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3.3. Comparison of pattern and ECG-based criteria between LVSP and ns-LBBP morphologies

Overall, mean change in paced V6-RWPT from LVSP to ns-LBB capture was 17.1 ± 6.1 ms. Average shortening in paced V6-RWPT was similar among study groups (17.3 ± 6.8 ms in patients with QRS transition during dynamic manoeuvres vs. 18.8 ± 4.9 ms in patients with QRS transition during lead screwing-in; p = 0.719). Table 3 shows the comparison of three ECG-based criteria among ns-LBBP and LVSP morphologies according to the moment of QRS transition. LVSP morphologies showed significant longer paced V6-RWPT and paced aVL-RWPT, and shorter V6-V1 interpeak interval (p < 0.001 for the three comparisons) compared to ns-LBBP morphologies among the two QRS transition groups.


TABLE 3 ECG-based criteria for the differentiation of ns-LBBP from LVSP according to the type of transition.
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No significant differences were found in ns-LBBP morphologies between QRS transition study groups, but a trend towards shorter paced V6-RWPT was found in ns-LBBP morphologies obtained during lead penetration (Table 3).

Besides, there were not significant differences among the ns-LBBP morphologies in the lead screwing transition group related to the concomitant presence of non-selective to selective LBBP transition (Supplementary Table S3).



3.4. Completion of 100% specific ECG-based criteria cut-off values

Sixty one out of 104 ns-LBBP morphologies (58.7%) met the 100% specific cut-off values of V6-RWTP < 75 ms or V6-V1 interpeak interval > 44 ms, which was more frequently achieved in patients with transition during lead screwing-in (n = 31) compared to patients with transition during dynamic manoeuvres (n = 30) (70.5% vs. 50%, respectively; p = 0.036). On the contrary, only 4.8% of LVSP morphologies (n = 5) met the 100% specific criterion of V6-RWTP < 75 ms or V6-V1 interpeak interval > 44 ms, without differences among patients with transition during lead screwing-in (n = 2) and patients with transition during dynamic manoeuvres (n = 3) (4.5% vs. 5%, respectively; p = 0.990).

Diagnostic performance for QRS transition during lead screwing-in was assessed in the population with defined LBB capture (n = 220), based on the completion of the combined criterion of V6-RWPT < 75 ms or V6-V1 interpeak interval > 44 ms. A total of 157 patients accomplished one of these cut-off values. Therefore, estimated SN for transition during lead screwing-in was 19.8% and estimated SP was 82.5% (52 out of 63 patients who did not accomplish any of the 100% specific cut-off values, had no transition during lead screwing-in).



3.5. Performance of LBBP score among different types of QRS transition

As expected, mean LBBP score was significantly higher in ns-LBBP morphologies than in LVSP morphologies among both QRS transition groups (p < 0.001 for both comparisons). Average LBBP score was similar in LVSP morphologies obtained during lead screwing-in and during dynamic manoeuvers. However, a trend towards higher LBBP score was found in ns-LBBP morphologies in patients in which QRS transition was obtained during lead penetration compared to patients in which QRS transition was demonstrated during dynamic manoeuvers (5.1 ± 2.2 vs. 4.3 ± 1.8, respectively; p = 0.094).

Performance of the optimal LBBP score cut-off value (≥3 points) to discriminate LVS capture from ns-LBB capture showed SN of 89.7% and a SP of 94.1% among cases with QRS transition during lead screwing-in and SN of 78% and SP of 91.5% among cases with QRS transition demonstrated during dynamic manoeuvers. In patients with non-diseased LBB (narrow QRS complex or isolated RBBB patients) the optimal LBBP score cut-off point of ≥3, displayed SN of 84.6% and SP of 95.7% among cases with QRS transition during lead screwing-in and SN of 80.6% and SP of 97% among cases with QRS transition demonstrated during dynamic manoeuvers.



3.6. Acute complications

There was one episode of ventricular fibrillation during lead penetration, solved with defibrillation, without further consequences. Complications rate at 30-days was 15.4% (n = 16), mainly driven by septal perforation (n = 8) followed by acute pacing threshold >2 V × 0.4 ms (n = 5), pneumothorax (n = 2), intraprocedural lead dislodgement (n = 1) and acute chest pain (n = 1). No stroke or other thromboembolic complications were observed in cases of perforations of the lead into the LV cavity. Lead repositioning was feasible in cases of septal perforation or lead dislodgement without further complications. No deaths, infection or cardiac perforation were observed at 30-days after the implant.

No significant differences in complications rate were observed between QRS transition groups (18.2% vs. 13.3% for QRS transition during lead screwing-in and dynamic manoeuvers, respectively; p = 0.498) but septal perforation was significantly more frequent in cases of QRS transition observed during lead screwing-in compared to cases in which QRS transition was demonstrated during dynamic manoeuvers: 15.9% vs. 1.7%, respectively (p = 0.01).




4. Discussion


4.1. Paced QRS morphologies during LBBAP procedure and demonstration of QRS transition

Loss of myocardial capture during LBBAP, also called “selective response” (transition from ns-LBBP to s-LBBP), can be demonstrated during dynamic manoeuvers by several changes in paced QRS morphology with constant V6-RWPT (7, 8). However discerning pure myocardial pacing from non-selective conduction system pacing requires careful look at the different paced QRS morphologies. Transition from ns-LBBP to LVSP (“myocardial response”) was first described by Jastrzębski et al. in a very elegant work by performing both deep septal programmed stimulation and differential output pacing (7). Indeed, myocardial response was more frequently observed by dynamic manoeuvers than selective response. An invasive validation of these QRS transition criteria was done by Wu et al. (6), showing 100% SP. Therefore, transition from ns-LBBP to LVS capture was universally accepted if an abrupt prolongation of V6-RWPT ≥ 10 ms during differential output pacing occurred. Although QRS transition criteria have been adopted as the non-invasive gold-standard criteria for LBB capture they are difficult to demonstrate in clinical practice. Reported rates of QRS transition criteria during dynamic manoeuvers among the different LBBAP series ranges from 30% to 60% (7–9, 11, 18) and the recent multicenter European experience showed transition in only 23.6% of procedures (16). That is the reason why several ECG-based criteria have been proposed to help physicians in confirming LBB capture (9–11).

Since the first descriptions of the LBBAP technique, pacemapping during lead screwing-in is the most recommended method to monitor paced QRS changes as the lead is progressively deeper deployed into the interventricular septum (19). Pacemapping can be performed with or without interruption of pacing, but it is usually needed to detach the connector-pin to provide rapid rotations in order to avoid lead damage (14). If continuous pacemapping is performed during lead rotations (uninterrupted pacemapping) a dynamic QRS transition can be observed from wide QRS complexes with LBBB morphology and a notched nadir in lead V1 to narrow QRS complexes with RBBB pattern in lead V1, that accomplish LBB capture criteria (7, 20). Paced morphologies compatible with LVSP usually appear several rotations before the final LBB capture morphology emerges.

The same phenomenon can be also seen with interrupted lead screwing-in pacemapping or even with the occurrence of induced ectopic beats (fixation beats) (21). As the lead progresses deep into the septum, LVSP morphologies, with relative narrow QRS complex but delayed V6-RWPT, can be observed once the lead reaches the area of the LBB but not the conduction system. After several rotations the lead finally comes in contact with the LBB and ns-LBBP morphology occurs (Figures 1, 3). At this point, dynamic manoeuvers might be able to demonstrate transition to LVSP or even to s-LBBP, but as mentioned before, similar pacing thresholds between the LBB and the adjacent myocardium limit this response frequently.
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FIGURE 3
Example of QRS transition during lead screwing-in. Top panel: collage of paced QRS morphologies obtained as the lead was progressively deeper deployed into the interventricular septum with interruption of pacing (marked as lead rotations). Red circle shows the first paced beat with s-LBBP. Bottom part: zoom on the different paced QRS morphologies found during lead screwing-in with three ECG-based criteria annotated. Left ventricular septal capture shows a V6-V1 interpeak interval of 22 ms and a LBBP score punctuation of 0; non-selective left bundle branch pacing capture shows a V6-V1 interpeak interval of 36 ms and a LBBP score punctuation of 5; and selective left bundle branch capture shows a V6-V1 interpeak interval of 45 ms and a LBBP score punctuation of 8. ns-LBBP, non-selective left bundle branch pacing; RWPT, R wave peak time; s-LBBP, selective left bundle branch pacing.




4.2. QRS transition during lead screwing-in

To the best of our knowledge, QRS transition during lead screwing-in has never been formally described, although it was used in the LBBP-RESYNC trial (22). To define QRS transition during lead screwing-in we took into consideration the same cut-off point (at least 10 ms of change in paced V6-RWPT) used to define transition during dynamic manoeuvers, which has a reported specificity of 100%. ECG-based criteria were used to confirm final LBB captures and to discriminate them from LVSP captures. There were no significant differences between ns-LBBP captures obtained during dynamic manoeuvers and those obtained during lead screwing-in, nor even between LVSP captures obtained under both methods. Indeed, more ns-LBBP morphologies obtained during lead screwing-in met the 100% specific criterion of V6-RWPT < 75 or V6-V1 interpeak interval > 44 ms compared to those ns-LBBP morphologies obtained during threshold test, which supports the plausibility of this tool. We believe that the occurrence of transition from LVSP to ns-LBBP during lead penetration into the IVS can be a marker of LBB capture, especially useful in cases in which differential output pacing fail to demonstrate QRS transition at the final lead position but paced QRS morphology suggest LBB capture based on physiological ECG criteria. Besides, it might help to increase sensitivity of QRS transition criteria, as prevalence of QRS transition increased from 32.7% to 47.9% after considering transition during lead screwing-in.

Although SN and SP could not be accurately assessed, estimated SN using the surrogate of the 100% specific combined criterion (V6-RWPT < 75 ms or V6-V1 interpeak interval > 44 ms) increased from 19.1% (for transition during pacing) to 38.9% when transition during lead screwing-in was also considered.

It is remarkable that left ventricular chambers size and IVS thickness was similar among patients with both types of QRS transition (dynamic manoeuvers and lead screwing-in), which does not allow us to predict which patients can show one QRS transition or the other before the lead deployment. This also applies to QRS width and morphology as transition during lead screwing-in was as frequent as transition during differential output pacing among wide and narrow QRS patients.

Interestingly, QRS transition during lead screwing-in seemed to be more feasible in cases in which left bundle fascicles are targeted to deliver the lead. This is important, as the most frequent type of capture reported in clinical practice is left bundle fascicular capture (16) So, the chance to obtain this type of transition appears to be less frequent when we target basal LBB trunk.

It needs to be emphasized that, although overall complications rate was not different among both types of transition, LV septal perforation was more frequent in the group with lead screwing-in transition. This might be related to the lack of demonstration of QRS transition during dynamic manoeuvers at deep IVS location in that group, and it highlights the importance of combining different methods to confirm LBB capture. The application of ECG-based criteria to deep IVS morphologies obtained during interrupted pacemapping are very useful to stop rotations and to avoid lead protrusion into the LV cavity.



4.3. Limitations

This study was conducted in a single center and the definition of QRS transition during lead screwing-in was described in a relatively small cohort, which requires further external validation. We did not perform an invasive validation by placing a multielectrode catheter along the IVS and another one in the His area to confirm the presence or absence of retrograde His potential or distal anterograde left conduction system potential during interrupted lead screwing-in pacemapping. It is extremely complicated to carry out this ideal method for logistic and ethical considerations. Although we used ECG-based criteria with reported 100% SP to support our results, we must admit that this cannot be considered the gold standard method, because these criteria have never been invasively validated. Finally, we did not measure the depth that the lead penetrated into the IVS or compare among study groups. As mentioned before, we do not routinely use contrast injection through the delivery sheath.




5. Conclusions

QRS transition from left ventricular septal capture to LBB capture can be observed as the lead penetrates deep into the IVS by interrupted pacemapping during LBBAP procedure. Shortening of at least 10 ms in paced V6-RWPT of QRS complexes resulting from interrupted lead screwing-in pacemapping seems to be practical to confirm the capture of the conduction system and might serve as marker of LBB capture.
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Introduction: Atherosclerosis is a progressive disease that develops in areas of disturbed flow (d-flow). Progressive atherosclerosis is characterized by bulky plaques rich in mesenchymal cells and high-grade inflammation that can rupture leading to sudden cardiac death or acute myocardial infarction. In response to d-flow, endothelial cells acquire a mesenchymal phenotype through endothelial-to-mesenchymal transition (EndMT). However, the signaling intermediaries that link d-flow to EndMT are incompletely understood.



Methods and Results: In this study we found that in human atherosclerosis, cells expressing SNAI1 (Snail 1, EndMT transcription factor) were highly expressed within the endothelial cell (EC) layer and in the pre-necrotic areas in unstable lesions, whereas stable lesions did not show any SNAI1 positive cells, suggesting a role for EndMT in lesion instability. The interleukin-1 (IL-1), which signals through the type-I IL-1 receptor (IL-1R1), has been implicated in plaque instability and linked to EndMT formation in vitro. Interestingly, we observed an association between SNAI1 and IL-1R1 within ECs in the unstable lesions. To establish the causal relationship between EndMT and IL-1R1 expression, we next examined IL-1R1 levels in our Cre-lox endothelial-specific lineage tracing mice. IL-1R1 and Snail1 were highly expressed in ECs under atheroprone compared to athero-protective areas, and oscillatory shear stress (OSS) increased IL-1R1 protein and mRNA levels in vitro. Exposure of ECs to OSS resulted in loss of their EC markers and higher induction of EndMT markers. By contrast, genetic silencing of IL-1R1 significantly reduced the expression of EndMT markers and Snail1 nuclear translocation, suggesting a direct role for IL-1R1 in d-flow-induced EndMT. In vivo, re-analysis of scRNA-seq datasets in carotid artery exposed to d-flow confirmed the IL-1R1 upregulation among EndMT population, and in our partial carotid ligation model of d-flow, endothelial cell specific IL-1R1 KO significantly reduced SNAI1 expression.



Discussion: Global inhibition of IL-1 signaling in atherosclerosis as a therapeutic target has recently been tested in the completed CANTOS trial, with promising results. However, the data on IL-1R1 signaling in different vascular cell-types are inconsistent. Herein, we show endothelial IL-1R1 as a novel mechanosensitive receptor that couples d-flow to IL-1 signaling in EndMT.
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1. Introduction

Progressive unstable atherosclerosis is characterized by a thin fibrous cap, low smooth muscle and high mesenchymal cell content, with a high grade of inflammation, and is the leading cause of cardiovascular disease-related death (1). Despite decades of research on atherosclerosis, the molecular mechanism(s) of progressive unstable atheroma are only partially understood. Human studies have suggested that the cellular composition of plaques is a predictor of plaque instability (2). A sub-endothelial cell population in unstable lesions with mesenchymal features is usually associated with the incidence of atheroma in human aortas (3). Mouse studies using endothelial-specific lineage tracing and single cell RNA sequencing (scRNA-seq) systems demonstrate that endothelial cells (ECs) can undergo mesenchymal transition (EndMT) and form a substantial number of these sub-endothelial cells (4–7). EndMT, which develops in areas of disturbed blood flow (d-flow) (6), has been implicated in the progression of atherosclerosis (8) where EndMT plays an important role in plaque destabilization by promoting local inflammation (8, 9). Despite this, the molecular mechanism by which EndMT develops under d-flow areas remains incompletely understood.

The interleukin-1 (IL-1) signaling pathway has been shown to play a role in the severity of atherosclerosis progression and EndMT formation (10). IL-1 is therefore a suitable therapeutic target for modulation of EndMT that enhances atherosclerosis stability. The major clinically concluded CANTOS study tested the therapeutic effect of the anti-IL-1β antibody, Canakinumab, in a group of patients after myocardial infarction, and showed 31% reduction in cardiovascular and all-cause mortality in certain, but not all, groups of patients (11). While global inhibition of IL-1 signaling in this study showed some promising results, a number of patients developed off-target immunosuppression effects (12), limiting the global targeting of IL-1 in atherosclerosis. Another limitation in the field is that despite extensive studies, there is no clear principal cell type responsible for IL-1 signaling in human progressive atherosclerosis.

The term Interleukin-1 (IL-1) refers to 2 cytokines, IL-1α and IL-1β, which signal exclusively through a common receptor, IL-1 receptor type I (IL-1RI) (13). IL-1 is implicated in several aspects of plaque instability (14, 15) and IL-1 signaling is linked to EndMT formation in vitro (16). Global inhibition of IL-1 in atherosclerosis has been extensively investigated (12, 17). However, the data on IL-1R1 is inconsistent. In mice, either global or myeloid specific deletion of IL-1R1 reduces atherosclerosis (18), whereas cell specific deletion of IL-1R1 in vascular smooth muscle cells increases atherosclerosis and make lesions more unstable (19–21). However, in humans with coronary atherosclerotic disease it is still unclear where and at which stage of the disease IL-1R1 is expressed.

Previously we and others have shown that in human coronary atherosclerotic plaques IL-1 is predominantly expressed within the endothelium (22–24), suggesting a role for endothelial IL-1 signaling in the pathogenesis of atherosclerosis. Our published data demonstrated enhanced signaling activation of interleukin-1 receptor predominantly within the endothelium of progressive human atherosclerotic plaques (22, 24). In addition, we showed that this activation is induced by d-flow in vitro and in vivo (25). Despite all of that, the signaling roles of IL-1R1 in the endothelium have yet to be extensively investigated.

Taking into account the important role of EndMT in progressive human atherosclerosis and IL-1R1 signaling roles, in this study, we directly assessed IL-1R1 expression and linked it to EndMT in human atherosclerotic plaques. Furthermore, we utilized our endothelial specific IL-1R1 KO mice to determine the endothelial roles of IL-1R1 in d-flow-induced EndMT. Our study should aid in developing future strategies for targeting the IL-1R1 within the endothelium to limit atherosclerosis progression and maintain lesion stability.



2. Materials and methods

The authors declare that all the data supporting the current study is available either within the article or online data supplements. All reagents were provided by Fisher Scientific, USA, unless otherwise stated.


2.1. Cell culture, siRNA transfection, and isolation of Il-1r1 knockout cells

HAOECs (Human aortic endothelial cells) (Lot # 1819; Cat. #: 304-05A; Sigma-Millipore) were cultured as previously described (25) and used between passage 6–8. The cells were grown in 10% v/v MCDB131 media (GenDEPOT; CM034-300) supplemented with fetal bovine serum (Sigma; Cat. # F0926), 100 IU Penicillin-Streptomycin (Sigma, Cat # P4333), 2 mM Glutamax (Gibco, Cat. #35050), 0.06 mg/ml Heparin Sodium Salt (Thermo-Scientific, Cat #41121-0010), and 100 µg/ml Corning Endothelial Cell Growth Supplement (Cat. # CB-40006B).

IL-1R1 was knocked down using SMARTPool siRNA (IL-1R1 siRNA, 50 nM, Cat. #L-005188, Dharmacon™) and Lipofectamine 3000 transfection reagent (Invitrogen, Cat. # L3000-015) according to the manufacturer's instructions. Transfection was conducted in 1× OPTIMUM Reduced Media (Gibco; # 31985-070) for 3 h.

Mouse aortic endothelial cells from IL-1R1fl/fl were isolated as previously described (25). Purity of endothelial cell isolation was assessed with double immunostaining for CD31 (Anti-CD31, abcam, ab9498) and smooth muscle actin (Anti-Actin SMA-FITC antibody CLONE 1a4, Sigma, F3777). Cell transformation was conducted in LSU Molecular-sub-core. The cells were divided into two 10 cm2 plates and at 70% confluence the cells were treated with either Ad-CMV-GFP (VECTOR BIOLABs, cat. # 1060, 1 × 108 PFU/ml) as wild-type (WT) controls, or Ad-GFP-2A-iCre (VECTOR BIOLABS, cat. # 17772, 2 × 108 PFU/ml) as IL-1R1 knockout (IL-1R1 KO) cells. The transduction was induced for 72 h. and the GFP positive cells were sorted using flow cytometry at the LSU Research Core Facility. The efficiency of IL-1R1 deletion was assessed by measuring the IL-1R1 mRNA expression using qRT-PCR.



2.2. Oscillatory shear stress experiments

Oscillatory shear stress (OSS, 1 dynes/cm2 with 1 s switching time; flow rate 2.38 ml/min) was induced by the Ibidi parallel plate flow system as previously described (26). The cells at a seeding density of 1 × 106 were plated in channel slides (µ-slide I 0.6 luer; 150 µl per slide) to allow to adhere for 2 h. in 1% (v/v) MCDB131 media. Confluent slides were placed under the flow, Perfusion Set RED, using Ibidi pump system (IBIDI USA, INC) for 24 h.



2.3. Partial carotid ligation experiments

All the animal breeding and experiments were approved by the institutional animal care and use committee (Louisiana State University Health Sciences Center at Shreveport, protocol # P-23-003 to MA). ApoE (apolipoprotein E-null) knockout (ApoE−/−), IL-1R1fl/fl (stock No. 028398), ROSA-Stop-Flox-YFP (stock No. 006148), and VE-cadherin-CreERTtg (stock No. 006137) mice were all purchased from the Jackson Laboratory. IL-1R1fl/fl were cross-bred in our laboratory with VE-cadherin-CreERTtg and ApoE−/− mice to create IL-1R1iEC−KO (VE-cadherin-CreERT, IL-1R1fl/fl, ApoE−/−) mice. The inducible iEC lineage-tracing mice were generated in house by backcrossing (VE-cadherin-CreERT2tg/+, ROSA-Stop-Flox-YFPtg/+, ApoE−/−) and used for immunofluorescence.

The male sex is at higher risk for atherosclerotic heart disease (27). Therefore, only male mice were used in the current study. Male mice at 8–10-weeks of age of IL-1R1iEC−KO and their littermate controls were injected intraperitoneally with tamoxifen (Sigma, cat. # T-5648) in peanut oil (0.1 ml at concentration of 45.5 mg/kg ∼1 mg/mouse) daily for 5 consecutive days. The mice (number in the figure legends) were allowed to recover for 2 weeks before the surgery was conducted. To induce d-flow, partial carotid ligation was performed as previously shown (25, 28). Briefly, the anesthesia was induced, and the frontal area of the mouse neck was cleaned and opened by a midline incision. The left carotid artery was dissected by blunt dissection and the three branches (internal carotid, external carotid, and occipital branch) were ligated with 0–6 silk sutures, leaving the superior thyroid branch intact. The skin incisions were sutured with 0–5 sutures and the mice were hydrated with 0.5% normal saline (1 ml) and analgesics were administered subcutaneously using Carprofen (5 mg/kg; Ceva, USA). 2-week post-carotid ligation, mice were euthanized and left, and right carotid arteries were collected for RNA analysis as shown (28). The inducible endothelial deletion of IL-1R1 were verified in mRNAs isolated from carotid intima using TRizol flush method and that is after tamoxifen injection, and we measured the intimal expressions of IL-1R1, CD31, SNAI1 mRNA as we previously described (25, 28).



2.4. Western blotting

Gel electrophoresis was performed on denatured protein samples using the Invitrogen™ Mini Gel Tank and NuPAGE™ 4%–12%, Bis-Tris, 1.0–1.5 mm, Mini Protein Gels, as previously described (29). Samples of 25 µl protein lysates were loaded per well and allowed to run in MOPS SDS 1× running buffer for 45 min at 200 V. Wet transfer was performed in 1× Invitrogen™ Blot™ Transfer Buffer for 1 h. at 20 V. Once the proteins were transferred to the PVDF membranes (Bio-Rad, Cat. #1620177), the membranes were blocked in 5% (w/v) non-fat dry milk in 0.01% (v/v) TBST (Tween-Tris-buffered saline) for 1 h. The membranes were incubated with the desired primary antibodies (Supplementary Table SI), diluted as appropriate in 1% (w/v) BSA/PBS (Bovine serum albumin, Sigma, Cat. # A2153) overnight at 4°C with gentle agitation. The membranes were then incubated with the secondary antibodies (Peroxidase Affinity Pure Goat Anti-mouse or Anti-Rabbit IgG, Jackson ImmunoResearch, Cat. # 115-035-003) for 1 h.

Detection was performed by chemiluminescence using SuperSignal™ Chemiluminescence substrate (Cat. # 34580) and scanned using the Bio-Rad ChemiDoc™ MP Imaging System. For quantification, protein densitometry data were quantified using image j software. Fold changes in the protein expressions were measured relative to the loading control and to the static condition as previously demonstrated (25, 28).



2.5. Immunohistochemistry

Human coronary artery samples were collected in the pathology department at LSU Health—Shreveport. The collection was approved by the Local LSU Health Research Ethics Committee. The samples were stored in 10% v/v formalin until processing. The tissue samples were Paraffin-embedded and sectioned at 5 µm on slides. Sections of human coronary atherosclerotic plaques were blindly stained and scored for lesion stability criteria by a pathologist at LSU Health—Shreveport.

The stable, moderately stable, and unstable lesions were stained for H&E staining, which was performed using H&E Stain Kit (abcam, ab245880) according to the manufacturer's instructions. For immunofluorescence staining, it was performed as previously described (25). After rehydration, sections were heated in Antigen Unmasking Solution, Citric Acid Based (Cat. # H-3300) for 10 min in a pressure cooker to retrieve antigen epitopes, then allowed to cool down for 30 min at room temperature before they were blocked in 10% (v/v) horse serum in 1% w/v BSA, and stained with the following primary antibodies at 4°C overnight: Anti-SNAIL + SLUG (abcam, ab180714, 1:50 dilution), Anti-IL-1R1 (clone 40101, Abnova, MAB12554, 1:50 dilution), anti-vWF (abcam, ab11713, 1:100 dilution).

Mouse ApoE−/− species (Jackson Laboratory) were fed high fat diet (TD 88137, Harlan-Teklad) for 4 weeks to induce spontaneous atherosclerosis, and tissue was harvested and stored in 10% (v/v) formalin, until processing as previously shown (25). Briefly, tissue sections were dewaxed and rehydrated through graded alcohols to water. Heat-mediated antigen retrieval was performed as mentioned above and slides were cooled to room temperature before blocking in 10% horse serum/1% BSA for 30 min. Streptavidin/Biotin (Vector Labs Cat. # SP-2002) blocking was performed according to the manufacturer's recommendations. Primary antibodies: mouse Anti-IL-1R1 (R&D Systems, AF771, 0.2 mg/ml, 1:50 dilution), Anti-CD31 (Clone SZ31) (Dianova, DIA-310, 1:20 dilution) and Anti-SNAIL + SLUG (abcam, ab180714, 1:50 dilution) were incubated overnight at 4°C.

Slides were incubated with secondary antibodies after frequent washing with 0.01% (v/v) TBST for 1 h (1:2,000 dilution each; Donkey anti-mouse Alexa Fluor 555—A32773, Donkey anti-mouse Alexa Fluor 488—A32766tr, Donkey anti-rabbit Alexa Fluor 488—A32790tr) or for the CD31 staining Donkey anti-rat IgG Biotin-SP (Jackson ImmunoResearch, 712-065-150, 1:100 dilution) at room temperature. All secondary antibodies were diluted in 10% horse serum/1% BSA. Slides were washed with 1× PBS three times for 5 min each, then incubated with Streptavidin DL649 (Vector Labs, SA-5649-1, 1:200 dilution in PBS) for 1 h. After frequent rinsing in PBS and washing for 5-minute three times, the slides were mounted in Prolong™ Glass Antifade Mountant containing NucBlue (P36985). H&E images were captured using Cytation 5. Immunofluorescent images were captured using an EVOS M5000 microscope (Thermofisher). Analysis was performed using Image J and the investigators were blinded during the data collection and analysis.



2.6. Immunocytochemistry

For cellular immunostaining, the protocol used was adapted from (28) with slight modifications. Briefly, the cells were fixed in 3.7% (v/v) paraformaldehyde for 30 min followed by frequent rinsing in 1× PBS. The permeabilization was performed using 0.01% Triton-X100 in PBS for 10 min, and the slides were blocked in 10% horse serum/1% BSA solution for 1 h. at room temperature. Cells were incubated with primary antibodies at 4°C overnight and the primary antibodies used were anti-CD31 (abcam, ab9498, 1:100 dilution), and anti-N cadherin (abcam, ab18203, 1:100 dilution). After subsequent washing in 0.01% v/v TBST, the cells were incubated with Alexa Fluor 488 phalloidin (A12379, 1:400 dilution) mixed in 10% horse serum/1% BSA solution with secondary antibodies (1:1,000 dilution each; Donkey anti-mouse Alexa Fluor 555—A32773, Donkey anti-rabbit Alexa Fluor 647—A31573) at room temperature for 1 h. Cells were rinsed thoroughly with 1× PBS and then slides were mounted in Prolong™ Glass Antifade Mountant containing NucBlue (P36985). Images were acquired using an EVOS M5000 microscope.



2.7. Real-Time PCR

mRNA was extracted and isolated using RNeasy Mini Kit (Qiagen, Cat. # 74104) according to the manufacturer's instructions. Reverse transcription and real-time PCR were conducted as previously demonstrated (25). Ct values of the target genes were normalized upon the Ct values of the housekeeping genes (RPL13A and GAPDH). All PCR analysis was conducted in duplicates and the data are from 4 independent experiments. Primer sequences for the human target genes used as following: SNA1 Forward (CTCTTTCCTCGTCAGGAAGC), SNA1 reverse (CGGTGGGGTTGAGGATCT), GAPDH Forward (GAAGGTGAAGGTCGGAGTC), GAPDH Reverse (GAAGATGGTGATGGGATTTC), RPL13A Forward (GCCATCGTGGCTAAACAGGTA), RPL13A Reverse (GTTGGTGTTCATCCGCTTGC), Vimentin Forward (AGTCCACTGAGTACCGGAGAC), Vimentin Reverse (CATTTCACGCATCTGGCGTTC), SMA Forward (GCGTGTAGCACCTGAAGAG), SMA Reverse (GAATGGCGACGTACATGGCA), VECAD Forward (CAGCCCAAAGTGTGTGAGAA), VECAD Reverse (TGTGATGTTGGCCGTGTTAT), CD31 Forward (GAGTCCAGCCGCATATCC), CD31 Reverse (TGACACAATCGTATCTTCCTTC). Mouse target genes as following: mGAPDH Forward (CTTCACCACCTTCTTGATGTC), mGAPDH Reverse (CTTCACCACCTTCTTGATGTC), mB2MG Forward (CAGTCGCGGTCGCTTCAGTC), mB2MG Reverse (CAGTATGTTCGGCTTCCCATTC), mSnai1 Forward (CTTGTGTCTGCACGACCTGT), mSnai1 Reverse (CTTCACATCCGAGTGGGTTT), mCD31 Forward (GGAGTCAGAACCCATCAGGA), mCD31 Reverse (CAGCTGGTCCCCTTCTATGA), mIl1r1 Forward (GAATGACCCTGGCTTGTGTT), mIl1r1 Reverse (TGTGCTCTTCAGCCACATTC).



2.8. Bioinformatics analysis

All bioinformatics analysis were performed in R. The RNA microarray data was processed by “Limma” R package (30) and visualized by “EnhancedVolcano” (31) and “pheatmap” (32). Single cell RNA seq data was analyzed by “Seurat” (33).



2.9. Statistical analysis

Data is analyzed as mean ± standard error of the mean (SEM) using GraphPad prism software (Version 9.5, GraphPad, San Diego, CA). For multiple comparisons, data were analyzed by 1-Way ANOVA followed by Tukey's post-test to compare data with one independent variable, whereas for the multiple comparisons of data with two independent variables we used 2-Way ANOVA and Bonferroni's post-test. An unpaired student's t-test was used to compare two different datasets. Statistical significance was achieved when p < 0.05.




3. Results


3.1. IL-1R1 expression is associated with EndMT in human unstable atheroma

Previously we and others have shown that IL-1 in human coronary atherosclerotic plaques is predominantly expressed within the endothelium (22–24), demonstrating a role for endothelial IL-1 signaling in the pathogenesis of atherosclerosis. However, the data on its receptor, the IL-1R1, its site of expression in human atherosclerotic plaques are still unclear. Therefore, we analyzed sections of human coronary atherosclerotic lesions to detect the cell type-specific expressing IL-1R1. To further explore whether the expression of IL-1R1 is altered by the advanced stages of atherosclerosis, we categorized the human progressive atherosclerotic plaques into two grades, either IV or V as per the AHA recommendations (34). These lesions were further categorized into very stable, moderately stable, and unstable lesions depending on the stability characteristics that are established by (1) using extensive histological landmarks and blindly assessed and graded by a pathologist at Louisiana State University Health Sciences Center at Shreveport (Figure 1A).


[image: Figure 1]
FIGURE 1
EndMT in human unstable atheroma is associated with IL-1R1 expression. (A) Sections of human coronary atherosclerosis graded into very stable, moderately stable, and unstable lesions according to AHA recommendations and stained with H&E, scale bars = 1,000 µm, black boxes indicate the areas of interest that were stained for immunofluorescence and captured in B. (B,C) Human lesions were stained for IL-1R1 (white), vWF (green) and Snail1 (red) and showing increase expressions between these proteins within unstable lesions. Scale bars = 100 µm, white box indicates the higher magnification area demonstrated in (C), scale bar in C indicates 50 µm. (D,E) Semi-quantification to the expression levels of IL-1R1 and Snail1 (Mean Intensity) per high power field (HPF) and F is an analytic correlation between Snail1 and IL-1R1 expressions in unstable lesions, red dots indicate the 95% Confidence Intervals, Pearson r = 0.9808, p (two tailed) = 0.0032. Data are from n = 5 different human samples, and are mean ± SEM, analyzed by 1-way ANOVA and Tukey's post-test, **p < 0.01, ns, non-significant.


To investigate IL-1R1 expression between the three phenotypically different stages of human atheroma, the lesions were stained for IL-1R1, Snail1 (EndMT transcription factor), and von-Willebrand factor: vWF (Endothelial marker) (Figures 1B–E). Interestingly, lesions that are very stable show predominant expression of IL-1R1 within the endothelium and hardly any Snail1 expression, suggesting that EndMT is not happening in the stable human atherosclerosis (Figure 1B). Surprisingly, we observed an increased expression of IL-1R1 mainly in a sub-endothelial population that are co-expressing Snail1 and vWF (Figures 1C–E). The increase in Snail1and IL-1R1 proteins were significantly higher in unstable lesions compared to moderately stable lesions (Figures 1D,E) Furthermore the association between IL-1R1 and Snail1 expressions in unstable lesions was very significant (p = 0.0032) (Figure 1F). Collectively, the data demonstrates that IL-1R1 is expressed predominantly in endothelial cells in stable advanced human atherosclerotic plaques, however, the expression of IL-1R1 is increased in EndMT in unstable human atherosclerosis.

To confirm the causal association between IL-1R1 and EndMT in human unstable atherosclerosis, we first re-assessed the relative expression of active IL-1R1 and EndMT genes in macroscopically intact tissue vs. atheroma tissue from an online dataset (GSE43292) (35). The selected dataset was used because it provides a direct assessment to the list of genes that are upregulated in the intimal area of human unstable lesions and compared them with a macroscopically intact area from the same patient. In the original study, the endarterectomy specimens were characterized histologically according to the AHA and most atheroma samples were presented at stage IV and V lesions, and the macroscopically considered as “intact tissue” was almost exclusively composed of stage I and II lesions (35).

The groups of genes that are differentially expressed between either the macroscopically intact (areas surrounding the atheroma from the same patient samples) or atheroma tissue (from carotid endarterectomy samples) of n = 32 human subjects each were re-analyzed for genes that are involved in IL-1R1 activation mainly IRAK1/4 (Interleukin-1 Receptor Associated Kinase 1/4) and NFKB1 (nuclear factor kappa B1), and EndMT transcriptional factors SNAI1 (Snail1) and SNAI2 (Snail2), which were further blotted using a heat map (Figure 2A).
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FIGURE 2
EndMT and IL-1R1 complex are highly expressed in human atheromatous lesions compared to intact tissue. (A) GSE43292 dataset was analyzed and (B) the heat map to SNAI1, IRAK1, NF-kB, IRAK4, IL-1R1 and SNAI2 was shown. (B–E) expression levels of the IL-1R, IRAK1, NFKB1 and SNAI1 genes from n = 32 individuals per group, the value (intensity) of each probe represents the RNA expression level. Data was analyzed as mean ± SEM, and statistical analysis was conducted by unpaired t test, *p < 0.05, **p < 0.01.


Interestingly, we examined the relative expression IL-1R1, IRAK1, NFKB and SNAI1) and found a significant differences in these genes' levels with a marked increase in the atheroma compared to intact tissues (Figures 2B–E). Collectively, these findings suggest that the EndMT and active IL-1R1 are highly expressed in human severe atherosclerotic lesions as compared to intact tissues, and may suggest that the regional expressions of IL-1R1 and EndMT is induced by local factors rather than systemic effects.



3.2. IL-1R1 expression is associated with EndMT under areas of disturbed blood flow

Atherosclerosis develops at sites of local endothelial cell (EC) activation, where a shift in endothelial cell phenotype in response to d-flow occurs (6, 36). The molecular mechanism by which ECs switch their phenotypes under d-flow areas is incompletely understood. D-flow (a low amplitude and a multi-directional force) (37) is present in certain parts of the arterial tree, such as the lesser curvature of the aortic arch, whereas the athero-protective high amplitude and unidirectional (laminar) flow is present in other areas, such as the greater curvature of aortic arch (38) (Figures 3A–D). EndMT has been shown to be induced by d-flow at the atheroprone areas (36, 39). Having shown that IL-1R1 expression is locally increased in human unstable atherosclerosis and that is associated with EndMT, we first asked if IL-1R1 is expressed under areas of d-flow, and if that is associated with EndMT. As expected, in mice with an atherosclerosis phenotype, IL-1R1 expression is predominant in the atheroprone areas as assessed by immunofluorescence and no IL-1R1 staining was detected in the athero-protective area of the aortic arch (Figures 3B,C).
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FIGURE 3
IL-1R1 expression is associated with EndMT under disturbed blood flow areas. (A) Representative image of Oil O Red-stained aortic arch section of ApoE KO. Scale bars = 1 mm. Dash boxes represent the athero-resistant and atheroprone areas. (B,C) Immunofluorescent staining of IL-1R1 (red) and CD31 (green). Scale bars = 50–100 µm. (D) Shows immunofluorescence staining of CD31 (purple) Snail (red) and IL-1R1 (green) in atheroprone and athero-resistant areas in the EC-specific lineage tracing mice, YFP positive expression in ECs as stained by GFP (grey) (n = 3). Scale bars = 500 − 100 µm. (E,F) Human aortic ECs (HAOECs) exposed to laminar shear stress (LSS 10 dynes/cm2; mimicking in vivo athero-protective flow and oscillatory shear stress (OSS; 1 dynes/cm2; mimicking in vitro atheroprone flow) for 24 h. and lysed and mRNA was quantified using qRT-PCR for IL-1R1 (E) and SNAI1 (F). Data are represented as mean ± SEM, and 1-way ANOVA and Tukey's post-test test, *p < 0.05, n = 4 independent experiments.


To establish the relationship between EndMT and IL-1R1 expression we stained the aortic arch of our EC-specific lineage tracing mice (Figure 3D). The endothelial specific expression of IL-1R1 under d-flow areas was confirmed by a co-localization with CD31 and that coincides with Snail1 expression, only in the atheroprone areas (Figure 3D), confirming the association between IL-1R1 and d-flow-induced EndMT. Furthermore, we examined the effect of laminar (LSS) and oscillatory shear stress (OSS) on IL-1R1 and SNAI1 mRNA expressions in vitro in HAOECs. Compared to static condition, LSS did not significantly alter the mRNA levels of IL-1R1 nor SNAI1 (Snail1) in our in vitro flow system. Interestingly, OSS significantly increased IL-1R1 and SNAI1 mRNA expressions compared to static conditions (Figures 3E,F). We confirmed the changes in IL-1R1 at protein levels in vitro and relative to the athero-protective LSS, the atheroprone OSS significantly increased IL-1R1 protein expression with p < 0.01 (Supplementary Figure S1).

These findings further demonstrate that IL-1R1/Snail1 are induced by OSS and supports the potential role that IL-1R1 might play in d-flow-induced EndMT.



3.3. IL-1R1 knockdown prevents OSS-induced EndMT in vitro

Recent studies have demonstrated that d-flow promotes EndMT formation (36, 40, 41). However, the signaling intermediaries that link the mechanical d-flow to EndMT are still unclear. During EndMT, endothelial cells express mesenchymal markers such as N-cadherin, alpha smooth muscle actin (α-SMA), vimentin, in addition to the induction of the transcriptional factor Snail1. These mesenchymal markers drive the phenotypic changes in ECs that involve loss of EC markers such as VE-cadherin and CD31 by a Snail1 gene upregulation, and subsequent loss of cell-cell contacts (Figure 4A) (8, 42–44). To determine if IL-1R1 is involved in induction of d-flow-induced EndMT, we first examined silencing of IL-1R1 using SMARTpool siRNA to IL-1R1 (IL-1R1 siRNA) in vitro in HAOECs and then the cells were subjected to OSS using the Ibidi flow system for 24 h (Figures 4B–D). EndMT induction by the athero-prone OSS was assessed using a combination of immunofluorescent staining. Compared to mock control, IL-1R1 siRNA treated cells showed a remarkable reduction in N-cadherin (mesenchymal cell marker) and an increase in the endothelial CD31 (endothelial cell marker) expression after OSS exposure (Figure 4B). Consistent with this, OSS increased Snail1 nuclear translocation in mock cells, which was significantly decreased in IL-1R1-deleted ECs (Figures 4C,D).
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FIGURE 4
IL-1R1 knockdown prevents OSS-induced EndMT in vitro. (A) Module of Endothelial phenotypic switches to EndMT in atherosclerosis. (B) immunofluorescent images of mock vs. IL-1R1 siRNA HAECs subjected to oscillatory shear (OSS; 1 dynes/cm2 for 24 h), from n = 3. The cells were stained for Phalloidin (F-actin, purple), N-cadherin (red; mesenchymal marker), and CD31 (green; endothelial marker). (C,D) Immunofluorescent images of Snail1 (red) and DAPI (white: shows nuclei) in mock vs. IL- 1R1 siRNA HAOECs subjected to oscillatory shear (OSS; 24 h) and assessed for Snail1 nuclear translocation. Snail1 nuclear translocation was compared between IL-1R1 siRNA cells and mock controls in static and OSS conditions. Data are mean ± SEM, multiple unpaired t test, ***p < 0.001, n = 6 independent experiments. Scale bars = 400 − 100 µm.


To assess the protein and mRNA levels of endothelial and EndMT markers by OSS, we measured proteins using Western blot and mRNA levels using qRT-PCR (Figure 5) in mock vs. IL-1R1 deleted ECs. The transfection efficiency of IL-1R1 siRNA in HAOECs was confirmed (Figure 5A). Consistent with our immunofluorescent staining, OSS induced an upregulation in N-cadherin and α-SMA protein and mRNA levels (Figures 5B–D) and vimentin mRNA expression (Figure 5D) in the mock control, whereas IL-1R1 siRNA pre-treatment in ECs showed a significant decrease in the induction of these markers even after the OSS exposure (Figures 5B–D). Furthermore, OSS induced a downregulation in endothelial markers, which was prevented in IL-1R1 siRNA cells (Figures 5E,F). Likewise, in mouse IL-1R1 KO ECs that were exposed to OSS, the induction in the EndMT marker was remarkably decreased compared to WT cells (Supplementary Figure S2).
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FIGURE 5
HAOECs were transfected with siRNA targeting IL-1R1 or mock and exposed to oscillatory shear stress (OSS) for 24 h. Cells lysates were collected for proteins of IL-1R1 (A), N-Cadherin (B), α-SMA (C), or mRNA (D). Protein or mRNA levels of endothelial markers Ve-Cadherin (E), and CD31 (F) were quantified using Western blot or qRT-PCR. Data analyzed by 2-way ANOVA and Bonferroni's post-test; *p < 0.05, **p < 0.01, representative blots are from n = 4–5 independent experiments.


Collectively, the data suggests that IL-1R1 is implicated in an upstream signaling to the mesenchymal phenotype in HAOECs when exposed to the athero-prone oscillatory flow.



3.4. IL-1R1 knockdown prevents OSS-induced EndMT in vivo

To confirm that IL-1R1 is induced by d-flow in vivo and that this induction is associated with EndMT, we re-analyzed an online dataset (Bioproject #PRJNA646233) from EC-enriched single cell RNA seq analysis after a mouse partial carotid ligation surgery (6). The sc-RNA seq was comprised of transcript expression results of left carotid artery (LCA: exposed to the atheroprone d-flow) and right carotid artery (RCA: exposed to the athero-protective laminar flow) obtained at 2 days and 2 weeks post-ligation. We first re-blotted the EndMT population and compared their induction levels under different time points in both RCA and LCA (Figure 6A). Our re-analysis confirmed the induction of EndMT cells in the ligated LCA compared to the unligated RCA after 2 weeks. Next, we re-tested the differential expression of IL-1R1 in the ligated LCA and un-ligated RCA among the EndMT population between 2 days and 2 weeks. Interestingly, we observed a significant increase in IL-1R1 expression in the ligated LCA (d-flow induced) compared to un-ligated RCA (laminar flow) after 2 weeks (Figure 6B).
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FIGURE 6
IL-1R1 knockout prevents d-flow-induced EndMT in vivo. (A,B) sc-RNA seq datasets (Bioproject #PRJNA646233) are re-analyzed. (A) EndMT clusters were induced by d-flow after 2 weeks of left carotid artery ligation (LCA) maximum after 2 weeks (LCA_2W). (B) IL-1R1 (Il1r1) expression levels in left carotid artery (LCA) compared to right carotid artery (RCA) 2 days (2D) and 2 weeks (2W) post-ligation. (C) Intimal mRNA levels of SNAI1 and CD31 (D) were compared 2 weeks after ligation between Control-iEC and IL-1R1-iEC mice. Data are mean ± SEM, analyzed by multiple unpaired t test, n = 6 mice per condition, *p < 0.05, **p < 0.01.


To determine if IL-1R1 directly contributes to EndMT induction by d-flow in vivo, we used our own mouse model of Control-iEC (VE-cadherin-CreERT2tg/+, ApoE−/−) and IL-1R1iEC−KO (VE-cadherin-CreERT2tg/+, IL-1R1flox/flox, ApoE−/−) mice. After tamoxifen injection, we confirmed the induced IL-1R1 downregulation within the intima of the IL-1R1iEC−KO mice compared to Control-iEC (Supplementary Figure S3). The experimental groups, Control-iEC and IL-1R1iEC−KO were subjected to the partial carotid ligation surgery to induce d-flow in the LCA. EndMT gene SNAI1 and endothelial CD31 were measured following isolation of intimal mRNA by qRT-PCR after 2 weeks post-ligation (Figures 6C,D). Consistent with our in vitro findings, the intimal mRNA levels of SNAI1 were remarkably increased by d-flow following the ligation of LCA in the control mice and that was significantly decreased in IL-1R1iEC−KO mice (Figure 6C). By contrast, d-flow induction in the ligated LCA reduced CD31 mRNA levels in control animals and that was significantly increased in IL-1R1iEC−KO (Figure 6D). Collectively, these results demonstrate that IL-1R1 inhibition in mice prevents d-flow-induced EndMT and maintain the EC phenotype.




4. Discussion

Accumulative evidence has demonstrated the phenotypic transition of endothelium to EndMT in human atheroma, and new emerging evidence with the single cell RNA studies have been reported on the presence of EndMT in mouse atherosclerotic plaques (43–45). D-flow is one of the main triggers to EndMT formation (36, 39), however, there is little evidence on the signaling intermediaries that link d-flow to EndMT formation. Herein, we described a novel role for endothelial IL-1R1 in d-flow-induced EndMT in vitro and in vivo. We found for the first time, that IL-1R1 is predominantly expressed in endothelium of human coronary stable atherosclerotic plaques. The endothelial expression of IL-1R1 is increased in unstable lesions and is associated with the EndMT transcriptional factor Snail1. In our endothelial cell-specific lineage tracing mice, we observed the predominant expression of IL-1R1 and Snail1 in areas exposed to d-flow. Inhibition of IL-1R1 resulted in down-regulation of EndMT markers after OSS exposure in vitro. Importantly, in our endothelial cell-specific IL-1R1 KO mice we confirmed the direct effect of IL-1R1 inhibition on d-flow-induced EndMT in the partial carotid ligation model.

Endothelial-to-mesenchymal transition (EndMT) is a process whereby endothelial cells undergo a series of molecular events that lead to phenotypic changes towards mesenchymal cells (40). EndMT plays a fundamental role during development (46) but there is a mounting evidence now that suggests EndMT is also involved in atherosclerosis (36, 39, 43). EndMT is characterized by multiple morphological and physiological changes, including loss of endothelial cell polarity, and disruption of intercellular junctions (42), so they can migrate in plaques. EndMT has been identified in progressive atherosclerotic plaques, and the extent of EndMT observed in the human plaques strongly correlates with the severity of the disease (43), implying clinical relevance of EndMT in the pathogenesis of atherosclerosis. However, the field faces several uncertainties regarding at which stage of human atherosclerosis EndMT appears to occur, and how that contributes to lesion stability, especially in the advanced stages where patients presented in the clinic with the symptoms of acute coronary syndrome. Our data using a blinded staging system and following the AHA recommendations for plaque characteristics (1, 2) detected EndMT in unstable stages IV and V human coronary atherosclerosis, whereas we did not observe EndMT in the stable stages. This finding is important as it implies that EndMT is involved in plaque stability, however, further characterization studies on their roles are warranted.

Interleukin-1 (IL-1) refers to two closely related cytokines IL-1α and IL-1β (47). Of the two, the leaderless cytokine IL-1β has been extensively investigated, and it has been shown to be involved in every stage of atherosclerosis from early lesion formation to progressive late-stage lesions (48). Global targeting of IL-1β demonstrated a decrease in atherosclerosis burden in mice (49, 50). Subsequently, the major clinical trial of inhibiting IL-1β with an antibody, canakinumab, administered in patients with myocardial infarction was concluded in 2017 showing a major reduction in cardiovascular mortality in sub-sets of patients. In this study, the magnitude of inflammation achieved in patients with high IL-6 and CRP was directly related to the magnitude of the clinical benefits of using anti-IL-1 (51), confirming the role of inflammation in CAD. However, some of those patients developed immunosuppressive off-target effects (11), which could be mitigated with an antibiotic regime (52). While in atherosclerosis it could be beneficial to inhibit immune cell infiltrations as evident that treatment with anti-IL-1B can provide additional cardio-protective benefits by reducing leukocyte recruitment to the atherosclerotic plaque as well as reducing its size (53). Nevertheless, the off-target effects on innate immune response maybe due to the systemic rather than local inhibition of IL-1.

Intriguingly, two different research groups showed that inhibiting of IL-1β signaling in vascular wall rather than systemic inhibition is responsible for the beneficial effect on atherosclerosis burden reduction. Global IL-1R1 deletion in mice had significantly less atheroma and seems to not be altered in bone marrow transfer experiments (19), suggesting that vascular wall inhibition rather than myeloid inhibition is responsible (54). However, within the vascular wall, the data on IL-1R1 are still conflicting as to which cell-type specific IL-1R1 could be inhibited. Smooth muscle specific deletion of IL-1R1 showed high proinflammation and more instability features, whereas macrophage-specific deletion of IL-1R1 demonstrated less inflammation and more stable characteristics (20). In patients, there is no clear evidence on which one of the vascular wall cells is responsible for IL-1R1 effects, and whether the signaling through the receptor is different in different cell-types. Our study is the first to demonstrate an enhanced IL-1R1 expression in human atherosclerosis stages IV and V, and that is predominantly within the endothelium. While multiple studies on IL-1R1 have been diverse and even controversial, our study found that IL-1R1 expression is increased in the endothelium and that coincides with the appearance of EndMT in unstable lesions. These results align with the previously reported findings illustrating the predominate expression of IL-1β within the endothelium in human coronary atherosclerosis (24, 29), suggesting the critical signaling of IL-1 within the endothelium.

Moreover, we found that the IL-1R1 expression is enhanced under d-flow areas. Both disturbed blood flow (d-flow) and IL-1 have been implicated in EndMT (36, 44). The signaling pathway that links d-flow and EndMT is still unclear. Our recent work has demonstrated that d-flow induces interleukin-1 receptor signaling kinase within human and mouse progressive atherosclerosis (25). Interestingly, our current study determines the dynamic interplay between disturbed flow and IL-1 signaling in EndMT, as we showed that deletion of IL-1R1 in vitro and in vivo significantly prevented d-flow-induced EndMT. EndMT is a spectrum of phenotypic changes in ECs and whether inhibition of IL-1R1 mediated EndMT in atherosclerosis is yet to be investigated and future studies from our laboratory will focus on dissecting the downstream pathway(s) involved.


4.1. Limitation of the study

Our study provides the first assessment to the mechanical response of endothelial IL-1R1 to disturbed flow and EndMT formation in vitro and in vivo. Our study has strengths as well as some limitations. Firstly, we performed experiments on ApoE KO mice to study endothelial-specific IL-1R1 deletion on disturbed flow-induced EndMT. Our first observations on the association between IL-1R1 and Snail1 in human unstable atherosclerosis where the lesions exhibit more complex and advanced phenotype than that to the mice. The use of mice to study human pathology has some inherent limitations, which should be considered before any conclusions can be drawn. Mice do not usually develop atherosclerosis, due to the high protective HDL-C in their plasma, therefore, by knocking out ApoE and feeding the mice on a high fat diet for 4 weeks, we assessed the earliest possible changes in the vasculatures. We are not expecting the lesions that are developed in our mouse model to be phenotypically similar to that in humans, especially with the advanced stage IV and V lesions. This could explain why the staining pattern in mice is substantially different than that in humans. Secondly, we assessed the mRNA expressions of Snail1, CD31, and IL-1R1 in the intimal samples of ligated LCA and un-ligated RCA after the partial carotid ligation surgery in the Control-iEC and IL-1R1iEC−KO animals. It could be there is some contamination in the samples with the medial mRNAs. However, we used a standard method by TRIzol flush after tissue harvesting, and tested the purity of the isolation as established by our research group (25, 28) and others (6, 55).



4.2. Clinical significance of the current study

Coronary artery disease (CAD) accounts for ∼600,000 deaths/year in the USA, contributing to significant morbidities (56). Atherosclerosis, an underlying disease process of CAD, is characterized by abnormal accumulation of lipids and proinflammatory cells within the vascular wall (57) which can rupture, leading to sudden death or acute myocardial infarction (58). While current treatment strategies, including percutaneous coronary intervention, are used to improve the quality of life, they fail in preventing the severity of disease (59), leading to an urgent need for uncovering novel and specific therapeutic targets to prevent atherosclerosis-induced mortality. Early clinical observations suggest that atherosclerosis occurs at the arterial sites of disturbed blood flow (d-flow) (60). In response to d-flow, endothelial cells (ECs) acquire a mesenchymal phenotype through endothelial-to-mesenchymal transition (EndMT) (36, 40). EndMT is implicated in the progression of atherosclerosis, where it leads to plaque destabilization by promoting local inflammation (8). Interleukin-1 (IL-1) is highly implicated in atherosclerosis progression (19–21, 61) and development of EndMT (16). The therapeutic approach of blocking IL-1 using an antibody, Canakinumab, significantly reduced mortality rates in CAD patients (12, 62) but it also induced systemic off-target effects due to low circulating leukocyte counts (12), limiting the global targeting of IL-1. Thus, although inhibition of IL-1 is a great strategy to prevent progression of atherosclerosis, we need novel therapeutic targets for specific inhibition of IL-1 within the vascular wall to avoid systemic off-target effects on immune cells (47).

In conclusion, global inhibition of IL-1 in patients with underlying atherosclerosis has already been tested in the completed CANTOS study with some promising effects (11). However, the data on interleukin-1 receptor IL-1R1 in mice are still conflicting (20, 21). Herein with our results, we showed that endothelial IL-1R1 expression is implicated in unstable atheroma undergoing EndMT. Furthermore, our study illustrates a crosstalk between d-flow and IL-1R1 in endothelial cells and demonstrates a novel role for the endothelial IL-1R1 expression in EndMT formation after d-flow exposure, which represents a new direction for potential precision therapy by targeting IL-1R1 within the endothelium. This might lead to better strategies in managing progressive atherosclerosis and maintaining plaque stability in patients.
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Background: Currently, the main treatment for lower extremity artery disease (LEAD) is revascularization, including endovascular revascularization (EVR) and open surgical revascularization (OSR), but the specific revascularization strategy for LEAD is controversial. This review provided the comprehensive and recent evidence for the treatment of LEAD.



Methods: Medline, Embase, and the Cochrane Library databases were searched for relevant articles. Randomized controlled trials (RCTs) and cohort studies comparing the short-term or long-term outcomes between EVR and OSR of LEAD were identified. Short-term outcomes were 30-day mortality, major amputation, wound complication, major adverse cardiovascular events (MACEs), and length of hospital stay (LOS), while long-term outcomes included overall survival (OS), amputation-free survival (AFS), freedom from re-intervention (FFR), primary patency (PP), and secondary patency (SP).



Results: 11 RCTs and 105 cohorts involving 750,134 patients were included in this analysis. For the pooled results of cohort studies, EVR markedly decreased the risk of 30-day mortality, wound complication, MACEs, LOS, but increased the risk of OS, FFR, PP, and SP. For the pooled outcomes of RCTs, EVR was associated with obviously lower 30-day mortality, less wound complication and shorter LOS, but higher risk of PP, and SP. However, both RCTs and cohorts did not show obvious difference in 30-day major amputation and AFS.



Conclusions: Both the pooled results of cohorts and RCTs indicated that EVR was associated with a lower short-term risk for LEAD, while OSR was accompanied by a substantially lower long-term risk. Therefore, the life expectancy of LEAD should be strictly considered when choosing the revascularization modality. As the current findings mainly based on data of retrospective cohort studies, additional high-quality studies are essential to substantiate these results.



Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/#recordDetails, identifier CRD42022317239.
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Introduction

Peripheral artery disease (PAD) is currently an important global problem, affecting nearly 200 million people (1). Lower extremity artery disease (LEAD) is the manifestation of PAD in the lower extremities and is also the main disease of PAD. The primary symptom of early-stage LEAD is intermittent claudication, while rest pain and gangrene of limbs occur with the progress of LEAD (2). In 1997, the Rutherford classification was recommended to describe lower extremity ischemia and is still widely applied (3). According to this classification, the end-stage of LEAD is also termed chronic limb-threatening ischemia (CLTI), which includes ischemic rest pain and tissue loss (Rutherford 4–6). The main treatment of LEAD is revascularization. If there is no timely revascularization, 20% of CLTI patients will have to receive major amputation surgery within a year, and the overall mortality will reach to 22% (4). Therefore, timely and effective treatments are crucial for LEAD patients.

To date, endovascular revascularization (EVR) and open surgical revascularization (OSR) are the two most common options for revascularization of LEAD patients. EVR is mainly composed of percutaneous transluminal angioplasty (PTA), atherectomy, and stenting, while OSR is treated by surgical bypass and endarterectomy (5). Presently, the optimal option of revascularization is debatable. Several previous studies revealed that OSR is accompanied by low long-term mortality (6–8). Abu Dabrh et al. concluded that there is no statistical difference between EVR and OSR in long-term mortality (9). A recent meta-analysis by Wang et al. revealed that OSR reduces the long-term mortality of CLTI patients but increases the risk of short-term mortality and major adverse cardiovascular and cerebrovascular events (MACEs) (10). However, several articles fulfill the inclusion criteria have been ignored (7, 11–14), and a large number of cohort studies and randomized controlled trials (RCTs) have been published after 2018 (5, 15–17). This systematic review and meta-analysis were conducted to collect the latest evidence for the treatment of LEAD patients.



Methods

This systematic review and meta-analysis followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) and the Cochrane Handbook for Systematic Reviews of Interventions (version 5.1.0) (18). We reported observational clinical studies following the Meta-analysis of Observational Studies in Epidemiology (MOOSE) standards (19). The registration number at the International prospective register of systematic reviews (PROSPERO) was CRD42022317239 (https://www.crd.york.ac.uk/PROSPERO/#recordDetails).


Search strategy and selection criteria

For this study, we searched Medline, Embase, and the Cochrane Library databases for original studies from inception to June, 2023. This search strategy is presented in Supplementary Material Table S1.

Inclusion criteria: (1) population: patients with lower extremity artery disease; (2) intervention and Comparison: patients were divided into EVR (such as PTA, stenting, or atherectomy) or OSR (such as bypass surgery and endarterectomy) groups; (3) outcomes: studies should report short-term (less than 30 day or in hospital) or long-term (more than 1 year); (4) study design: RCTs or cohort studies. Exclusion criteria: (1) patients with the iliac aortic disease; (2) studies written in non-English text; (3) case report, case series, letter to editor, review and animal research. No restriction was applied to the geographic regions and years of publication. We also retrieved the reference lists of relevant articles manually to broaden this search. Two independent reviewers (SH, XX) conducted this selection. Any inconsistency in study selection was settled by discussing with a third reviewer (HQ).



Data extraction and outcomes of interest

Data were extracted by two independent reviewers (SH, XX) using a standardized Microsoft Excel file, and discrepancies were resolved by discussing with a third reviewer (HQ). The following items were extracted: the first authors' s name, year of publication, country, study design, disease stage, population characteristics, endovascular intervention, open surgery, number of patients, average age, and time of follow-up. Data were preferentially selected if shown as data after propensity-matching. The data of follow-up were shown as the maximum time-point of the Kaplan–Meier curve. For study in the absence of full text, we sent an email to authors to obtain relevant information.

The outcomes of interest included short- and long-term outcomes. 30-day and in-hospital outcomes were deemed as short-term outcomes that comprised 30-day mortality, major amputation, wound complication, MACEs, and length of hospital stay (LOS); while long-term means more than 1-year which comprised overall survival (OS), amputation-free survival (AFS), freedom from re-intervention (FFR), primary patency (PP), and secondary patency (SP) were considered as long-term outcomes.

We assessed the quality and risk of bias of enrolled studies using the Newcastle–Ottawa scale (NOS) (20) or Cochrane risk of bias tool (21). Two reviewers (HQ, SH) independently processed the assessment. For cohort studies, NOS was applied to assess quality. A cohort study with an NOS score <6 was regarded as high-risk and should be excluded from the current study. Studies with NOS scores of 6–7 and 8–9 were deemed to be at moderate risk and low risk, respectively. Regarding Cochrane Collaboration's tool, the risk of bias 2.0 tool (RoB 2.0) will be used to assess the quality of RCTs.



Statistical analysis

An odds ratio (OR) with 95% confidence interval (CI) was utilized for binary variables. Meanwhile, weighted mean difference (WMD) with its 95% CI was applied for continuous variables. For time-to-event data, hazard ratio (HR) with standard error (SE) was obtained from original articles and pooled according to the generic inverse-variance method. If an original article did not contain HRs and SE, HRs and SE were obtained using the Tierney method (22). Due to the possible heterogeneity among the enrolled studies, the outcomes of this study were combined with the random-effects model using the Der Simonian-Laired method, and the inter-study heterogeneity was expressed with I2 values (23). For the 30-day mortality and OS, subgroup and meta-regression analyses were carried out to explore the sources of heterogeneity with respect to the following perspectives: study design (prospectively cohort, retrospective cohort), regional characteristics (Europe, America, Asia, Africa, Australia), sample size (<1,000, >1,000), and disease stage (according to information provided by the author in original studies, patients were divided into three groups: Rutherford 1–3, Rutherford 4–6, and Rutherford 1–6). For all outcomes, a leave-one-out analysis was conducted as a sensitivity analysis to explore the stability of each outcome. The funnel plots and P-value of Egger's test were constructed to estimate publication bias; P-value <0.05 of Egger's test indicated the potential publication bias (24). Trial sequential analysis (TSA) v0.9.5.10 Beta software was utilized to conduct the TSA for 30-day mortality (25, 26). The required information size (RIS) and the trial sequential monitoring boundary (TSMB) were calculated under the following conditions: relative risk reduction of 20%, the first type of error (α = 0.05), and power of 80%. The sample size of the accumulated evidence was sufficient when the RIS threshold was crossed by the cumulative Z-curve; otherwise, the sample size is inadequate and additional studies are still needed. Furthermore, the results showed significant differences if the cumulative Z-curve passed the TSA threshold. In this study, a P-value <0.05 was considered statistically significant, except for a P-value <0.10 in the chi-square test. All data analyses were carried out using Review Manager V5.3 (The Nordic Cochrane Centre, København, Denmark), Stata 17.0 (Stata Corp., College Station, TX, USA), and TSA v0.9.5.10 Beta software.




Results

The process of study selection was shown in Figure 1. Overall, 12,572 records were identified from databases and 5 record was retrieved by manual search; 2,437 records were excluded as these were duplicate studies. After screening the titles, abstracts, and full-text, 100 studies were included in this qualitative synthesis. Finally, a total of 116 RCTs/cohorts (11 RCTs and 105 cohorts) were enrolled in the qualitative synthesis (meta-analysis). Included articles were published between 2004 and 2023, involving 750,134 patients from Europe, America, Asia, Africa, and Australia (Supplementary Material Figure S1). Supplementary Material Table S2 showed the basic characteristics of the included studies. In the EVR group, patients received PTA, stenting, or atherectomy. In the OSR group, patients underwent open bypass surgery (autogenous, synthetic, mixed) or endarterectomy. The NOS score was 6–9 (Supplementary Material Table S3). Eleven RCTs were included in this meta-analysis. Basing on the RoB 2.0 tool, the BASIL trial, BASIL2 trial, and BEST-CLI were deemed as “low risk”; the Enzmann trial, ZILVERPASS study, Kedora study, Reijnen MMPJ 2017, Lepäntalo M 2007, McQuadeK 2009, and van der Zaag study expressed some concerns; Björkman P 2018 was regarded as “high risk” (Supplementary Material Figure S2). Among the cohort studies, the proportion of endovascular revascularization was 57%, while the proportion was 50% in RCTs.


[image: Figure 1]
FIGURE 1
The process of studies selection.



Short-term outcomes

Eight RCTs and 65 cohorts involving 644,990 patients reported 30-day mortality. The pooled results of the cohort studies revealed that patients who received EVR had a decreased risk of 30-day death events than patients who received OSR (OR: 0.79, 95% CI: 0.67–0.94) (Figure 2). Combined data from four RCTs also found EVR had lower 30-day mortality than OSR groups (OR: 0.56, 95% CI: 0.33–0.94), which was consistent with result of cohorts. To further verify the pooled results in cohorts, we carried out TSA. The result of TSA on 30-day mortality demonstrated that the Z-cure crossed the TSMB, which assumed that EVR decreased the risk of 30-day mortality (Supplementary Material Figure S3). The RIS 280,865 was achieved in the current study. Subgroup analysis is presented in Supplementary Material Figure S4, indicating that the source of heterogeneity could be caused by these factors. Moreover, sensitivity analysis was conducted by discarding each study sequentially to assess the stability of outcomes. The combined outcomes were ranged from OR: 0.75 (95% CI: 0.64–0.88) to OR: 0.80 (95% CI: 0.68–0.94). The results of sensitivity analyses were consistent and revealed that the results of our study were robust. The funnel plots (Figure 3) and Egger's test (P = 0.9256 for RCTs; P = 0.4598 for cohorts) did not show any publication bias.
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FIGURE 2
Forest plot showing the odds ratio (OR) for 30-day mortality in patients underwent endovascular revascularization (EVR) versus open surgical revascularization (OSR). CI, confidence interval; RCT, randomized controlled trial; CLTI, chronic limb-threatening ischemia; PTA, percutaneous transluminal angioplasty; MAPT, mono antiplatelet agent; DAPT, dual antiplatelet agent. Squares indicate the odds ratio, and horizontal lines represent 95% confidence intervals.



[image: Figure 3]
FIGURE 3
Forest plot for 30-day mortality for: (A) randomized controlled trials; (B) Cohort studies.


Herein, we identified 33 cohorts and 2 RCTs that reported 30-day major amputation and did not detect any distinct difference between EVR and OSR (OR: 0.94, 95% CI: 0.83–1.08; OR: 1.02, 95% CI: 0.52–1.97, respectively) (Supplementary Material Figure S5). In addition, sensitivity analysis was conducted by omitting each study sequentially from the cohort's pooled data. The pooled data ranged from OR: 0.93 (95% CI: 0.82–1.06) to OR: 1.00 (95% CI: 0.88–1.15), suggesting that the pooled data were consistent and stable. For cohorts, Egger's test did not detect any potential publication bias (P = 0.0963).

A total of 18 cohorts and 3 RCT reported 30-day MACEs data. Data of cohorts suggested that patients who underwent EVR had a significantly lower risk of MACEs than those who underwent OSR (OR: 0.66, 95% CI: 0.47–0.92) (Figure 4). However, no significant difference was found on data of RCTs (OR: 0.74, 95%CI: 0.48–1.14) (Figure 4). Sensitivity analysis showed that the cohort's pooled data ranged from OR: 0.58 (95% CI: 0.42–0.81) to OR: 0.69 (95% CI: 0.49–0.98), indicating that the combined data were consistent and stable. No potential publication bias was found by Egger'test (P = 0.5034 for cohorts; P = 0.1419 for RCTs).
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FIGURE 4
Forest plot showing the odds ratio (OR) for major adverse cardiovascular events in patients underwent endovascular revascularization (EVR) versus open surgical revascularization (OSR). CI, confidence interval; RCT, randomized controlled trial; CLTI, chronic limb-threatening ischemia. Squares indicate the odds ratio, and horizontal lines represent 95% confidence intervals.


The results from 30 cohorts and 2 RCTs indicated that EVR is associated with a markedly low risk of wound complications (OR: 0.19, 95% CI: 0.10–0.37; OR: 0.34, 95% CI: 0.21–0.54, respectively) (Supplementary Material Figure S6). Sensitivity analysis showed the pooled ORs of cohort studies ranged from 0.16 (95% CI: 0.08–0.29) to 0.19 (95% CI: 0.10–0.37), suggesting that our combined outcome was consistent and stable. Potential publication bias might also not exist (Egger's test, P = 0.56).

A total of 18 cohorts and 6 RCTs reported LOS in the hospital. Both the cohorts and RCTs data demonstrated that patients who underwent EVR had shorter LOS than those who underwent OSR (WMD −1.21, 95% CI: −1.60 to −0.82; WMD −2.60, 95% CI: −4.75 to −0.45; respectively) (Figure 5). Sensitivity analysis showed that the cohort's pooled WMD ranged from −1.26 (95% CI: −1.66 to −0.85) to −1.08 (95% CI: −1.41 to −0.75), revealing that our combined outcome was consistent and stable. We did not detect potential publication bias by Egger's test (P = 0.1560 for RCTs; P = 0.6484 for cohorts).
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FIGURE 5
Forest plot showing the weighted mean difference (WMD) for length of hospital stay in patients underwent endovascular revascularization (EVR) versus open surgical revascularization (OSR). CI, confidence interval; RCT, randomized controlled trial; CLTI, chronic limb-threatening ischemia. Squares indicate the weighted mean difference, and horizontal lines represent 95% confidence intervals.




Long-term outcomes

A total of 48 cohorts and 4 RCTs involving 132,210 patients reported OS. The combined data from cohorts demonstrated that patients who underwent EVR had a significantly higher risk of long-term death than those who received OSR (HR: 1.13, 95% CI: 1.06–1.21) (Figure 6). However, we did not observe a significant difference in RCTs (HR: 0.98, 95% CI: 0.82–1.16). Subgroup analysis revealed the source of heterogeneity across studies that could arise from the seven factors (Supplementary Material Figure S7). Sensitivity analysis of the cohort studies showed that the pooled HR ranged from 1.11 (95% CI: 1.04–1.18) to 1.14 (95% CI: 1.07–1.21), suggesting that our combined outcomes were consistent and stable. We also did not find potential publication bias under Egger's test (P = 0.8291 for RCTs; P = 0.8552 for cohorts) and funnel plots (Figure 7).
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FIGURE 6
Forest plot showing the hazard ratio (HR) for over survival in patients underwent endovascular revascularization (EVR) versus open surgical revascularization (OSR). CI, confidence interval; RCT, randomized controlled trial; CLTI, chronic limb-threatening ischemia; PTA, percutaneous transluminal angioplasty; DM, diabetic mellitus. Squares indicate the hazard ratio, and horizontal lines represent 95% confidence intervals.
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FIGURE 7
Forest plot for over survival for: (A) randomized controlled trials; (B) Cohort studies.


A total of 44 cohorts and 3 RCT recorded data on amputation-free survival. Data of cohorts and RCTs did not show any obvious difference between EVR and OSR (HR: 1.07, 95% CI: 0.99–1.15; HR: 1.11, 95%CI: 0.82–1.49) (Figure 8A). The sensitivity analysis of cohort studies showed the pooled HR from 1.06 (95% CI: 0.97–1.14) to 1.08 (95% CI: 1.01–1.17), suggesting that our pooled outcome was consistent and stable. And no potential publication bias was found by Egger'test (P = 0.3233 for cohorts; P = 0.6050 for RCTs).
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FIGURE 8
Forest plot showing the hazard ratio (HR) in patients underwent endovascular revascularization (EVR) versus open surgical revascularization (OSR) for: (A) amputation-free survival; (B) freedom from re-intervention. CI, confidence interval; RCT, randomized controlled trial; DM, diabetic mellitus. Squares indicate the hazard ratio, and horizontal lines represent 95% confidence intervals.


Herein, we identified 2 RCTs and 13 cohorts collected from re-intervention data. Combined data of cohorts revealed that patients who underwent EVR had a markedly high risk of reintervention (HR: 1.20, 95% CI: 1.08–1.32), while pooled data of RCTs did not show any significant difference (HR: 0.92, 95%CI: 0.72–1.17) (Figure 8B). The sensitivity analysis indicated that the combined HRs ranged from 1.19 (95% CI: 1.06–1.33) to 1.36 (95% CI: 1.13–1.63), suggesting that our combined outcome was consistent and stable. And no potential publication bias was found by Egger's test (P = 0.3011 for cohorts).

A total of 20 cohort studies and 7 RCTs reported primary patency data. The pooled data from the cohorts and RCTs suggested that EVR was associated with a markedly high risk of primary patency failure (HR: 1.25, 95% CI: 1.04–1.50; HR: 1.23, 95% CI: 1.02–1.49; respectively) (Figure 9A). A total of 12 cohorts and 5 RCTs collected secondary patency data, and the combined data demonstrated that EVR increased the risk of secondary patency failure (HR: 1.43, 95% CI: 1.12–1.84; HR: 2.05, 95% CI: 1.41–3.00, respectively) (Figure 9B). Sensitivity analysis revealed that the cohort's pooled HRs for primary patency and secondary patency ranged from 1.22 (95% CI: 1.02–1.45) to 1.31 (95% CI: 1.12–1.53) and 1.33 (95% CI: 1.06–1.48) to 1.50 (95% CI: 1.24–1.82), suggesting that our combined outcome was consistent and stable. No potential publication bias was detected in primary (P = 0.8086 for RCTs; P = 0.4915 for cohorts) and secondary patency (P = 0.4402 for RCTs; P = 0.6712 for cohorts).
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FIGURE 9
Forest plot showing the hazard ratio (HR) in patients underwent endovascular revascularization (EVR) versus open surgical revascularization (OSR) for: (A) primary patency; (B) secondary patency. CI, confidence interval; RCT, randomized controlled trial; DM, diabetic mellitus. Squares indicate the hazard ratio, and horizontal lines represent 95% confidence intervals.


Meta-regression analysis was carried out to determine the significance of the study design, regional characteristics, sample size, disease stage for 30-day mortality, and OS (Supplementary Material Table S4). Only “regional characteristics” were significant (30-day mortality: P = 0.006; OS: P = 0.018).




Discussion

Based on the pooled outcomes of cohort studies, this meta-analysis revealed that EVR has superior short-term outcomes, including 30-day mortality, 30-day wound complication, MACEs, and LOS, while OSR is associated with substantially better long-term results on OS, FFR, PP, and SP. For 30-day mortality, the cumulative z score traversed the futility area, which implied further cohort studies were not required and were unlikely to change the current conclusion. Meanwhile, the pooled outcomes of RCTs also revealed EVR is associated with better short-term outcomes, including 30-day mortality, wound complication, LOS, while OSR is associated with better long-term outcomes, including PP, SP. However, both RCTs and cohorts did not show significant difference in 30-day major amputation and AFS.

Three relevant meta-analyses were conducted on LEAD patients (9, 10, 27). The first meta-analysis by Abu Dabrh et al. revealed that EVR and OSR have similar long-term mortality (9). Some methodological concerns explained the difference in their conclusions from those of the current study. Firstly, many eligible studies were ignored, which could affect the pooled results. Secondly, study by Bergan et al. and Wolf et al. enrolled the same patients from 1 RCT (Veterans Affairs Cooperative Study, 199); therefore, their results should not be merged (28, 29). Thirdly, data from cohorts and RCTs should not be combined due to different study designs. The second meta-analysis conducted by Wang et al. revealed a conclusion similar to the current study (10). Their meta-analysis was very well written and their conclusions were valuable references to treatment of CLTI. However, their review focused only on the end-stage of LEAD, whereas the current study focused on the patients in all stages of symptomatic LEAD, as the patients with intermittent claudication should also receive revascularization when medical therapy is inadequate (30). Notably, some eligible studies were not included in their review, which would affect the merged outcomes, our study is the most comprehensive. Meanwhile, patients in the study Dosluoglu 2009 (31) and Dosluoglu 2012 (32) were reduplicative and should not be simultaneously included. Furthermore, the exclusion criteria of Wang et al. did not contain iliac aortic diseases, while the present only focused on the occlusion of lower limb arteries, which is emphasized in the Methods section. The TSA method was performed in the current study compared to these two previous reviews. The required sample size was estimated to be 279,101, and the cumulative Z curve met the required sample size and conventional threshold that affirmed the validity of our study. Recently, an individual participant data (IPD) meta-analysis, conducted by Farhan S et al, also revealed that EVR was associated with less early complications and shorter length of hospital stay than OSR, which was accordant with the current analysis (27).

The methods of revascularization for LEAD have always been controversial. Recent guidelines indicated that the trend of EVR for LEAD had increased markedly in recent years with the advances in endovascular technology and its characteristics of minimally invasive (33). Thus, some surgeons advocated EVR as the first choice for LEAD, while OSR is the second option (33). However, EVR is usually accompanied by injury to vascular endothelial cells and smooth muscle cells (VSMCs), which promote the proliferation of VSMCs and cause restenosis (34, 35). For OSR therapy, adequate inflow and outflow and an appropriate autogenous vein are essential but are not easily obtained in many end-stage LEAD patients (30). Therefore, comprehensive evidence is an urgent requirement for the treatment of symptomatic LEAD patients. The current review concluded that life expectancy is a critical factor and should be considered when choosing the revascularization modality.

Since heterogeneity was observed in the present review, sensitivity analyses, meta-regression, and subgroup analyses were performed. Sensitivity analyses revealed that our combined data were stable and consistent. The results of meta-regression indicated that regional characteristics might be the potential source of heterogeneity. The subgroup analyses conducted according to the regional characteristics revealed that our 30-day mortality and OS data were mainly from the America. Reasonably, the pooled results of America subgroup were approximated to the whole group. A previous study also found that racial differences lead to variations in LEAD risk and presentation (36). Therefore, these results should be interpreted carefully as most studies were conducted in the America, and future studies should focus on the influence of regional characteristics on the prognosis of LEAD.

Nevertheless, the present study has some limitations. Firstly, only 11 RCTs were enrolled, and most of the included cohort studies were retrospective, which might cause a selection bias. The current study also showed that some combined results of RCTs and cohorts were different; as only 11 RCTs were included, more high-quality RCTs are essential. Secondly, substantial heterogeneity was noted across studies, but the sensitivity analyses revealed that our pooled data were stable and consistent. Finally, we did not define the specific modalities of EVR and OSR as inconvenient to obtain the original data.



Conclusion

Overall, the results of cohort studies revealed that EVR is associated with lower short-term risk, including 30-day mortality, wound complication, MACEs, and LOS but higher long-term risk, such as OS, FFR, PP, and SP. Meanwhile, the results of RCTs were consistent with cohort studies in 30-day mortality, wound complication, LOS, PP and SP, which further validated the reliability of above results. Life expectancy is a critical factor for determining the specific revascularization method. For elderly patients, EVR seems to be an appropriate option, while OSR seems to be a more suitable treatment for younger patients. However, as the current findings are mainly based on retrospective cohort studies, high-quality studies are required to validate our conclusion.



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 authors.



Author contributions

RW, QH, XX, and HS conceived the original study concept and overall study design. HS and XX implemented search and study search. HS, XC, and JZ contributed to statistics analysis. Data extraction was performed by HS and XX. Quality assessment of included studies was conducted by QH and XS. QH and HS wrote the first draft of manuscript. XC, RZ, and JZ revised manuscript and response to reviewers. All authors took part in the interpretation of data and have critically reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by Anhui Provincial Health Research Project (AHWJ2022a031), the top priority of nursing research in School of Medicine, Shanghai Jiaotong University (number: Jyhz2101), and the Fundamental research program funding of Ninth People's Hospital affiliated to Shanghai Jiao Tong university School of Medicine (JYZZ161).



Acknowledgements

Many thanks to Raju Datheputhe for the English revision of the manuscript.



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.

The reviewer JQ declared a shared affiliation with the author(s) RW and QH to the handling editor at the time of review.



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.2023.1223841/full#supplementary-material



References

1. Fowkes FG, Rudan D, Rudan I, Aboyans V, Denenberg JO, McDermott MM, et al. Comparison of global estimates of prevalence and risk factors for peripheral artery disease in 2000 and 2010: a systematic review and analysis. Lancet. (2013) 382(9901):1329–40. doi: 10.1016/S0140-6736(13)61249-0

2. Hu M, Wang D, He T. Comparison of efficacy between trimetazidine and cilostazol in the treatment of arteriosclerosis obliterans in lower extremity. Exp Ther Med. (2019) 17(6):4427–34. doi: 10.3892/etm.2019.7472

3. Rutherford RB, Baker JD, Ernst C, Johnston KW, Porter JM, Ahn S, et al. Recommended standards for reports dealing with lower extremity ischemia: revised version. J Vasc Surg. (1997) 26(3):517–38. doi: 10.1016/S0741-5214(97)70045-4

4. Abu Dabrh AM, Steffen MW, Undavalli C, Asi N, Wang Z, Elamin MB, et al. The natural history of untreated severe or critical limb ischemia. J Vasc Surg. (2015) 62(6):1642–51.e3. doi: 10.1016/j.jvs.2015.07.065

5. Zghouzi M, Moussa Pacha H, Ullah W, Sattar Y, Ahmad B, Osman H, et al. In-hospital outcomes of endovascular versus surgical revascularization for chronic total occlusion in peripheral artery disease. Catheter Cardiovasc Interv. (2021) 98(4):E586–93. doi: 10.1002/ccd.29827

6. Mohapatra A, Boitet A, Malak O, Henry JC, Avgerinos ED, Makaroun MS, et al. Peroneal bypass versus endovascular peroneal intervention for critical limb ischemia. J Vasc Surg. (2019) 69(1):148–55. doi: 10.1016/j.jvs.2018.04.049

7. Darling JD, McCallum JC, Soden PA, Korepta L, Guzman RJ, Wyers MC, et al. Results for primary bypass versus primary angioplasty/stent for lower extremity chronic limb-threatening ischemia. J Vasc Surg. (2017) 66(2):466–75. doi: 10.1016/j.jvs.2017.01.024

8. Mohapatra A, Henry JC, Avgerinos ED, Boitet A, Chaer RA, Makaroun MS, et al. Bypass versus endovascular intervention for healing ischemic foot wounds secondary to tibial arterial disease. J Vasc Surg. (2018) 68(1):168–75. doi: 10.1016/j.jvs.2017.10.076

9. Abu Dabrh AM, Steffen MW, Asi N, Undavalli C, Wang Z, Elamin MB, et al. Bypass surgery versus endovascular interventions in severe or critical limb ischemia. J Vasc Surg. (2016) 63(1):244–53.e11. doi: 10.1016/j.jvs.2015.07.068

10. Wang J, Shu C, Wu Z, Zhao J, Ma Y, Huang B, et al. Percutaneous vascular interventions versus bypass surgeries in patients with critical limb ischemia: a comprehensive meta-analysis. Ann Surg. (2018) 267(5):846–57. doi: 10.1097/SLA.0000000000002344

11. Biasi L, Patel SD, Lea T, Donati T, Katsanos K, Partridge JS, et al. Complex infrapopliteal revascularization in elderly patients with critical limb ischemia: impact of multidisciplinary integrated care on mid-term outcome. J Cardiovasc Surg (Torino). (2017) 58(5):665–73. doi: 10.23736/S0021-9509.16.09159-X

12. Chen SL, Whealon MD, Kabutey NK, Kuo IJ, Sgroi MD, Fujitani RM. Outcomes of open and endovascular lower extremity revascularization in active smokers with advanced peripheral arterial disease. J Vasc Surg. (2017) 65(6):1680–9. doi: 10.1016/j.jvs.2017.01.025

13. Mehaffey JH, Hawkins RB, Fashandi A, Cherry KJ, Kern JA, Kron IL, et al. Lower extremity bypass for critical limb ischemia decreases major adverse limb events with equivalent cardiac risk compared with endovascular intervention. J Vasc Surg. (2017) 66(4):1109–16.e1. doi: 10.1016/j.jvs.2017.04.036

14. Meltzer AJ, Sedrakyan A, Isaacs A, Connolly PH, Schneider DB. Comparative effectiveness of peripheral vascular intervention versus surgical bypass for critical limb ischemia in the vascular study group of greater New York. J Vasc Surg. (2016) 64(5):1320–6.e2. doi: 10.1016/j.jvs.2016.02.069

15. Zlatanovic P, Mahmoud AA, Cinara I, Cvetic V, Lukic B, Davidovic L. Comparison of long term outcomes after endovascular treatment versus bypass surgery in chronic limb threatening ischaemia patients with long femoropopliteal lesions. Eur J Vasc Endovasc Surg. (2021) 61(2):258–69. doi: 10.1016/j.ejvs.2020.11.009

16. Bosiers M, Setacci C, De Donato G, Torsello G, Silveira PG, Deloose K, et al. ZILVERPASS Study: zILVER PTX stent vs bypass surgery in femoropopliteal lesions. J Endovasc Ther. (2020) 27(2):287–95. doi: 10.1177/1526602820902014

17. Vossen RJ, Vahl AC, Fokkema TM, Leijdekkers VJ, van Swijndregt AM, Balm R. Endovascular therapy versus femoropopliteal bypass surgery for medium-length TASC II B and C lesions of the superficial femoral artery: an observational propensity-matched analysis. Vascular. (2019) 27(5):542–52. doi: 10.1177/1708538119837134

18. Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. Br Med J. (2021) 372:n71. doi: 10.1136/bmj.n71

19. Stroup DF, Berlin JA, Morton SC, Olkin I, Williamson GD, Rennie D, et al. Meta-analysis of observational studies in epidemiology: a proposal for reporting. Meta-analysis of observational studies in epidemiology (MOOSE) group. JAMA. (2000) 283(15):2008–12. doi: 10.1001/jama.283.15.2008

20. Stang A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonrandomized studies in meta-analyses. Eur J Epidemiol. (2010) 25(9):603–5. doi: 10.1007/s10654-010-9491-z

21. Sterne JAC, Savović J, Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. Rob 2: a revised tool for assessing risk of bias in randomised trials. Br Med J. (2019) 366:l4898. doi: 10.1136/bmj.l4898

22. Tierney JF, Stewart LA, Ghersi D, Burdett S, Sydes MR. Practical methods for incorporating summary time-to-event data into meta-analysis. Trials. (2007) 8:16. doi: 10.1186/1745-6215-8-16

23. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-analyses. Br Med J. (2003) 327(7414):557–60. doi: 10.1136/bmj.327.7414.557

24. Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. Br Med J. (1997) 315(7109):629–34. doi: 10.1136/bmj.315.7109.629

25. Thorlund K, Devereaux PJ, Wetterslev J, Guyatt G, Ioannidis JP, Thabane L, et al. Can trial sequential monitoring boundaries reduce spurious inferences from meta-analyses? Int J Epidemiol. (2009) 38(1):276–86. doi: 10.1093/ije/dyn179

26. Wetterslev J, Thorlund K, Brok J, Gluud C. Trial sequential analysis may establish when firm evidence is reached in cumulative meta-analysis. J Clin Epidemiol. (2008) 61(1):64–75. doi: 10.1016/j.jclinepi.2007.03.013

27. Farhan S, Enzmann FK, Bjorkman P, Kamran H, Zhang Z, Sartori S, et al. Revascularization strategies for patients with femoropopliteal peripheral artery disease. J Am Coll Cardiol. (2023) 81(4):358–70. doi: 10.1016/j.jacc.2022.10.036

28. Wolf GL, Wilson SE, Cross AP, Deupree RH, Stason WB. Surgery or balloon angioplasty for peripheral vascular disease: a randomized clinical trial. Principal investigators and their associates of veterans administration cooperative study number 199. J Vasc Interv Radiol. (1993) 4(5):639–48. doi: 10.1016/S1051-0443(93)71939-9

29. Bergan JJ, Wilson SE, Wolf G, Deupree RH. Unexpected, late cardiovascular effects of surgery for peripheral artery disease. Veterans affairs cooperative study 199. Arch Surg. (1992) 127(9):1119–23; discussion 23–4. doi: 10.1001/archsurg.1992.01420090127019

30. Abola MTB, Golledge J, Miyata T, Rha SW, Yan BP, Dy TC, et al. Asia-Pacific Consensus statement on the management of peripheral artery disease: a report from the Asian pacific society of atherosclerosis and vascular disease Asia-pacific peripheral artery disease consensus statement project committee. J Atheroscler Thromb. (2020) 27(8):809–907. doi: 10.5551/jat.53660

31. Dosluoglu HH, Lall P, Cherr GS, Harris LM, Dryjski ML. Superior limb salvage with endovascular therapy in octogenarians with critical limb ischemia. J Vasc Surg. (2009) 50(2):305–15, 16.e1–2; discussion 15–6. doi: 10.1016/j.jvs.2009.01.004

32. Dosluoglu HH, Lall P, Harris LM, Dryjski ML. Long-term limb salvage and survival after endovascular and open revascularization for critical limb ischemia after adoption of endovascular-first approach by vascular surgeons. J Vasc Surg. (2012) 56(2):361–71. doi: 10.1016/j.jvs.2012.01.054

33. Conte MS, Bradbury AW, Kolh P, White JV, Dick F, Fitridge R, et al. Global vascular guidelines on the management of chronic limb-threatening ischemia. Eur J Vasc Endovasc Surg. (2019) 58(1s):S1–109.e33. doi: 10.1016/j.ejvs.2019.05.006

34. Yan W, Li T, Yin T, Hou Z, Qu K, Wang N, et al. M2 macrophage-derived exosomes promote the c-KIT phenotype of vascular smooth muscle cells during vascular tissue repair after intravascular stent implantation. Theranostics. (2020) 10(23):10712–28. doi: 10.7150/thno.46143

35. Nagel DJ, Aizawa T, Jeon KI, Liu W, Mohan A, Wei H, et al. Role of nuclear Ca2+/calmodulin-stimulated phosphodiesterase 1A in vascular smooth muscle cell growth and survival. Circ Res. (2006) 98(6):777–84. doi: 10.1161/01.RES.0000215576.27615.fd

36. Hicks CW, Ding N, Kwak L, Ballew SH, Kalbaugh CA, Folsom AR, et al. Risk of peripheral artery disease according to race and sex: the atherosclerosis risk in communities (ARIC) study. Atherosclerosis. (2021) 324:52–7. doi: 10.1016/j.atherosclerosis.2021.03.031












	
	TYPE Review

PUBLISHED 25 August 2023
DOI 10.3389/fcvm.2023.1227761






[image: image2]

Transcatheter closure of a ruptured sinus of valsalva: a systematic review of the literature

Aryan Ayati, Neda Toofaninejad, Ali Hosseinsabet*[image: image], Fatemeh Mohammadi and Kaveh Hosseini

Cardiology Department, Tehran Heart Center, Tehran University of Medical Sciences, Tehran, Iran

EDITED BY
Pablo Codner, Rabin Medical Center, Israel

REVIEWED BY
Sivasankaran Sivasubramonian, Sree Chitra Tirunal Institute for Medical Sciences and Technology (SCTIMST), India
Maruti Haranal, U N Mehta Institute of Cardiology and Research, India

*CORRESPONDENCE Ali Hosseinsabet ali_hosseinsabet@yahoo.com

Abbreviations
RSOV, Ruptured Sinus of Valsalva; SOVA, Sinus of Valsalva Aneurysm; TCC, Transcatheter Closure; VSD, Ventricular Septal Defect;, AI, Aortic Insufficiency; BAV, Bicuspid Aortic Valve; RCS, Right Coronary Sinus; LCS, Left Coronary Sinus, NCS, Non-Coronary Sinus; TEE, Transesophageal Echo, TTE, Transthoracic Echo; CMR, Cardiac Magnetic Resonance Imaging; NYHA, New York Heart Association; RA, Right Atrium; RV, Right Ventricle; LA, Left Atrium; ECG, Electrocardiography; ADO, Amplatzer Ductal Occluder; PDA, Patent Ductus Arteriosus.

RECEIVED 23 May 2023
ACCEPTED 07 August 2023
PUBLISHED 25 August 2023

CITATION Ayati A, Toofaninejad N, Hosseinsabet A, Mohammadi F and Hosseini K (2022) Transcatheter closure of a ruptured sinus of valsalva: a systematic review of the literature.
Front. Cardiovasc. Med. 10:1227761.
doi: 10.3389/fcvm.2023.1227761

COPYRIGHT © 2023 Ayati, Toofaninejad, Hosseinsabet, Mohammadi and Hosseini. 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: Ruptured sinus of Valsalva (RSOV) is a rare pathology, and current data regarding its symptoms, anatomy, associated pathologies, and appropriate therapeutic approaches are scarce. Transcatheter closure (TCC) has been performed in multiple cases; however, the information on its success rate and complications is limited.



Methods: Two independent reviewers performed an advanced search based on inclusion criteria on Scopus, PubMed, and Embase from January 1985 through July 2022. The main search terms were “Sinus of Valsalva”, “Rupture/Aneurysm”, and “Transcatheter/Catheter/Device”.



Results: Totally, 1,017 relevant articles from the 3 databases were retrieved. After the final review and appraisal, 94 articles describing 407 patients who underwent the TCC of RSOV were included. Males comprised 65% of the studied patients, and the average age was 34.5 years. The total success rate of TCC was 95.6%. Forty-nine patients (12%) developed complications, the most significant of which were sustained residual shunts in 7 patients (1.7%), substantial new onset or progression of aortic insufficiency in 6 (1.5%), and RSOV recurrence in 6 (1.5%). Post-interventional mortality was reported in only 2 patients (0.5%).



Conclusions: The present study is the first systematic review of available data regarding the TCC of RSOV principally comprising case series and case reports. Although TCC seems a good option, precise patient selection is mandatory.
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Introduction

Sinus of Valsalva aneurysm (SOVA) is an uncommon heart defect with an estimated prevalence of 0.2%–0.9% in cardiac surgery patients (1). SOVA can be divided into congenital and acquired categories based on its etiology. Congenital SOVA, which is more prevalent in male Asians (2), arises from the aberrant development of the bulbus cordis (3). Accompanying anomalies, such as ventricular septal defect, aortic insufficiency, and bicuspid aortic valve, are also frequently detected in congenital SOVA. Acquired SOVA can be associated with previous surgeries, atherosclerosis, endocarditis, syphilis, and other injuries (3, 4).

High-pressure flow in the proximal aorta, accompanied by the congenital or acquired weakness of the aortic wall, can form SOVA. The aneurysmal sinus can then rupture into an adjacent heart chamber, creating ruptured sinus of Valsalva (RSOV). The right, left, and non-coronary sinuses are, respectively, adjacent to the interventricular septum, the left ventricular free wall, and the interatrial septum (5). These proximities can explain the detection of each rupture root based on the SOVA origin.

SOVA predominantly occurs in the right coronary sinus (70%). SOVA usually remains asymptomatic prior to a rupture into adjacent structures. The rupture results in communication between the aorta and a heart chamber, leading to progressive heart failure (6). If left untreated, patients with RSOV have poor prognoses and high mortality rates, necessitating prompt interventions to close the ruptured fistula (7, 8).

The standard treatment for RSOV has been surgical repair. Nonetheless, increasing evidence suggests that the transcatheter closure (TCC) of RSOV is a viable, less invasive alternative (9). Studies regarding the TCC of RSOV are limited to case reports and case series, and large-scale clinical trials have yet to be performed (6). Conducting a systematic review of the existing evidence on the TCC of RSOV is crucial to attaining a comprehensive understanding of this treatment, and it should encompass patient characteristics, anatomic features of the lesion, types of devices employed, and potential complications. Such knowledge can enhance patient selection and confer deeper insights into potential outcomes.

The present study is a review of the current literature on the TCC of RSOV through an assessment of a summary of all relevant case series and case reports.



Methods


Search profile

This systematic review was conducted according to the latest Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (10). On July 12, 2022, we performed a broad systematic search in the Scopus, PubMed, and Embase electronic databases. The main search terms were “Sinus of Valsalva”, “Rupture/Aneurysm”, and “Transcatheter/Catheter/Device”. The search syntax of each database is reported in Supplementary Table S1. Our search was limited to articles in the English language. All clinical studies, composed of original articles, case series, case reports, and letters to the editor, were retrieved. Additionally, references were searched for further related studies.



Study selection

The investigations selected were clinical studies on pediatric or adult patients with RSOV or SOVA and case reports or case series with TCC as the treatment strategy.

The investigations excluded were animal studies, review articles, commentaries, editorials, and conference articles. Also excluded were studies with overlapping patients. (Newer investigations with more patients were included in this case, and previous studies were excluded.) Additionally, studies where the intervention attempt was unsuccessful in the cath lab resulting in referral for surgery and investigations where RSOV was caused by previous interventions or endocarditis were excluded.



Data collection

The search results were screened based on the relevance of their abstracts and titles. The full text of the selected studies was obtained. Two independent authors (AA and NT) further assessed the included studies based on the inclusion criteria. The reviewers consulted a senior author (AH) to achieve a consensus in the event of differing opinions. The studies that seemed to report overlapping cases were excluded. The selected articles are sorted in Table 1 based on study type and year. The authors identified 15 main variables from the final articles: the name of the author, the year of publication, the type of study, the location of the study, the number of studied patients, the study population's mean age, the studied patients' gender, defect sizes and defect sites, occluder device types and sizes, follow-up durations, complications, accompanying lesions, and success rates.


TABLE 1 Characteristics of the studies included in the present study.
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Search results

A report of the search results based on the PRISMA guideline is presented in Figure 1. Our search in the 3 databases yielded 437, 273, and 307 articles from PubMed, Scopus, and Embase, respectively. The removal of duplicates left 668 articles. Another 530 studies were excluded based on our title and abstract relevance criterion. Afterward, the full texts of the remaining 138 articles were obtained, and their reference lists were searched for further related studies, leading to the addition of 2 new articles. Despite multiple attempts to contact both the author and the journal, obtaining the full text of 1 article proved impossible. Then, full-text reviews of the selected articles excluded another 46 investigations based on our inclusion criteria (Supplementary Table S2).


[image: Figure 1]
FIGURE 1
The image depicts the present study's systematic review PRISMA flow diagram describing database searches, title/abstracts screenings, and full-text assessments.


Ultimately, the current review was conducted on 94 articles: 23 case series and 71 case reports. The included articles are summarized in Table 1, with the case report combined in the last row. A complete list of the included case reports is available in (Supplementary Table S3).




Results

The current study reviewed 94 articles presenting 407 cases, 377 adults, and 30 pediatric patients (<18 y/o). Males accounted for about 65% of the studied patients, with an average age of 34.5 years.

A summary of the patients' symptoms is presented in Table 2. Totally, 368 patients (90.2%) reported symptoms, the most prevalent of which were dyspnea [n = 150 (37.3%)], chest pain [n = 65 (16%)], palpitations [n = 65 (16%)], lower extremity edema [n = 50 (12.3%)], and fatigue [n = 20 (4.9%)]. Ruptures were unexpectedly discovered during imaging in 36 asymptomatic individuals (8.8%). Records of the New York Heart Association functional class were available on 311 patients: class I in 44 patients (10.8%), class II in 115 (28.3%), class III in 111 (27.3%), and class IV in 41 (10.1%).


TABLE 2 Symptoms of patients with ruptured sinus of valsalva undergoing transcatheter closure.
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The origin and insertion sites of the RSOV fistula are depicted in Figure 2. Most ruptures [n = 251 (61.7%)] originated from the right coronary sinus, and 152 ruptures (37.3%) originated from the non-coronary sinus. The left coronary sinus was rarely the origin [n = 4 (1.0%)]. A wide range of defect sizes was reported in the literature, from 3 mm to 17 mm (aortic opening size). The most common opening site of ruptures was the right atrium [n = 211 (51.8%)], followed by the right ventricle [n = 189 (46.4%)].


[image: Figure 2]
FIGURE 2
The image illustrates the prevalence of the origin and insertion sites of the ruptured fistula in RSOV patients who underwent TCC. RSOV, ruptured sinus of valsalva; TCC, Transcatheter closure; RCS, (right coronary sinus; LCS, left coronary sinus; NCS, non-coronary sinus; RA, right atrium; RV, right ventricle; LA, left atrium; PA, pulmonary artery; NR, not reported.


The selection criteria for TCC were reported in 256 cases. The most common criterion reported for 77% of the cases was the lack of associated cardiac anomalies (other than RSOV) requiring surgery. All the studied patients underwent the TCC of RSOV with a total success rate of 95.6%. Multiple device types were utilized for RSOV closure (Table 3). Patent ductus arteriosus (PDA) occluders were the devices most frequently utilized for the intervention [n = 172 (41.7%)], followed by the Amplatzer Ductal Occluder [n = 85 (20.6%)]. Device size was based on the size of the defect assessed by transesophageal echocardiography (TEE) or other imaging modalities.


TABLE 3 Frequency and prevalence of device types utilized in the transcatheter closure of ruptured sinus of valsalva.
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Significant complications were reported in 49 patients (12%) (Table 4). Residual shunts were reported in 61 patients (15%); still, they were resolved in most cases, with only 6 patients having significant remaining shunts. A new onset or progression of aortic insufficiency, followed by device embolization, was reported in 22 patients (5.4%); nevertheless, only 7 patients (1.7%) had moderate or severe insufficiency. Other notable complications were recurrence [n = 6 (1.5%)], hemolysis [n = 5 (1.2%)], and device embolization [n = 4 (1%)]. Post-intervention mortality was reported in only 2 patients.


TABLE 4 Prevalence of reported complications in the transcatheter closure of ruptured sinus of valsalva.
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Discussion

Performing the TCC of RSOV rather than surgical treatment has been dramatically favored since its introduction in 1994. However, a comprehensive guideline on the indications, patient selection, choice of imaging modalities, device selection, and complication prevention is still lacking.

Our current review of the literature on TCC yielded 407 patients undergoing the TCC of RSOV at a mean age of 34.5 years old. The most reported symptoms were dyspnea, chest pain, and palpitations. Most SOVA cases originated from the right coronary sinus, and the right atrium was the most common rupture insertion site. PDA occluders were utilized for almost one-third of the studied patients. Complications were reported in only 12% of the cases, with aortic insufficiency and residual shunting accounting for the majority of these complications.


Signs and symptoms

Patients with unruptured SOVA are often symptom-free, whereas a rupture into a heart chamber can significantly change hemodynamics and create severe symptoms (15). Dyspnea, palpitations, chest pain, fatigue, and peripheral edema are the most frequently reported symptoms after SOVA rupture. The onset of these symptoms can be acute or gradual (3, 101).

The pressure difference between the aorta and the low-pressure heart chamber causes continuous machinery murmurs, frequently heard in patients with RSOV. The murmurs become more intense when a fistula grows more prominent (102).



TCC vs. Surgical Closure

Since the first reported case of the TCC of RSOV in 1994, mounting evidence (mostly case reports and a small number of case series) has indicated the effectiveness of TCC as a potential alternative to surgical intervention. TEE proves its effectiveness during the intervention by providing live visualization of cardiac structures, especially the aortic valve. Multiple imaging modalities have made percutaneous approaches a more feasible treatment option than open-heart surgery. Still, surgical intervention is unavoidable in RSOV cases with accompanying heart defects, infections, arrhythmias, or outflow tract obstruction. Moreover, prompt surgery might become necessary when TCC results in major complications, such as significant residual shunts, aortic insufficiency, and device embolization.



Patient selection for TCC

Precise patient selection criteria are critical before TCC. Xiao et al. (15) considered patients to have TCC if they have a body weight exceeding 10 kg, if the non-coronary sinus or the right coronary sinus is the origin of the defect rupturing into the right ventricle or the right atrium, if the defect size is less than 10 mm, if RSOV does not affect the aortic valve and has more than a 7 mm distance from the annulus of the aortic valve, if a gap of more than 5 mm exists between the ostium of the right coronary sinus and the ruptured site, and if surgery is needed in the absence of other cardiac anomalies.

Lui et al. (22) also suggested that RSOV patients with a European System for Cardiac Operative Risk Evaluation II (EuroSCORE II) score exceeding 20% would benefit from TCC. Nevertheless, controversy remains over the indications for TCC in patients with RSOV since this method is new and the prevalence of RSOV is low. Further studies are, therefore, required to validate the indications or contraindications of TCC in patients with RSOV (11).



Imaging

Although there are no stringent guidelines on RSOV imaging modalities, recent studies have proposed a multimodality imaging approach to RSOV (103, 104).

Transthoracic echocardiography (TTE) is the first-line modality for diagnosing RSOV (104). A primary TTE examination can detect aortic root dilation at the level of the Valsalva sinus (7) and assess the RSOV dimension.

Color Doppler echocardiography can visualize the blood flow through the RSOV fistula from the aorta into a heart chamber (105).

TEE provides higher-resolution images due to its proximity to the heart and the thoracic aorta. During corrective interventions, TEE can visualize RSOV (106). Further, the relative accuracy of TEE in defect sizing has reduced the need for balloon occlusive diameter methods during TCC (107).

Multidetector computed tomography and cardiac magnetic resonance imaging (CMR) can assess the aorta fully by forming a 3D reconstruction. Multidetector computed tomography or CMR are also capable of determining the dimensions, morphology, and complications of RSOV.

Electrocardiogram-gated CT or CMR can augment imaging accuracy by controlling motion artifacts (108, 109).

Invasive transcatheter angiography is occasionally necessary to differentiate RSOV from other coronary disorders (7).



Transcatheter occluder devices

The first case of the TCC of RSOV was performed utilizing a Rashkind Umbrella via an arterial approach (110). However, the transvenous approach has been performed more frequently because of its higher maneuverability and easier access to the Valsalva sinus. Recent decades have seen the use of other devices, including Amplatzer ductal occluders, PDA occluders, muscular ventricular septal defect occluders, septal occluders, and coils, depending on the anatomy of the defect.

Amplatzer-type ductal occluder devices have been in frequent use due to the conformity of their shape with RSOV morphology (20). Some studies have reported a preference for PDA occluder use. Other than the characteristics of the defect, the interventionist's familiarity with the device, the availability of the device, and financial concerns are taken into consideration in device selection (111).



Summary of the procedure

TCC involves creating an arteriovenous loop by passing a Judkins right coronary catheter from the ascending aorta through the defect into the right atrium or the right ventricle with the aid of an angled-tip guidewire (25, 110). The guidewire is, then, exchanged for a long guidewire, and a gooseneck snare is introduced through venous access to snare the long guidewire in the right atrium or the pulmonary artery with a view to avoiding entrapment and damage to the chordae tendineae of the tricuspid valve, which could result in postprocedural tricuspid regurgitation. Subsequently, a long wire is exteriorized from venous access to form a stable arteriovenous loop crossing the RSOV. Thereafter, a delivery sheath is introduced through the femoral vein and is negotiated from the RSOV to the ascending aorta while precaution is taken to avoid damage to the surrounding tissues, causing heart blocks or defect dilation (111). In the next step, an appropriate-sized device is selected and connected to a delivery cable. The device is inserted through this sheath, and the aortic disk is opened in the aorta. Next, the delivery sheath and the delivery cable are pulled back so that the disk closes the aortic side of the RSOV. After the confirmation of the appropriate placement, the other disk is deployed in the associated right chamber (110, 112).

It is essential to assess all the steps of the procedure with intraprocedural TEE for the confirmation of the complete blockade of the shunt. Possible residual shunting, aortic regurgitation, tricuspid regurgitation, and other possible procedural complications should also be assessed following complete device emplacement.



Complications

Although shown to be effective, the TCC of RSOV can be associated with severe complications on rare occasions. Possible complications can be prevented or readily addressed through efficient measures. A summary of reported complications is presented in Table 4.

The new onset or progression of an existing aortic regurgitation is the most critical complication in the TCC of RSOV. Aortic insufficiency can be due to traction on the aortic valve annulus or an aortic valve injury during the procedure. In cases of severe aortic insufficiency, surgical intervention is unavoidable.

Compression of the coronary arteries after device insertion can also be a life-threatening complication, which can be avoided by visualizing coronary artery flow during the intervention via angiography. A new-onset ST depression after device implantation can also be due to coronary artery compression. If left undetected, the condition could cause myocardial infarction (109). Embolization of the occluder device can also be a possible complication. Glaceza et al. (109) reported the embolization of undersized devices in 3 cases; they were, however, able to retrieve the migrated devices percutaneously.

Hemolysis is also a rare complication of TCC caused by the inserted device (46).

In rare situations, disturbances in the conduction pathways might result in arrhythmias, including atrioventricular or bundle branch blocks. These blocks are caused by possible traction or compressions on conductive pathways. Later inflammations could also be a cause of these arrhythmias (112).

As with any percutaneous intervention, complications associated with catheterization sites, including atrioventricular fistulae, hematoma, and bleeding events, are also possible.



Limitations

The lack of large-scale studies and clinical trials was the principal limitation of the present study.




Conclusions

RSOV is a rare pathology, and scarce data are available in the literature. The TCC of RSOV is a practical approach with acceptable safety and a high success rate. Most of the data reviewed in the present study were based on expert opinion, case reports, and case series. Hence, large-scale clinical trials/cohorts with extended follow-up periods are needed for elucidation.



Author contributions

Original Draft: AA and FM; Review and Editing: AA and AH; Data Collection: NT, AH, and AA; Supervision: AH and KH; Conceptualization: AH, KH and NT. All authors contributed to the article and approved the submitted version.



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.2023.1227761/full#supplementary-material



References

1. Chu S-H, Hung CR, How SS, Chang H, Wang SS, Tsai C-H, et al. Ruptured aneurysms of the sinus of valsalva in oriental patients. J Thorac Cardiovasc Surg. (1990) 99(2):288–98. doi: 10.1016/S0022-5223(19)37013-8

2. Chang C-W, Chiu SN, Wu ET, Tsai SK, Wu MH, Wang JK. Transcatheter closure of a ruptured sinus of valsalva aneurysm. Circ J. (2006) 70(8):1043–7. doi: 10.1253/circj.70.1043

3. Ott DA. Aneurysm of the sinus of valsalva. Seminars in thoracic and cardiovascular surgery. Pediatr Card Surg Annu. (2006):165–76. doi: 10.1053/j.pcsu.2006.02.014

4. Van Son JA, Danielson GK, Schaff HV, Orszulak TA, Edwards WD, Seward JB. Long-term outcome of surgical repair of ruptured sinus of valsalva aneurysm. Circulation. (1994) 90:II-20.

5. Silver MA, Roberts WC. Detailed anatomy of the normally functioning aortic valve in hearts of normal and increased weight. Am J Cardiol. (1985) 55(4):454–61. doi: 10.1016/0002-9149(85)90393-5

6. Weinreich M, Yu PJ, Trost B. Sinus of valsalva aneurysms: review of the literature and an update on management. Clin Cardiol. (2015) 38(3):185–9. doi: 10.1002/clc.22359

7. Serban AM, Batrâna N, Cocoi M, Ianoş R, Moț Ş, Kovacs E, et al. The role of echocardiography in the diagnosis and management of a giant unruptured sinus of valsalva aneurysm. Med Ultrason. (2019) 21(2):194–6. doi: 10.11152/mu-1741

8. Bass D, Tivakaran VS. Sinus of valsalva aneurysm. In: Statpearls. Treasure Island (FL): StatPearls Publishing (2023).

9. Kuriakose EM, Bhatla P, McElhinney DB. Comparison of reported outcomes with percutaneous versus surgical closure of ruptured sinus of valsalva aneurysm. Am J Cardiol. (2015) 115(3):392–8. doi: 10.1016/j.amjcard.2014.11.013

10. Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. Ann Intern Med. (2009) 151(4):264–9. doi: 10.7326/0003-4819-151-4-200908180-00135

11. Yang K, Luo X, Tang Y, Hu H, Sun H. Comparison of clinical results between percutaneous closure and surgical repair of ruptured sinus of valsalva aneurysm. Catheter Cardiovasc Interv. (2021) 97(3):E354–61. doi: 10.1002/ccd.29216

12. Galeczka M, Glowacki J, Yashchuk N, Ditkivskyy I, Rojczyk D, Knop M, et al. Medium- and long-term follow-up of transcatheter closure of ruptured sinus of valsalva aneurysm in central Europe population. J Cardiol. (2019) 74(4):381–7. doi: 10.1016/j.jjcc.2019.03.012

13. Samson N, Varghese L, George O, Joseph G, George P, Roshan J. Trans-catheter device closure of ruptured sinus of valsalva aneurysms using PDA occluder devices. J Clin Diagn Res. (2019) 13(10):OC01–4.

14. Yang K, Wei MD, Geng WL, Hu HB, Xu ZY, Zhang GJ, et al. Safety and efficacy of percutaneous closure of ruptured sinus of valsalva aneurysm. EuroIntervention. (2018) 14(12):e1288–94. doi: 10.4244/EIJ-D-18-00294

15. Xiao JW, Wang QG, Zhang DZ, Cui CS, Han X, Zhang P, et al. Clinical outcomes of percutaneous or surgical closure of ruptured sinus of valsalva aneurysm. Congenit Heart Dis. (2018) 13(2):305–10. doi: 10.1111/chd.12572

16. Awasthy N, Tomar M, Radhakrishnan S, Shrivastava S. Unconventional uses of septal occluder devices: our experience reviewed. Indian Heart J. (2015) 67(2):128–35. doi: 10.1016/j.ihj.2015.02.028

17. Sinha SK, Khanna NN, Razi M, Krishna V, Jha MJ, Mishra V, et al. Safety and feasibility of transcatheter interruption of ruptured sinus of valsalva aneurysm using the cocoon duct occluder: immediate results and mid-term follow-up. Cardiol Res. (2017) 8(4):154–60. doi: 10.14740/cr568w

18. Mahimarangaiah J, Chandra S, Subramanian A, Srinivasa KH, Usha MK, Manjunath CN. Transcatheter closure of ruptured sinus of valsalva: different techniques and mid-term follow-up. Catheter Cardiovasc Interv. (2016) 87(3):516–22. doi: 10.1002/ccd.26107

19. Sinha SC, Sujatha V, Mahapatro AK. Percutaneous transcatheter closure of ruptured sinus of valsalva aneurysm: immediate result and long-term follow-up. Int J Angiol. (2015) 24(2):99–104. doi: 10.1055/s-0034-1396948

20. Tong S, Zhong L, Liu J, Yao Q, Guo Y, Shu M, et al. The immediate and follow-up results of transcatheter occlusion of the ruptured sinus of valsalva aneurysm with duct occluder. J Invasive Cardiol. (2014) 26(2):55–9.

21. Fang ZF, Huang YY, Tang L, Hu XQ, Shen XQ, Tang JJ, et al. Long-term outcomes of transcatheter closure of ruptured sinus valsalva aneurysms using patent ductus arteriosus occluders. Circ J. (2014) 78(9):2197–202. doi: 10.1253/circj.CJ-14-0106

22. Liu S, Xu X, Zhao X, Chen F, Bai Y, Li W, et al. Percutaneous closure of ruptured sinus of valsalva aneurysm: results from a multicentre experience. EuroIntervention. (2014) 10(4):505–12. doi: 10.4244/EIJV10I4A87

23. Guan L, Zhou D, Zhang F, Pan W, Dong L, Chen H, et al. Percutaneous device closure of ruptured sinus of valsalva aneurysm: a preliminary experience. J Invasive Cardiol. (2013) 25(10):492–6.

24. Li Y, Wang GY, Wang ZF, Guo L. Preliminary experience using transthoracic echocardiography guiding percutaneous closure of ruptured right sinus of valsalva aneurysm. Chin Med J. (2011) 124(10):1477–82. doi: 10.3760/cma.j.issn.0366-6999.2011.10.007

25. Kerkar PG, Lanjewar CP, Mishra N, Nyayadhish P, Mammen I. Transcatheter closure of ruptured sinus of valsalva aneurysm using the amplatzer duct occluder: immediate results and mid-term follow-up. Eur Heart J. (2010) 31(23):2881–7. doi: 10.1093/eurheartj/ehq323

26. Sivadasanpillai H, Valaparambil A, Sivasubramonian S, Mahadevan KK, Sasidharan B, Namboodiri N, et al. Percutaneous closure of ruptured sinus of valsalva aneurysms: intermediate term follow-up results. EuroIntervention. (2010) 6(2):214–9. doi: 10.4244/EIJV6I2A34

27. Sen S, Chattopadhyay A, Ray M, Bandyopadhyay B. Transcatheter device closure of ruptured sinus of valsalva: immediate results and short term follow up. Ann Pediatr Cardiol. (2009) 2(1):79–82. doi: 10.4103/0974-2069.52817

28. Szkutnik M, Kusa J, Glowacki J, Fiszer R, Bialkowski J. Transcatheter closure of ruptured sinus of valsalva aneurysms with an amplatzer occluder. Rev Esp Cardiol. (2009) 62(11):1317–21. doi: 10.1016/S0300-8932(09)73084-2

29. Zhao SH, Yan CW, Zhu XY, Li JJ, Xu NX, Jiang SL, et al. Transcatheter occlusion of the ruptured sinus of valsalva aneurysm with an amplatzer duct occluder. Int J Cardiol. (2008) 129(1):81–5. doi: 10.1016/j.ijcard.2007.06.022

30. Arora R, Trehan V, Rangasetty UM, Mukhopadhyay S, Thakur AK, Kalra GS. Transcatheter closure of ruptured sinus of valsalva aneurysm. J Interv Cardiol. (2004) 17(1):53–8. doi: 10.1111/j.1540-8183.2004.01714.x

31. Mumtaz ZA, Sagar P, Rajendran M, Sivakumar K. Transcatheter versus surgical closure of acute ruptured Sinus of valsalva aneurysms with associated ventricular septal defects. Pediatr Cardiol. (2022) 43(7):1494–501. doi: 10.1007/s00246-022-02873-5

32. Abidin N, Clarke B, Khattar RS. Percutaneous closure of ruptured sinus of valsalva aneurysm using an amplatzer occluder device. Heart. (2005) 91(2):244. doi: 10.1136/hrt.2004.041046

33. Agrawal G, Agarwal M, Chintala K. Transcatheter closure of ruptured sinus of valsalva aneurysm in a pregnant woman. J Cardiol Cases. (2015) 12(6):183–7. doi: 10.1016/j.jccase.2015.08.001

34. Ahmed K, Munawar M, Chakraborty R, Hartono B, Yusri A. Device sizing for transcatheter closure of ruptured sinus of valsalva as per echocardiography color Doppler turbulent flow jet diameter. Cardiovasc Intervention Ther. (2015) 30(1):92–6. doi: 10.1007/s12928-014-0257-5

35. Al-Senaidi KS, Al-Farqani A, Maddali M, Al-Maskary S. Transcatheter closure of ruptured sinus of valsalva aneurysm: report of two cases. Sultan Qaboos Univ Med J. (2016) 16(4):e511–5. doi: 10.18295/squmj.2016.16.04.020

36. Altekin ER, Yilmaz H, Küçük M, Demir I. Percutaneous treatment of a ruptured sinus valsalva aneurysm with double orifices. Turk Kardiyol Dern Ars. (2013) 41(1):59–63. doi: 10.5543/tkda.2013.58812

37. Altekin RE, Serkan Karakas M, Er A, YanIkoglu A, Ozbek S, Yilmaz H. Percutaneous closure of ruptured sinus of valsalva aneursym with amplatzer ductal occluder. Acta Cardiol. (2011) 66(5):657–60. doi: 10.1080/AC.66.5.2131095

38. Ari H, Çamci S, Ari S, Kinik M, Melek M. Percutaneous transcatheter closure of ruptured sinus of valsalva aneurysm. Turk Kardiyol Dern Ars. (2019) 47(6):498–502. doi: 10.5543/tkda.2018.80170

39. Aroney N, Putrino A, Scalia G, Walters D. 3D Printed cardiac fistula: guiding percutaneous structural intervention. Catheter Cardiovasc Interv. (2018) 92(7):E478–80. doi: 10.1002/ccd.27786

40. Asmarats L, Bethencourt A, Rodríguez A, Noris M, Maristany J, Grau A, et al. Ruptured sinus of valsalva aneurysm: a reversible cause of suprasystemic pulmonary hypertension. Rev Port Cardiol. (2022) 41(2):177.e1–e4. doi: 10.1016/j.repc.2018.10.016

41. Bialkowski J, Akdeniz C, Celebi A. Transcatheter closure in two rare cases of left-to-right shunt with cardio-O-fix occluders. Cardiol Young. (2012) 22(1):96–9. doi: 10.1017/S1047951111000680

42. Bijulal S, Harikrishnan S, Ajitkumar VK. Nonsurgical closure of recurrent rupture of sinus of valsalva aneurysm in the presence of aortic prosthesis. J Invasive Cardiol. (2009) 21(3):E42–3.

43. Capogrosso C, Santoro G, Giordano M, Russo M. Transcatheter closure of postsurgical ruptured sinus of valsalva with amplatzer duct occluder II AS™ device. Ann Pediatr Cardiol. (2018) 11(1):86–8. doi: 10.4103/apc.APC_38_17

44. Chen F, Li SH, Qin YW, Li P, Liu SX, Dong J, et al. Transcatheter closure of giant ruptured sinus of valsalva aneurysm. Circulation. (2013) 128(1):e1–3. doi: 10.1161/CIRCULATIONAHA.112.113365

45. Cui W, Van Bergen AH, Patel D, Javois AJ, Roberson DA. Transcatheter closure of ruptured sinus of valsalva aneurysm and secundum atrial septal defect with limited inferior rim. Echocardiography. (2008) 25(2):208–13. doi: 10.1111/j.1540-8175.2007.00563.x

46. Cullen S, Somerville J, Redington A. Transcatheter closure of a ruptured aneurysm of the sinus of valsalva. Br Heart J. (1994) 71(5):479–80. doi: 10.1136/hrt.71.5.479

47. Deore RA, Hiremath MS. Transcatheter intervention for ruptured sinus of valsalva aneurysm and coarctation of aorta with bicuspid aortic valve. IHJ Cardiovasc Case Rep. (2022) 6(2):80–2. doi: 10.1016/j.ihjccr.2022.03.006

48. Dhawan S, Tak T. Surgical correction of a massive unruptured sinus of valsalva aneurysm [1]. Cardiology. (2004) 102(2):104–5. doi: 10.1159/000077913

49. Dobarro D, Recalde ÁS, Reyes RM. Severe aortic regurgitation after the closure of a ruptured congenital aneurysm of sinus of valsalva with an amplatzer device. EuroIntervention. (2010) 6(3):426–7. doi: 10.4244/EIJV6I3A71

50. Fedson S, Jolly N, Lang RM, Hijazi ZM. Percutaneous closure of a ruptured sinus of valsalva aneurysm using the amplatzer duct occluder. Catheter Cardiovasc Interv. (2003) 58(3):406–11. doi: 10.1002/ccd.10401

51. Gaio G, Santoro G, Iacono C, Carrozza M, Cappelli Bigazzi M, Giovanna Russo M, et al. Non-surgical treatment of ruptured sinus of valsalva aneurysm. Int J Cardiol. (2006) 113(2):E44–5. doi: 10.1016/j.ijcard.2006.07.041

52. Gioia G, Zheng J, Ray A, Gioia M. Perforated Sinus of valsalva (PSOV) aneurysm closure with a muscular VSD occluder. Cardiovasc Revasc Med. (2014) 15(3):165–70. doi: 10.1016/j.carrev.2013.09.002

53. Gong X, Wang J, Wei L, Zhao T, Hu S. Case report: transcatheter closure of ruptured Sinus of valsalva with ventricular septal defect occluder in a 3-year-old child after repair of ventricular septal defect. Front Pediatr. (2021) 9:751163. doi: 10.3389/fped.2021.751163

54. Hajizeinali A, Hosseinsabet A. Percutaneous device closure of a ruptured aortic sinus of valsalva aneurysm in a patient with a mechanical bileaflet aortic valve. Turk Kardiyol Dern Ars. (2019) 47(3):243. doi: 10.5543/tkda.2018.91650

55. Ilkay E, Çelebi Ö, Kaçmaz F, Pampal K. Retrograde approach for percutaneous closure in a patient with ruptured sinus of valsalva. Turk Kardiyol Dern Ars. (2014) 42(8):759–62. doi: 10.5543/tkda.2014.45202

56. Jayaranganath M, Subramanian A, Manjunath CN. Retrograde approach for closure of ruptured sinus of valsalva. J. Invasive Cardiol. (2010) 22(7):343–5.

57. Jenab Y, Hosseinsabet A, Vaskelyte L, Hosseini K. Platypnoea-orthodeoxia syndrome after percutaneous treatment of ruptured sinus valsalva complicated by SARS-cov-2 pneumonia: a case report. Eur Heart J. (2021) 5(5):1–4. doi: 10.1093/ehjcr/ytab176

58. Karlekar SM, Bhalghat P, Kerkar PG. Complete heart block following transcatheter closure of ruptured sinus of valsalva aneurysm. J. Invasive Cardiol. (2012) 24(12):E314–7.

59. Kerkar P, Suvarna T, Burkule N, Panda R. Transcatheter closure of ruptured sinus of valsalva aneurysm using the amplatzer duct occluder in a critically ill post-CABG patient. J. Invasive Cardiol. (2007) 19(6):E169–71.

60. Kern MC, Janardhanan R, Kelly T, Fox KA, Klewer SE, Seckeler MD. Multimodality imaging for diagnosis and procedural planning for a ruptured sinus of valsalva aneurysm. J Cardiovasc Comput Tomogr. (2020) 14(6):e139–42. doi: 10.1016/j.jcct.2019.09.018

61. Khan MA, Al Kalaf K, Al Otay AM, Momenah TS. Images of percutaneous closure of ruptured sinus of valsalva. Pediatr Cardiol. (2015) 36(6):1308–9. doi: 10.1007/s00246-015-1149-x

62. Khoury A, Khatib I, Halabi M, Lorber A. Transcatheter closure of ruptured right-coronary aortic sinus fistula to right ventricle. Ann Pediatr Cardiol. (2010) 3(2):178–80. doi: 10.4103/0974-2069.74052

63. Kumar B, Kodliwadmath A, Gore P, Chauhan G, Upadhyay AN, Darbari A, et al. Acute left ventricular systolic dysfunction following device closure of ruptured Sinus of valsalva aneurysm. JACC Case Rep. (2022) 4(3):121–7. doi: 10.1016/j.jaccas.2021.09.004

64. Kumar GA, Parimala PS, Jayaranganath M, Jagadeesh AM. Three-dimensional transesophageal echocardiography-guided transcathetar closure of ruptured non-coronary sinus of valsalva aneurysm. Ann Card Anaesth. (2017) 20(Supplement):S73–5. doi: 10.4103/0971-9784.197807

65. Kursaklioglu H, Barçin C, Baysan O, Iyisoy A, Celik T, Köse S. Transcatheter closure of a ruptured sinus valsalva via retrograde approach. Anadolu Kardiyol Derg. (2011) 11(3):271–2. doi: 10.5152/akd.2011.065

66. Mahajan K, Asotra S, Negi P, Merwaha R. Successful device closure of a ruptured sinus of valsalva aneurysm presenting with acute heart failure. BMJ Case Rep. (2015) 2015:bcr2015212883. doi: 10.1136/bcr-2015-212883

67. Mahimarangariah J, Kikkeri HS, Rai KM, Nanjappa MC. Combined transcatheter device closure of ruptured sinus of valsalva and a post-surgical residual ventricular septal defect. Catheter Cardiovasc Interv. (2013) 82(6):E803–8. doi: 10.1002/ccd.24889

68. Mandel L, Gakhal M, Hopkins J. Percutaneous closure of recurrent non-coronary sinus of valsalva aneurysm rupture: utility of computed tomography in procedural planning. J. Invasive Cardiol. (2010) 22(7):336–8.

69. Manuel DA, Lahiri A, George OK. Transcatheter closure of ruptured sinus of valsalva to left ventricle. Ann Pediatr Cardiol. (2016) 9(1):72–4. doi: 10.4103/0974-2069.171386

70. Mehta NK, Mishra N, Kerkar P. Percutaneous closure of ruptured sinus of valsalva aneurysm and atrial septal defect. J Invasive Cardiol. (2010) 22(5):E82–85.

71. Mithani AA, Polimenakos AC, Santucci BA. Ruptured sinus of valsalva found incidentally in a patient with tetralogy of fallot. Pediatr Cardiol. (2013) 34(8):1914–7. doi: 10.1007/s00246-012-0457-7

72. Mohan Maddali M, Nasser Al-Maskari S, Al-Farqani A. Real-Time three-dimensional transesophageal echocardiography in multiple-device closure of a ruptured sinus of valsalva aneurysm. J Cardiothorac Vasc Anesth. (2015) 29(4):e45–6. doi: 10.1053/j.jvca.2014.10.025

73. Naeim HA, Khedr L, Mahmoud A, Saeed W, Taha EA, Abuelatta R. Percutaneous closure of ruptured non-coronary sinus of valsalva to right atrium causing severe right heart failure, a case report. J Cardiol Cases. (2020) 21(2):71–4. doi: 10.1016/j.jccase.2019.10.005

74. Narin N, Özyurt A, Baykan A, Üzüm K. Transcatheter closure of ruptured sinus valsalva aneurysm with retrograde approach. Turk Kardiyol Dern Ars. (2014) 42(3):299–301. doi: 10.5543/tkda.2014.94658

75. Nişli K, Karaca S, Aydoğan Ü. Transcatheter closure of ruptured sinus of valsalva aneurysm using symmetrical perimembraneous VSD device. Anatol J Cardiol. (2016) 16(5):E10. doi: 10.14744/AnatolJCardiol.2016.7044

76. O H-Icí D, Malergue MC, Garot J, Piéchaud JF. Sinus of valsalva rupture: percutaneous closure with real-time 3-dimensional echocardiography. J Am Coll Cardiol. (2010) 56(16):1351. doi: 10.1016/j.jacc.2010.01.074

77. Onorato E, Casilli F, Mbala-Mukendi M, Perlasca E, Santoro F, Bortone F, et al. Sudden heart failure due to a ruptured posterior valsalva sinus aneurysm into the right atrium: feasibility of catheter closure using the amplatzer duct occluder. Ital Heart J. (2005) 6(7):603–7.

78. Pahwa JS, Verma G, Phadke MS, Lanjewar CP, Kerkar PG. Simultaneous transcatheter closure of ruptured sinus of valsalva aneurysm and stent implantation for aortic coarctation. Indian Heart J. (2015) 67:S81–4. doi: 10.1016/j.ihj.2015.09.024

79. Palma A, Silva PV, Pires A. Percutaneous management of a ruptured sinus of valsalva aneurysm in an infant. Cardiol Young. (2021) 31(8):1363–5. doi: 10.1017/S1047951121000652

80. Rao PS, Bromberg BI, Jureidini SB, Fiore AC. Transcatheter occlusion of ruptured sinus of valsalva aneurysm: innovative use of available technology. Catheter Cardiovasc Interv. (2003) 58(1):130–4. doi: 10.1002/ccd.10394

81. Rittger H, Gundlach U, Koch A. Transcatheter closure of ruptured sinus of valsalva aneurysm into the right ventricle with an amplatzer vascular plug II. Catheter Cardiovasc Interv. (2015) 85(1):166–9. doi: 10.1002/ccd.25382

82. Sabiniewicz R, Meyer-Szary J, Siondalski P, Kolaczkowska M, Galaska R. Thrombus in the aorta late complication after percutaneous closure of ruptured sinus of valsalva aneurysm. JACC Cardiovasc Interv. (2015) 8(13):e217–9. doi: 10.1016/j.jcin.2015.06.024

83. Sabiniewicz R, Wozniak L, Potaz P, Mielczarek M, Ciecwierz D. First report of transcatheter closure of a ruptured sinus of valsalva aneurysm using the nit-occlud Le VSD occluder. Kardiol Pol. (2017) 75(1):82. doi: 10.5603/KP.2017.0007

84. Santoro G, Pacileo G, Bigazzi MC, Russo MG, Caianiello G, Calabrò R. Transcatheter closure of ruptured sinus of valsalva aneurysm causing fontan circulation failure. J Cardiovasc Med. (2007) 8(6):470–2. doi: 10.2459/01.JCM.0000269713.10565.91

85. Sarupria A, Kapoor PM, Makhija N, Kiran U. Trans-esophageal echocardiography: an indispensible guide for transcatheter device closure of ruptured sinus of valsalva aneurysm. Ann Card Anaesth. (2012) 15(2):156–7. doi: 10.4103/0971-9784.95081

86. Satilmiş S, Bozbeyoglu E, Ertaş G, Yildirimtürk O, Yildirim A. Transcatheter closure of sinus of valsalva aneurysm rupture in a young patient. Postepy Kardiol Interwencyjnej. (2013) 9(4):390–1. doi: 10.5114/pwki.2013.38870

87. Schaeffler R, Sarikouch S, Peuster M. Transcatheter closure of a ruptured sinus of valsalva aneurysm (RSVA) after aortic valve replacement using the amplatzer muscular VSD occluder. Clin Res Cardiol. (2007) 96(12):904–6. doi: 10.1007/s00392-007-0573-1

88. Shen QS, Deng XX, Jing C, Li YY. Transcatheter closure of a rare ruptured giant non-coronary valsalva sinus aneurysm. Eur Heart J. (2022) 43(22):2164. doi: 10.1093/eurheartj/ehac177

89. Song J, Ascherman B, Eudailey KW, Mohar M, Argenziano M, Takayama H, et al. Long-term failure of amplatzer plugs in the treatment of aortic pathology. J Card Surg. (2017) 32(7):426–9. doi: 10.1111/jocs.13166

90. Soori R, Dixit A, Tewari P, Agarwal S. Right ventricular outflow obstruction caused by cocoon duct occluder used for closure of ruptured sinus of valsalva aneurysm. Ann Card Anaesth. (2021) 24(3):422–4. doi: 10.4103/aca.ACA_184_19

91. Srivastava A, Radha AS. Transcatheter closure of ruptured sinus of valsalva aneurysm into the left ventricle: a retrograde approach. Pediatr Cardiol. (2012) 33(2):347–50. doi: 10.1007/s00246-011-0127-1

92. Tang L, Zhou SH, Fang ZF. Transcatheter closure of ruptured sinus of valsalva aneurysm with double-disc perimembranous vsd occluder in man with mechanical aortic valve. Tex Heart Inst J. (2019) 46(3):211–4. doi: 10.14503/THIJ-17-6215

93. Vamsidhar A, Rajasekhar D, Vanajakshamma V. Transcatheter device closure of multiple defects in ruptured sinus of valsalva aneurysm. Indian Heart J. (2015) 67:S74–7. doi: 10.1016/j.ihj.2015.06.025

94. Vatankulu MA, Tasal A, Erdogan E, Sonmez O, Goktekin O. The role of three-dimensional echocardiography in diagnosis and management of ruptured sinus of valsalva aneurysm. Echocardiography. (2013) 30(8):E260–2. doi: 10.1111/echo.12248

95. Wilson W, Emmanuel Y, Uren N, Northridge D. Percutaneous closure of ruptured sinus of valsalva aneurysms using a retrograde approach without formation of an arteriovenous loop. EuroIntervention. (2015) 10(12):e1. doi: 10.4244/EIJV10I12A258

96. Zhang B, Sun Y, Wu J, Zhu JY, Cao R, Liu XL, et al. Failed transcatheter closure of a giant ruptured sinus of valsalva aneurysm. Chin Med J. (2015) 128(14):1985–6. doi: 10.4103/0366-6999.160624

97. Choudhry LK, Rao VM, Gnanamuthu BR, Agrawal V, Shankar R, Prasath R. Embolization of the device to the left pulmonary artery after the interventional closure of ruptured sinus of valsalva aneurysm. Korean J Thorac Cardiovasc Surg. (2015) 48(3):202. doi: 10.5090/kjtcs.2015.48.3.202

98. Jiang K, Chen J, Zhu X, Xiao H, Ran T, Tang Y, et al. Rupture of sinus of valsalva aneurysm: a case report in a child. BMC Cardiovasc Disord. (2022) 22(1):1–5. doi: 10.1186/s12872-021-02434-3

99. Chua JH, Methangkool E, Cha CM, Mahajan A. The use of real-time three-dimensional transesophageal echocardiography for percutaneous closure of a ruptured sinus of valsalva aneurysm. J Cardiothorac Vasc Anesth. (2014) 28(1):e4–6. doi: 10.1053/j.jvca.2013.08.022

100. Cullen S, Vogel M, Deanfield JE, Redington AN. Rupture of aneurysm of the right sinus of valsalva into the right ventricular outflow tract: treatment with amplatzer atrial septal occluder. Circulation. (2002) 105(1):e1–2. doi: 10.1161/hc0102.100422

101. Foster TJ, Amin AH, Busu T, Patel K, Farjo P, Al Hallak A, et al. Aorto-cardiac fistula etiology, presentation, and management: a systematic review. Heart Lung. (2020) 49(3):317–23. doi: 10.1016/j.hrtlng.2019.11.002

102. Marroush TS, Boshara AR, Botros B, Vendittelli P, Ahmed Z, Dawood L, et al. Rupture of sinus of valsalva aneurysm: two case reports and a concise review of the literature. Heart Lung. (2018) 47(2):131–5. doi: 10.1016/j.hrtlng.2017.10.005

103. Kassab K, Kaul S, Gomez J, Delafontaine JL, Sawaqed R, Saini A. Ruptured sinus of valsalva aneurysm: use of multimodality imaging in delineating structure and function. J Investig Med High Impact Case Rep. (2021) 9:23247096211020684. doi: 10.1177/23247096211020684

104. Xu B, Kocyigit D, Betancor J, Tan C, Rodriguez ER, Schoenhagen P, et al. Sinus of valsalva aneurysms: a state-of-the-art imaging review. J Am Soc Echocardiogr. (2020) 33(3):295–312. doi: 10.1016/j.echo.2019.11.008

105. Arcario MJ, Lou S, Taylor P, Gregory SH. Sinus of Valsalva Aneurysms: A Review with Perioperative Considerations. J Cardiothorac Vasc Anesth. (2021) 35(11):3340–3349. doi: 10.1053/j.jvca.2020.12.016

106. Svensson LG, Adams DH, Bonow RO, Kouchoukos NT, Miller DC, O’Gara PT, et al. Aortic valve and ascending aorta guidelines for management and quality measures. Ann Thorac Surg. (2013) 95(6):S1–S66. doi: 10.1016/j.athoracsur.2013.01.083

107. Sadeghian H, Hajizeinali A, Eslami B, Lotfi-Tokaldany M, Sheikhfathollahi M, Sahebjam M, et al. Measurement of atrial septal defect size: a comparative study between transesophageal echocardiography and balloon occlusive diameter method. J Tehran Heart Cent. (2010) 5(2):74.

108. Feuchtner GM, Spoeck A, Lessick J, Dichtl W, Plass A, Leschka S, et al. Quantification of aortic regurgitant fraction and volume with multidetector computed tomography: comparison with echocardiography. Acad Radiol. (2011) 18(3):334–42. doi: 10.1016/j.acra.2010.11.006

109. Bolen MA, Popovic ZB, Tandon N, Flamm SD, Schoenhagen P, Halliburton SS. Image quality, contrast enhancement, and radiation dose of ECG-triggered high-pitch CT versus non–ECG-triggered standard-pitch CT of the thoracoabdominal aorta. Am J Roentgenol. (2012) 198(4):931–8. doi: 10.2214/AJR.11.6921

110. Ayati A, Toofaninejad N, Hosseinsabet A, Hosseini K, Hajizeinali A. Transcatheter closure of ruptured sinus of valsalva: a report of first five cases in Tehran heart center, Iran. Clin Case Rep. (2023) 11(3):e7036. doi: 10.1002/ccr3.7036

111. Karlekar SM, Bhalghat P, Kerkar PG. Complete heart block following transcatheter closure of ruptured sinus of valsalva aneurysm. J Invasive Cardiol. (2012) 24(12):E314–7.

112. Ghosh S, Sridhar A, Sivaprakasam M. Complete heart block following transcatheter closure of perimembranous VSD using amplatzer duct occluder II. Catheter Cardiovasc Interv. (2018) 92(5):921–4. doi: 10.1002/ccd.27177












	
	TYPE Original Research

PUBLISHED 06 September 2023
DOI 10.3389/fcvm.2023.1224795






[image: image2]

Development of a convenient and effective hypertension risk prediction model and exploration of the relationship between Serum Ferritin and Hypertension Risk: a study based on NHANES 2017—March 2020

Shuang Guo1, Jiu-Xin Ge2, Shan-Na Liu1, Jia-Yu Zhou3, Chang Li1, Han-Jie Chen1, Li Chen1, Yu-Qiang Shen1* and Qing-Li Zhou1*

1Information Center, The Fourth Affiliated Hospital, Zhejiang University School of Medicine, Yiwu, China

2Department of Cardiology, The Fourth Affiliated Hospital, Zhejiang University School of Medicine, Yiwu, China

3Xinjiang Second Medical College, Karamay, China

EDITED BY
Gaurav Kumar, Medical College of Wisconsin, United States

REVIEWED BY
Kazumitsu Nawata, Hitotsubashi University, Japan
Aravind Parthasarathy, Medical College of Wisconsin, United States

*CORRESPONDENCE Yu-Qiang Shen 8016180@zju.edu.cn
Qing-Li Zhou zhouql@zju.edu.cn

Abbreviations
NHANES, national health and nutrition examination survey; XGB, eXtreme gradient boosting; LGBM, light gradient boosting machine; ET, extra trees; RF, random forest; SBP, systolic blood pressure; DBP, diastolic blood pressure; KNN, K-nearest neighbors; LR, logistic regression; SVC, support vector classification; MLP, multilayer perceptron; DT, decision tree; ANN, artificial neural network; DNN, deep neural network; AB, adaboost; RFE, recursive feature elimination; SMOTE, synthesis minority over-sampling technique; ACC, accuracy; P, precision; R, recall; F1, f1-score; AUC, area under curve; BMI, body mass index; MET total physical activity; SIT, sedentary time; edu, educational level; HD, do you have heart disease; P.DM, if close relatives have diabetes; P.HD, if close relatives have heart disease; Sleep time, weekday sleep duration; DM, do you have diabetes; DPQ, depression classification; SMQ100, smoke more than 100 cigarettes; LBXRBCSI, red blood cell count; F_CRE, frozen serum creatinine; F_G, fasting blood glucose; UA, uric acid; UALB, urinary albumin; UACR, urine albumin creatinine ratio; HbA1C, glycosylated hemoglobin; JY, reduction in salt intake recommended by doctors; ReTC, lipid-lowering measures; JY_amo, reduction in salt intake recommended by doctors; A1C_amo, HbA1C glycosylated hemoglobin; Fe_amo, serum ferritin; UACR_amo, urine albumin creatinine ratio; F_CRE_amo, frozen serum creatinine; DBP_amo, diastolic blood pressure; SBP_amo, systolic blood pressure; waist_amo, waist; BMI_amo, BMI; age_amo, age.

RECEIVED 18 May 2023
ACCEPTED 28 July 2023
PUBLISHED 06 September 2023

CITATION Guo S, Ge J, Liu S, Zhou J, Li C, Chen H, Chen L, Shen Y and Zhou Q (2023) Development of a convenient and effective hypertension risk prediction model and exploration of the relationship between Serum Ferritin and Hypertension Risk: a study based on NHANES 2017—March 2020.
Front. Cardiovasc. Med. 10:1224795.
doi: 10.3389/fcvm.2023.1224795

COPYRIGHT © 2023 Guo, Ge, Liu, Zhou, Li, Chen, Chen, Shen and Zhou. 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: Hypertension is a major public health problem, and its resulting other cardiovascular diseases are the leading cause of death worldwide. In this study, we constructed a convenient and high-performance hypertension risk prediction model to assist in clinical diagnosis and explore other important influencing factors.



Methods: We included 8,073 people from NHANES (2017—March 2020), using their 120 features to form the original dataset. After data pre-processing, we removed several redundant features through LASSO regression and correlation analysis. Thirteen commonly used machine learning methods were used to construct prediction models, and then, the methods with better performance were coupled with recursive feature elimination to determine the optimal feature subset. After data balancing through SMOTE, we integrated these better-performing learners to construct a fusion model based for predicting hypertension risk on stacking strategy. In addition, to explore the relationship between serum ferritin and the risk of hypertension, we performed a univariate analysis and divided it into four level groups (Q1 to Q4) by quartiles, with the lowest level group (Q1) as the reference, and performed multiple logistic regression analysis and trend analysis.



Results: The optimal feature subsets were: age, BMI, waist, SBP, DBP, Cre, UACR, serum ferritin, HbA1C, and doctors recommend reducing salt intake. Compared to other machine learning models, the constructed fusion model showed better predictive performance with precision, accuracy, recall, F1 value and AUC of 0.871, 0.873, 0.871, 0.869 and 0.966, respectively. For the analysis of the relationship between serum ferritin and hypertension, after controlling for all co-variates, OR and 95% CI from Q2 to Q4, compared to Q1, were 1.396 (1.176–1.658), 1.499 (1.254–1.791), and 1.645 (1.360–1.989), respectively, with P < 0.01 and P for trend <0.001.



Conclusion: The hypertension risk prediction model developed in this study is efficient in predicting hypertension with only 10 low-cost and easily accessible features, which is cost-effective in assisting clinical diagnosis. We also found a trend correlation between serum ferritin levels and the risk of hypertension.



KEYWORDS
machine learning, hypertension, risk prediction, stacking, serum ferritin, trend analysis





1. Background

Hypertension is characterized by a sustained increase in systemic arterial blood pressure and might be associated with functional and/or structural damage to the heart, brain, and kidneys (1). Studies have shown that by 2025, approximately one-third of the global population is expected to suffer from hypertension (2), accounting for approximately 13% of total global mortality and 7% of total disability-adjusted life expectancy, substantially increasing the financial burden on patients and healthcare systems. Although the age-standardized prevalence of hypertension has decreased over the past decade, it is still increasing in low-income and middle-income countries (1). China is a prominently affected country, where 22.6%–33.6% of the total population is diagnosed with hypertension, causing an estimated 23 million deaths per year; the percentage of adults with high blood pressure is 23.2% (3). Unfortunately, the current awareness rate of hypertension in China is only 51.6% (4), and nearly 50% of the people do not know that they have hypertension. The low awareness rate seriously affects the follow-up treatment, resulting in an increase in the incidence and a delayed inflection point. Given this serious problem, early detection and control of hypertension might be a cost-effective way to reduce the burden of hypertension-related diseases (5).

The diagnosis of hypertension mainly includes (1) office blood pressure measurement (OBPM): a simple procedure but with a poor diagnosis effect for masked hypertension and white coat hypertension (6); (2) 24 h ambulatory blood pressure measurement (ABPM): the gold standard for diagnosis, but its accessibility is poor because it is expensive, uncomfortable for the patients, and other reasons (7); (3) home blood pressure measurement (HBPM): easy to operate, but due to non-standard measurement methods and random measurement time, the method is not very accurate; meanwhile, the home blood pressure monitor is poorly equipped in Chinese households (8–10). Therefore, a new method, which saves time and money and is comfortable for the patient, needs to be developed to assist in diagnosis.

Artificial intelligence has gained popularity recently, and machine learning techniques, which are an important part of artificial intelligence, are extremely effective in identifying hypertension risk factors and predicting the risk of the disease. By integrating big data resources and using machine learning methods to construct morbidity risk prediction models, early identification of people at high risk of hypertension is possible. Through early intervention, the development of hypertension can be prevented and delayed, and thus, the risk of cardiovascular diseases can be significantly decreased (11–13). New predictors of hypertension might also be identified, fully utilizing the massive medical data (14). This approach is efficient, comfortable for the patient, and cost-effective to some extent.

Several studies around the world have constructed hypertension risk prediction models. These studies used different machine learning methods and incorporated different factors for prediction, and all showed high performance of the models (4–6). However, they only focused on clinically accepted risk factors, such as age, obesity, family history, hyperglycemia, hyperlipidemia, smoking, alcohol consumption, etc (15–19), might ignore some important influencing factors. Also, most studies only used several commonly used machine learning methods for simple cross-sectional comparisons without further improving the performance of the model.

In this study, based on literature research and expert guidance, we incorporated more comprehensive information and extracted eligible subjects and their information from NHANES to develop a high-performance fusion model based on stacking to predict the risk of hypertension. In addition, serum ferritin (SF) was included in the best feature subset for the first time among many studies that predicted the risk of hypertension by machine learning methods; therefore, we further analyzed its association with hypertension and obtained a trend correlation between the risk of hypertension and SF levels.



2. Methods


2.1. Study population

The National Health and Nutrition Examination Survey (NHANES) is a population-based cross-sectional survey conducted by the National Center for Health Statistics (NCHS) to assess the health and nutrition status of adults and children in America (19–22). The NHANES uses a complex multistage sampling design to collect data from a representative sample of the population. The NHANES has been conducted regularly since the 1960s and provides valuable information on the health and nutrition of the U.S. population. We used the data from the official website of NHANES from 2017 to March 2020. More information on the NHANES can be found on the website http://www.CDC.gov/nchs/nhanes/.

Based on literature review and the guidance of experts from the Department of Cardiovascular Medicine, we extracted information on 120 items from 37 original datasets from the four dimensions of demographics, body measurements, laboratory tests, and questionnaires contained in the NHANES database (23, 24). Data on pregnant women, cancer patients, and those under 20 years (n = 1,618) were excluded from the original dataset containing 15,561 participants. Then, the participants with a lot of missing information, such as missing more than 80% of any dimension of demographic, body measurement, laboratory test, or questionnaire were excluded (n = 5,869). Finally, data on 8,073 participants were included in the study. A flowchart concerning participant selection is shown in Figure 1.
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FIGURE 1
Flowchart of participant selection.




2.2. Definition of hypertension

We classify patients with hypertension as hypertensive (0) if they have a history of taking medication for hypertension or a history of diagnosis. If there is no such condition, it can be divided by SBP/DBP (≥140 mmHg or ≥90 mmHg is “3” for hypertensive patients, 130–139 mmHg or 80–89 mmHg is “2” for high blood pressure, <130 mmHg and <80 mmHg is “1” for normal people).



2.3. Missing value processing

After obtaining the original dataset, mode filling and K nearest neighbors filling were used for categorical variables and continuous variables, respectively.

Mode filling was achieved by replacing missing values with the plural (i.e., the value with the highest number of occurrences) of the feature. We used it for filling the categorical variables because it is easy to implement and provides satisfactory results in most cases.

K nearest neighbors filling is a similarity-based padding method. It fills the missing values by finding the nearest neighbors around missing values and using their average or weighted average. We used it to fill continuous variables because it accounts for the similarity between data points and can partly reduce bias.



2.4. Feature selection

In this study, we first removed redundant features through LASSO regression and correlation analysis, which included features that were not significantly associated with the disease and one of the two features that were highly correlated (correlation coefficient ≥0.7), and then used recursive feature elimination (RFE) to determine the optimal feature subset (25). Since RFE needs to be used along with a prediction model, we firstly conducted a preliminary selection of the models before extracting the features. Based on previous studies, we selected 13 representative methods (LR, SVC, KNN, NB, MLP, DT, ANN, DNN, RF, AB, XGB, LGBM, and ET) in the field of traditional machine learning, deep learning, and integrated learning to model the original data (6, 13, 18, 26–29). Then, the models with better performance were used in combination with RFE for feature selection. Finally, the optimal feature subset was determined. For the optimal feature subset, we also performed some visualization analysis, such as plotting feature ranking graphs and correlation heat maps.

Recursive Feature Elimination (RFE) is a commonly used feature selection method that selects features by recursively constructing models and gradually reducing the number of features (24, 25, 30). The workflow of RFE was as follows:


	(1)All features were used to construct the model;

	(2)The importance of each feature in the model was calculated;

	(3)The least important features were removed;

	(4)Steps 2 and 3 were repeated until the required number of features reached a predetermined value.





2.5. Data balance

For processing data balance, we selected the most commonly used SMOTE (Synthetic Minority Over-sampling Technique), which increases the number of samples in a minority category by synthesizing new samples (31–33). The workflow of the SMOTE algorithm was as follows.


	(1)A sample of a minority category was randomly selected.

	(2)The K nearest neighbors of that sample were found.

	(3)The nearest neighbor was randomly selected, and interpolation was performed between the neighbor and the sample to generate a new sample.

	(4)Steps 2 and 3 were repeated until the number of samples in the minority category reached a predetermined value.



The SMOTE can be easily implemented and can effectively balance datasets with unbalanced categories, but it creates some synthetic samples that might not exist in the original dataset. Therefore, to avoid producing more synthetic samples and ensure that our study was conducted efficiently, we performed the data balancing step after determining the best feature subset.



2.6. Model evaluation metrics

The prediction model constructed in this study is a multi-classification prediction, and to evaluate our model, five metrics were used: ACC (accuracy), precision, recall, F1 value, and AUC.

Since this study is a triple classification task and considering the unbalance samples, the Macro Average rule was used to weight these evaluation criteria. If the patients with hypertension are recorded as True (1), the rest are False (0) and ACC1, P1, and R1 are calculated; the people with high blood pressure are recorded as True (1), the rest are False (0) and then calculate ACC2, P2, and R2; if normal people are recorded as True (1), the rest are False (0) and ACC3, P3, and R3 are calculated. From this, the corresponding F1 values can also be calculated separately, a final value can be obtained by the weighted average of the corresponding indexes of each group separately, which can be used as the evaluation index of this research model.

In order to evaluate the model as more objective and accurate, 10-fold cross-validation was carried out for the final prediction model, that is, all samples in the data set were randomly divided into 10 mutually exclusive subsets with similar sizes and approximately the same number of events, and during each training round, 9 subsets were selected in turn to form the training set and the remaining subsets formed the test set. The model needs to run 10 times with different training and test sets, respectively, and the final result is the average of the 10 test results.



2.7. Model development and stacking

After determining the optimal feature subset, to avoid the noise caused by filling in the missing values, we only retain the complete part of the optimal feature subset in the original data for the construction of the prediction model (34). We used the top four algorithms to build prediction models for only the best subset of features and the dataset with data balance. To make the models more robust, we performed stacking, which is an integrated learning approach that uses another type of learner to perform predictions by using the predicted results of multiple base learners as features (35, 36). Using this approach, different types of base learners can be combined, which can leverage their strengths and improve the performance of the model. We performed stacking based on these four models to obtain a fusion model and compared the performance of this fusion model with the four base models to determine the final prediction model. The flowchart of this study is shown in Figure 2.
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FIGURE 2
The complete flowchart of this study.




2.8. Statistics

Statistical analysis used in this study was completed through SPSS 23 and R 4.1.3. For continuous variables, normality was first tested through the Kolmogorov-Smirnov test, means and standard deviations were used if they followed a normal distribution (ANOVA was used to compare continuous variables between groups); if they did not follow a normal distribution, the median (quartiles) were used (non-parametric tests were used to compare continuous variables between groups). For categorical variables, counts and percentages were used (the chi-square test was used to compare categorical data), and all statistical tests were two-sided (P < 0.05 was considered statistically significant). Processes such as feature engineering, data balancing and prediction model construction were done in python (Anaconda, Version 3.8), while TensorFlow 2.11.0; scikit-learn 1.1.3; keras 2.11.0; pandas1.5.2; numpy, etc. Package installation is complete.




3. Results


3.1. Baseline characteristics of the study participants

Of the 8,073 subjects included in NHANES, 50.3% were female and 49.7% were male, and the mean age of the subjects was 50 (35–63) years old.

According to the classification criteria of this study: 3,527 (43.7%) were hypertensive, 892 (11.0%) were pre-hypertensive; 3,654 (45.3%) were normal blood pressure. The mean blood pressure of hypertensive patients was 134 (121–147) mmHg/82 (80–88) mmHg; the mean blood pressure of pre-hypertensives was 129 (122–133) mmHg/79 (71–85) mmHg; the mean blood pressure of normotensives was 113 (106–121) mmHg/70 (65–75) mmHg. More basic information such as BMI, waist circumference, educational status, marital status, physical activity, and smoking status is shown in Supplementary Table S1 in the Appendix.



3.2. Analysis of features

After LASSO regression analysis, we excluded 12 redundant characteristics: platelet count, total bilirubin, Cotinine, serum cotinine, number of ready-to-eat foods in the last month, number of frozen foods/pizza in the last month, whether or not had asthma, whether or not exercising on the advice of their doctor, whether or not had seen a psychiatrist in the last year, dairy consumption in the last 30 days, weight loss through diet pills/surgery, whether or not have hepatitis B, whether or not had tried to quit smoking. After correlation analysis, we excluded 8 more characteristics: hip circumference, Red cell distribution width, Aspartate Aminotransferase (AST), glucose (frozen serum), Osmotic pressure, total cholesterol (frozen serum), triglycerides (frozen serum), and urinary albumin. After a preliminary model trial, we found that among these thirteen ways the four tree-based classification models, i.e., XGBoost, Extra Tree, Random Forest, and LightGBM, performed better (Figure 3). Therefore, these four base learners were combined with RFE for feature selection. In this process, the accuracy of the model was taken as the measurement target, and the steps of 10, 5, 2 and 1 were taken respectively to gradually determine the optimal feature subsets of different models and RFE combinations. We plotted this process with the number of features as the horizontal coordinate and the corresponding model accuracy as the vertical coordinate, (Figure 4) taking RF as an example. For the feature selection process of other models, please see the Appendix for details.


[image: Figure 3]
FIGURE 3
Preliminary model trial.



[image: Figure 4]
FIGURE 4
Feature selection process (take random forest as an example). (A) Step size = 10, search the range of optimal feature subset; (B) step size = 5, search the range of optimal feature subset; (C) step size = 2, search the range of optimal feature subset; (D) step size = 1 to search for the optimal feature subset.


Each of these four models has its corresponding optimal feature subset (Table 1). Therefore, features that appear twice or more in these optimal feature subsets are selected to form the final optimal feature subset, that is, age, BMI, waist, SBP, DBP, Cre, UACR, SF, HbA1C, doctors recommend reducing salt intake. Then, we plotted the correlation heat map and feature ranking map to more intuitively show the correlation and ranking between various features (Figures 5, 6).


TABLE 1 The optimal feature subset of different basic learners.

[image: Table 1]


[image: Figure 5]
FIGURE 5
Correlation heat map. It is generated to show the correlation between different features. The correlation strength characteristics before any two features can be shown in this figure. The darker the color, the higher the correlation between the corresponding two features.



[image: Figure 6]
FIGURE 6
Feature ranking diagram: importance ranking of the optimal feature subset based on the top four models; each bar represents a feature, and the length of the bar represents the importance of the feature to the model prediction results. JY_amo, reduction in salt intake recommended by doctors; A1C_amo, HbA1C glycosylated hemoglobin; Fe_amo, serum ferritin; UACR_amo, urine albumin creatinine ratio; F_CRE_amo, frozen serum creatinine; DBP_amo, diastolic blood pressure; SBP_amo, systolic blood pressure; waist_amo, waist; BMI_amo, BMI; age_amo, age.




3.3. Comparative models

Based on the optimal feature subset , we retained observations (n = 5973) with all 10 variables complete in the original data for model prediction and evaluation. Then, we selected RF, XGB, LGBM, and ET with better performance to construct the prediction models. We plotted the ROC curves with "1-specificity" as horizontal coordinate and "sensitivity" as vertical coordinate, and all four classifiers showed good performance with AUC above 0.90 (Figure 7).


[image: Figure 7]
FIGURE 7
ROC curve of basic learners.


Based on these four base learners, we used the stacking strategy for model fusion, and the results for comparison of these models are shown in Table 2. The performance of the fusion model was further improved: accuracy of 0.871, precision of 0.873, recall of 0.871, F1 value of 0.869, and AUC of 0.966.


TABLE 2 Model performance comparison.

[image: Table 2]

To better evaluate the predictive performance of the model, we performed 10-fold cross-validation of the fusion model and plotted the ROC curve (Figure 8).


[image: Figure 8]
FIGURE 8
ROC curve of the fusion model and its 10-fold cross-validation ROC curve.




3.4. Analysis of the association between SF levels and hypertension risk

In this study, we found that SF was included in the optimal feature subset and ranked 8th, 10th, 2nd and 8th in the prediction models constructed by RF, XGB, ET, and LGBM, respectively, which was neglected in the past clinical practice. Therefore, we further analyzed the relationship between SF and hypertension by statistical means.

Since data of SF did not obey normal distribution, we performed the Kruskal-Wallis test and found that the difference in serum ferritin between the three groups was statistically significant (P < 0.05), and the mean levels of the three groups are shown in Supplementary Table S1. Meanwhile, we divided the SF data into four levels (Q1-Q4) according to quartiles and plotted the percentage of the three groups in each group (Figure 9). The proportion of hypertensive patients and pre-hypertensives increased step by step, and the proportion of those with normal blood pressure decreased step by step.


[image: Figure 9]
FIGURE 9
Proportion of three groups in different SF levels.


We used multiple logistic regression analysis to assess the relationship between SF and HTN with stepwise control for confounding factors. The lowest level group (Q1) was taken as reference, and model 0 was crude. Model 1 controlled for demographic information (sex, age, edu, race, marry, poor); model 2 controlled for anemia and inflammation-related indicators (WBC, RBC, hemoglobin, HsCRP); model 3 controlled for BMI, waist, some potentially confounding medical history (CAD, T2DM, HTC, thyroid disease, COPD, liver disease, kidney disease, etc.) and related metabolic indicators (A1C, TC, HDL, ALT, ALP, CPK, UA, UACR, GGT, etc.); model 4 controlled for smoking, alcohol consumption, diet, sleep, exercise and other lifestyle habits and depression scores; model 5 controlled for factors with significant differences above-mentioned.

Since all models above showed that compared with the lowest level group (Q1), the other three groups (Q2, Q3, Q4) had higher risk, and the OR values with their 95% CI were greater than 1, and the OR values were increasing sequentially with P < 0.01. Therefore, we carried out trend analysis for the five models with the help of clm function in R, and the P for trend value was <0.001, indicating a trend correlation between the risk of hypertension prevalence and SF levels. The results of the above five models are shown in Table 3.


TABLE 3 Associations of SF with odds of hypertension.

[image: Table 3]




4. Discussion

Our study proposes a high-performance and convenient model for predicting the risk of hypertension, which can be used as an automated diagnostic aid in a hospital environment in conjunction with EMR data for real-time prediction.

In the preliminary screening stage of the model, we used 13 methods to construct the prediction model in parallel and used ACC, AUC and F1 as the measures, and found that four decision tree type methods, RF, XGB, LGBM and ET, performed better. We consider that it may be because the decision tree type methods have advantages in dealing with high-dimensional data and nonlinear relationships, and can better capture patterns in data features, which are more suitable for the data features and prediction task requirements of this study. In addition, the fusion model constructed based on the stacking strategy also has better stability and can be more reliably applied in clinical practice.

The single measurement of SBP and DBP fluctuates rapidly under the influence of various factors such as mood, sleep, exercise and time. However, our proposed prediction model incorporates laboratory tests with relatively stable changes. For example, HbA1C is used to assess the average level of blood glucose levels over the past 2 to 3 months; creatinine ratio is used to reflect changes in kidney function and muscle metabolism, it always changes little in people with normal kidney function, but changes within a month in people with kidney disease; serum creatinine is used to reflect changes in filtration function of the kidney, it only changes dramatically in days in patients with acute kidney injury and significantly in months or years in patients with chronic kidney disease; fluctuations in SF are generally not significant, usually taking weeks or months, and for the treatment of anemic patients, changes in this index also take 1 to 3 months, unless the patient experiences acute inflammation, which can change dramatically in a short period of time. In a short, such a predictive model is more stable compared to office blood pressure measurements. The included laboratory data are valid for at least 1 month. Also, multiple inputs can be obtained from HIS (Hospital Information System), it is more cost-effective than ambulatory blood pressure. We considered that it could be used as an early warning signal to reduce admission rate, readmission rate and their expenses, avoiding progression to more serious disease (37, 38). It can also be used for mass screening in communities, helping communities achieve level zero prevention at a lower cost (39–42).

In addition, hypertension is a multi-factorial disease, and many factors such as age, BMI, smoking, alcohol consumption, and excessive salt consumption are widely recognized by clinical experts as major influencing factors. Therefore, most studies on hypertension risk prediction have focused on these factors. Our study, based on data from NHANES 2017 to March 2020, incorporated more comprehensive information. We considered the optimal subset of features selected, and with the exception of serum ferritin, the other 9 features have been extensively documented to correlate with hypertension, especially factors such as age and BMI have been widely accepted as influencing factors in the clinic. SF has been less studied in the field of hypertension, so we decided to further explore the relationship between SF and hypertension.

SF is a recognized biomarker used to evaluate the status of iron (iron deficiency or iron loading) (43, 44) and its levels vary greatly by race and gender. In men, SF levels start rising in adulthood, peaking between the age of 30 and 39 years, and then remain relatively stable. In women, it starts rising only at menopause (around 50 years of age) and reaches a plateau around 60 years. Adult Black men generally have higher average SF levels than adult White men (45, 46).

The SF levels can increase significantly due to inflammation or the occurrence of certain diseases (liver or kidney disease, malignancy, metabolic syndrome, etc.) and play an important role in energy metabolism disorders (45). For example, ferritin levels were found to be correlated with interleukin-6 and hypersensitive c levels (47). Metabolic disorders were found to be related to elevated iron stores in the Chinese population (44). The reduction in ferritin levels to the levels found in children and premenopausal women can significantly improve clinical outcomes (the primary outcome is death due to all causes, and secondary outcomes include non-fatal myocardial infarction and stroke) (47).

By searching several databases, we found that very few studies investigated the relationship between SF and hypertension. Considering that high levels of SF are a characteristic of insulin resistance-associated hepatic iron overload syndrome (IRHIO), Piperno et al. (48) divided the study population into primary hypertension patients, IRHIO patients, and individuals with normal blood pressure and found that SF was higher more often in hypertensive men than in the participants in the control group (47). Mee Kyoung et al. followed 8,580 men without hypertension at baseline for four years and compared the baseline SF levels in 818 men who finally developed the disease with that of the remaining 7,000 (approx.) men with normal blood pressure and found that these 818 men had significantly higher SF levels than the others (49). Jae-Hong et al. studied 7,104 healthy men enrolled in KNHANES-2005 (a medical health screening program for Koreans) and divided them into four groups based on the baseline SF levels. The participants were followed for five years, and the incidence of hypertension was compared among the four groups of participants; the group with the lowest incidence of hypertension was considered to be the control group. The researchers found that the adjusted hazard ratio (HR) and 95% CI of the four groups were 1.00 (control), 1.09 (0.91–1.30), 1.21 (1.01–1.45), and 1.28 (1.07–1.52), respectively (50). Singh et al. conducted a hospital-based observational and analytical study, which included 51 hypertensive patients and 51 healthy individuals, and statistically compared the two groups for various indicators: SF (293.27 ± 219.84 ng/ml, 72.23 ± 29.75 ng/ml), mean systolic blood pressure (151.45 ± 14.77 mm/Hg, 109.88 ± 5.43 mm/Hg), and mean diastolic blood pressure (95.56 ± 7.46 mm/Hg, 72.43 ± 2.97 mm/Hg). The mean SF levels and hypertension in hypertensive patients were positively correlated (51).

These four studies either confirmed significant differences in SF between hypertensive and control groups with only a small number of participants, or found that baseline SF levels were significantly higher in hypertensive patients than in normal participants through follow-up, but did not fully account for more relevant confounding factors. We comprehensively considered all the factors that may affect hypertension and SF, and included them as co-variables, and objectively investigated the correlation between SF and hypertension.

Although SF is an inexpensive and widely used biomarker, it has not been used to extensively study its association with hypertension or its complications related to cardiovascular disease and is less commonly included in routine physical examinations.

Of course, our study has several shortcomings. (1) This was a cross-sectional study that did not take into account the long-term development and progression of the disease. (2) Our study is only based on NHANES database, and its representation is limited to the US population. (3) The prediction model constructed in this study only predicted the end event, without further study on disease progression, such as how long it will take to develop the disease. (4) In this study, the relationship between hypertension and SF needs to be further explored on the temporal relationship.

Although the results of this study are limited to the US population, we believe that the methodology proposed in this study is transferable, and we are currently conducting similar studies on Chinese populations to further validate the findings of this paper. In future studies, we will verify the usability of the prediction model constructed in this study on a larger data set based on real hospital data or in cooperation with multiple medical institutions by means of multi-center cooperation, and in this process, we will also pay more attention to sample balance. At the same time, we hope to further confirm the relationship between SF and hypertension using multiple datasets from different sources as well as explore the causal relationship between the two through cohort studies and other means.



5. Conclusion

In this study, we propose a cost-effective hypertension risk prediction model based on the stacking strategy that integrates demographic, physical measurements, and physiological and biochemical indicators, etc. to incorporate more comprehensive information. Further statistical analysis of the SF suggested by the optimal subset of characteristics was also performed, and showed that serum ferritin level was trending correlated with the risk of hypertension. In the future, we aim to collect more targeted data and construct more robust predictive models to assist clinicians in diagnosis and increase patient awareness of the disease.
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Background: Third generation drug-eluting stents (DES) potentially offer better technical performance and reduced neointimal proliferation than previous generation DES. The XLIMIT non-inferiority trial evaluated the performance of the Xlimus (a novel sirolimus-eluting coronary stent system) in terms of endothelialization and tissue healing compared to the bioresorbable polymer Synergy DES.



Methods: A total of 177 patients undergoing percutaneous coronary intervention (PCI) were randomized in a 2:1 ratio (2 Xlimus: 1 Synergy). The primary endpoints, defined as the in-stent neointimal volume weighted by the sum of the lengths of the implanted stent (ISNV) and the in-stent neointimal percent volume obstruction (%VO) were evaluated at 6–9 months by means of optical coherence tomography (OCT). Additional OCT parameters as well as clinical endpoints were also collected.



Results: Most of the patients were males (77.4%), and the mean age was 64 years. One third of the population had stable angina/silent ischemia. A total of 300 stents (237 lesions) were analyzed: 198 (152 lesions) were in the Xlimus group, and 102 (85 lesions) in the Synergy group. The ISNV in the Xlimus group was 30.7 ± 24.5 mm3 while in the Synergy group it was 26.5 ± 26.7 mm3: the difference between the two means was 0.08 (−0, 04–0, 45), p = 0.018, thus meeting the non-inferiority hypothesis. The %VO was 16.3% ± 10.4% and 13.3% ± 10.8% in the Xlimus and Synergy groups, respectively: the difference between the two means was 3.0 (−0, 06–4, 2), (p = 0.01), thus meeting the non-inferiority hypothesis. No difference was found with respect to the secondary OCT endpoints as well as for clinical endpoints.



Conclusions: The study results confirm that the biological interaction of the Xlimus and Synergy DES with the coronary artery is comparable, and that translates in very reassuring OCT parameters at follow-up: as such, the Xlimus is non-inferior to the Synergy.



Clinical Trial Registration: ClinicalTrials.gov, identifier (NCT03745053).
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Introduction

Late stent thrombosis is an ominous complication of drug-eluting stent technologies (DES) (1–5) and is thought to be related to the lack of complete endothelialization and the chronic inflammatory stimulus caused by the permanent presence of a polymer on the stent surface (6).

With the introduction of second-generation DES, new polymers with lower impact on platelet activity, bioerodible polymers, and polymers with coating limited to the abluminal surface of the struts have been adopted in order to possibly reduce the incidence of late stent thrombosis (7–11).

The XLIMUS® sirolimus-eluting coronary stent system is an ultrathin device with an abluminal biodegradable polymer coating designed to ensure rapid reendothelialization.

This may lead to long term clinical advantages such as lower revascularization rate and eventually reduce clinically relevant events.

The Xlimit trial aimed to assess the safety and efficacy profile of the Xlimus drug-eluting stent and to compare it to the Synergy bioabsorbable polymer everolimus-eluting stent in patients undergoing percutaneous coronary intervention (PCI) over a 12-month follow-up (FU).



Methods


Study population

The XLIMIT study was designed as a multicenter randomized controlled trial (RCT): its rationale and design has been published previously (12).

Patients affected by stable or unstable angina, non-ST segment elevation myocardial infarction were considered for randomization if suitable for PCI.

Patients with ST-elevated myocardial infarction (MI), left main disease, chronic total occlusions (CTO), venous graft disease, in-stent restenosis (ISR), or recent (less than 3 months) coronary intervention on target vessels were excluded. Exclusion criteria included known hypersensitivity to heparin, aspirin, clopidogrel, ticlopidine, sirolimus, everolimus, or contrast media, pregnancy, history of bleeding or known coagulation disorders, left ventricle ejection fraction (LVEF) <30%, a life expectancy of <1 year, or impossibility of undergoing all follow-up examinations and procedures.



Enrollment and data collection

A total of 177 patients were recruited from February 2019 to March 2021 at four investigational sites and randomized into the two groups in a 2:1 ratio (2 Xlimus: 1 Synergy).

At 6–9 months, all patients underwent an angiography and optical coherence tomography (OCT) evaluation as well as a clinical follow-up. The latter was repeated at 12 months.

This study was conducted in accordance with the ethical principles of the Declaration of Helsinki (2013). The protocol of this study was approved by the Ethics Committee of participating hospitals. Printed informed consent and detailed information about the study were offered to patients before randomization.

All the demographic and procedural data were collected in a web-based case report form (CRF) as well as the events recorded at FU.

Prior to the procedure, patients were pre-medicated according to local standard practices. As such, patients received aspirin and a loading dose of clopidogrel 600 mg, prasugrel 60 mg, or ticagrelor 180 mg, unless they were already taking an antiplatelet for at least 5 days prior to the procedure. Anticoagulants, antiplatelets, and coronary vasodilator therapies were administered following the current guidelines. After the index procedure, dual antiplatelet therapy (DAPT) was recommended for 6 to 12 months according to current medical guidelines.

Randomization was performed after the indication to PCI was given by means of an automatic response website. Patients were blind to the treatment, operators were aware. Procedures could be ad hoc or staged. The core lab was blinded.



Devices description

The Synergy DES is made of a thin-strut (74–81 μm) platinum chromium (PtCr) metal alloy platform and a 4 μm bioabsorbable polylactic (PLGA) abluminal polymer which elutes the everolimus. Elution is complete by 90 days, and polymer absorption is essentially complete by 120 days [7–10] (13–16).

The stent platform of the XLIMUS is made of cobalt chromium L 605 and the stent is available in a 6-, 8-, or 10-cell structure design (closed cell architecture). The strut thickness is 73 μm and the 6-cell design is for the stenting of coronary arteries with a diameter of 2.25–2.50 mm; the 8-cell structure is used for the stenting of 2.75–3.50 mm diameter arteries; and the 10-cell is for larger artery diameter lesions (up to 5 mm). The XLIMUS has an innovative hydrophilic-coated shaft and an extra-low tip profile (crossing profile = 0.90 mm) to access the most tortuous lesions. Of note, within 30 days, about 70% of the sirolimus is distributed into the surrounding arterial tissue of the stent struts. Elution is complete by 90 days, and polymer absorption is essentially complete by 120 days.



Coronary angiography assessment and optical coherence tomography analysis

OCT examinations of target vessels were performed after intracoronary administration of 200 μg of nitroglycerin. All OCT sequences were analyzed by an independent core laboratory using offline software (OPTISTM Imaging Software).

Conventional definitions derived from expert consensus OCT documents were applied (17–19). Analyses were performed by dividing the lesion length into quartiles and then by selecting three frames for the analysis: a distal frame between the first and the second stent quartile, one frame at mid-stent, and one proximal frame between the third and the fourth quartile. The assessment of neointimal thickness was calculated as the difference between the stent contour and the luminal contour. For each measurement, the values of the three frames were then averaged to derive the mean data. Volumetric measurements were obtained by applying the Simpson rule (20). Overlapping stents were considered as a single lesion.



Study outcomes

The primary endpoints described below were evaluated by means of OCT at 6–9 months, according to international standards (17, 18):


	(1)the in-stent neointimal percent volume obstruction [%VO, obtained by dividing the stent volume (mean stent area by stent length) by the in-stent neointimal volume and multiplied by 100], and

	(2)Neointimal volume weighted by the sum of the lengths of the implanted stent (ISNV) (Figure 1).




[image: Figure 1]
FIGURE 1
(A) Example of frame-level evaluation of neointimal thickness and lumen area which are key measures to derive both the co-primary OCT endpoints (%VO and ISNV). (B): 3D model showing the stent and the coronary artery at the frame considered in example A. (C): 3D model of the stent alone to show how the OCT represents the restenotic segment as a gap in the stent struts. (D): flythrough model to show the irregular lumen profile that correlates with the neointimal hyperplasia as a consequence of malapposed struts (in red in Panel E). (F): longitudinal reconstruction and lumen profile showing the narrowing of the artery at the restenotic segment.


Secondary outcomes included angiographic and clinical parameters, and in particular neointimal area calculated at the narrowest luminal area segment of target vessels, cardiovascular death, target vessel MI or target vessel failure (stent thrombosis, restenosis, or target vessel revascularization: TVF), ischemia-driven target lesion revascularization (TLR), stent thrombosis (ST), device success at 24 h, and procedural success at 24 h.

Definitions are as follows: device success at 24 h is defined as the deployment of the assigned stents without system failure or device-related complication (time frame: 24 h); procedural success at 24 h indicates lesion success without the occurrence of major adverse cardiovascular events (MACE) during the hospital stay (time frame: 24 h).

All clinical endpoints were adjudicated by an independent event adjudication committee (EAC) of interventional and non-interventional cardiologists who were not participants in the study.



Sample size determination

Sample size was calculated and based on data obtained from historical cases in published databases including more than 1,500 lesions (21). We assumed a mean value of in-stent percent volume obstruction of 15% ± 7.5% in the everolimus DES group, and hypothesized a volume reduction of 4% with the Xlimus, leading to a mean of 11%. Thus, aiming for a two-tailed α of 0.05% and 80% power of Student's t-test, the required total sample was 129 patients (43 in the everolimus DES/Synergy group and 86 in the sirolimus DES group). This sample size had to be increased to 135 patients (45 in the everolimus DES/Synergy group and 90 in the sirolimus DES group) considering potential suboptimal image acquisition in 3% of cases. Finally, considering a 25%–30% cumulative rate of drop-outs, it was reasonable to enroll 60 patients in the everolimus DES/Synergy group and 120 in the novel Xlimus group to test the non-inferiority hypothesis at a significance level α of 0.05 one-tailed (equivalent to a 90% confidence interval) with a threshold for non-inferiority of 15%, and assuming that the two treatments are actually equivalent.



Statistical methods

Descriptive statistics (arithmetic mean, median, minimum and maximum, and standard deviation) were calculated for quantitative variables. Absolute frequencies and percentages were obtained for qualitative variables. All statistical tests were performed as two-sided α = 0.05.

Student's t-test or Mann–Whitney U test were used to compare quantitative variables depending on whether they were normally distributed or not; χ2 or Fisher's exact tests were used to compare qualitative variables.

The primary endpoints were analyzed by means of the Student's t-test.

The probability of the non-occurrence of clinical secondary endpoints at 12 months (cardiac death, target-vessel MI and clinically indicated TLR, target-vessel MI, TLR, and ST) were estimated using the Kaplan–Meier method and compared between the two treatment groups by means of the log-rank test, followed by the use of the Cox proportional hazards model to assess the predictive models in consideration of the baseline characteristics statistically associated with the events and the following variables: treatment group, age, gender, number of vessels treated, stent length, number of stents, and insulin therapy requirement.




Results


Patients

Demographic and clinical features of the study population are summarized in Table 1. A total of 177 patients were enrolled: 117 in the Xlimus group and 60 in the Synergy group. The two groups were comparable in terms of both demographic and angiographic characteristics.


TABLE 1 Demographic and clinical features.

[image: Table 1]

Almost one-third of the patients had diabetes, while almost 20% of the patients had a previous myocardial infarction.

At inclusion, two-thirds of the population suffered from an acute coronary syndromes (ACS). A severely depressed LVEF concerned a minority of the population.

Aspirin was taken by 65.3% of patients and antiplatelets in 24% of cases. Statins were taken by a large proportion of patients (61.9%) and beta-blockers by 44.9%. Dual antiplatelet therapy was prescribed in 98.3% of patients.



Procedural data

Angiographic and procedural data are listed in Table 2. A radial approach was adopted in 95% of cases. Mean diameter stenosis was 82.50% ( ± 9.6%) and 82.22% ( ± 11.23%), mean lesion length was 21.80 ( ± 11.46) mm and 22.98 (± 14.03) mm, and mean RVD was 2.93 (±0.52) mm and 2.95 (± 0.45) mm in the Xlimus and Synergy groups, respectively.


TABLE 2 Angiographic and procedural data.

[image: Table 2]

A total of 237 lesions were treated, 152 in the Xlimus group and 85 in the Synergy group; 198 and 102 stents were implanted in the two groups, respectively.

Device success at 24 h was achieved in 98.7% and 100% of cases in the Xlimus and Synergy groups, respectively.

Procedural success was obtained in 97% and 98% of the cases, respectively.

There were no device malfunctions.

At discharge, 100% of patients were asymptomatic. Most patients (96.6%) were prescribed statins and betablockers (74.1%).



Primary endpoint

The primary analysis concerned a total of 300 DES (198 Xlimus and 102 Synergy) in 177 patients (117 in the Xlimus group vs. 60 in the Synergy group), evaluated by means of angiography at 6 to 9 months after the index procedure.

No statistically significant difference was observed in either of the two OCT-derived primary endpoints. In particular, the %VO was 16.3% ( ± 10.49%) and 13.3% ( ± 12.88%) for the Xlimus DES and Synergy DES, respectively: the difference between the two means was 3.0 (−0,06–4,2), (p = 0.01), thus meeting the non-inferiority hypothesis.

Moreover, the ISNV was 1.01 ( ± 0.71) and 0.93 ( ± 0.85) mm2 for the Xlimus DES and Synergy DES, respectively: the difference between the two means was 0.08 (−0,04–0,45), p = 0.018, thus meeting the non-inferiority hypothesis (Figure 2).
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FIGURE 2
Co-primary endpoints: (A) the in-stent neointimal percent volume obstruction [%VO, obtained by dividing the stent volume (mean stent area by stent length) by the in-stent neointimal volume and multiplied by 100], and (B) neointimal volume weighted by the sum of the lengths of the implanted stent (ISNV).




Secondary endpoints

OCT/Angio FU was done at 240 ± 18 days and 233 ± 20 days, p = 0.3, in the Xlimus group and Synergy group, respectively.

The secondary OCT parameters are listed in Table 3.


TABLE 3 Secondary OCT parameters.

[image: Table 3]

Clinical endpoints occurred in a low number of cases and are listed in Table 4.


TABLE 4 Clinical endpoints.

[image: Table 4]

The variables statistically associated with the composite MACE occurrences are the procedural success at 24 h (p = 0.0058: HR = 0.127; 95% CI: 0.029–0.550), and the device success at 24 h (p = 0.0009; HR: 0.024; 95% CI: 0.003–0.219).

No statistically significant association with MACE was found for sex (p = 0.2637), age (p = 0.2738), COPD (p = 0.9894), hypertension (p = 0.5452), hypercholesterolemia (p = 0.2774), familiarity (p = 0.2363), diabetes (p = 0.1046), and smoking at a borderline value (p = 0.0772).

Similarly, the number of lesions and severe calcification were not associated with MACE (respectively, p = 0.18; HR = 0.437 for >1 vs.1, 95% CI: 0.127–1.501; and p = 0.25; HR = 2.362 for severe vs. no, 95% CI: 0.545–10.227).




Discussion

The XLIMIT randomized controlled trials showed that the Xlimus sirolimus-eluting stent features a similar performance in terms of endothelialization process, assessed by means of OCT, to the Synergy everolimus-eluting stent.

In particular, both the neointimal volume weighted by the length of the implanted stents as well as the in-stent neointimal percent volume obstruction met the non-inferiority hypothesis.

Synergy EES is one of the new generation of thin-strut stents with abluminal bioabsorbable polymer and has shown good clinical and procedural results in several studies (13–15).

Some of the feature of the Xlimus are plausibly the reason for this performance: the high rate of device success proves the high deliverability of the Xlimus drug-eluting stent. The latter is conceivably related to the innovative hydrophilic-coated shaft and the extra-low tip profile that allows the stent to cross the most tortuous and calcified lesions.

The highly biocompatible PLLA (polylactid acid) matrix degrades smoothly and provides an optimal release kinetic profile. Within 30 days, about 70% of the anti-proliferative drug is distributed into the surrounding arterial tissue by the abluminal stent struts, ensuring a highly effective inhibition of smooth muscle cell migration and proliferation. The OCT follow-up showed that all the stents were fully endothelialized without any signal of excessive neointimal proliferation.

Indeed, the Xlimus DES performance in terms of %VO (16.3% ± 10.4%) is similar, if not better, to the reported percentage of the Mistent and Xience (MiStent 14.54% ± 3.7% and Xience 19.11% ± 6.70%) (16, 21). Of note, the consistency of the %VO evaluated in this study with the reported data of the DESSOLVE III study suggest the quality and reproducibility of the OCT analysis, which is often a major concern of all OCT studies (17–19).

Although it was in a relatively small population, long lesions and severe calcification were not associated with MACE, thus suggesting that the endothelialization process was effective also in more complex lesions. This finding is hypothesis-generating only and needs to be evaluated further.


Safety

No stent thrombosis was detected in all the study population. It is known that impaired arterial healing after stent implantation is associated with a higher incidence of stent thrombosis (20, 22). The pathogenic mechanism seemed to be related to the polymer-related inflammatory reaction and endothelial cell dysfunction, which may cause predisposition to more thrombus formation on uncovered struts and, later on, to accelerate the neo-atherosclerosis (6, 23, 24).

The complete, predictable, and fast endothelialization might be taken as a surrogate to hypothesize the safety of a short DAPT regimen. This would certainly require a dedicated study.

In both groups, we found a low incidence of MACE (9% Xlimus vs. 6.7% Synergy) and ischemia-driven TLR (6.8% Xlimus vs. 5% Synergy).

TLR in both groups was comparable with the available literature on third generation DES (25, 26): this is a positive signal considering that a third of the population was diabetic and about 70% had an acute coronary syndrome at presentation.



Study limitation

The study is underpowered to draw any meaningful clinical considerations. As such, whether the technical features of the Xlimus DES may translate into a clinical advantage against previous generation DES has to be evaluated in an adequately sized trial.

This trial was performed, especially the follow-up, during the COVID-19 pandemic, thus the recruitment and data collection was much slower than expected: however, the very high quality of the OCT recordings and the commitment of the enrolling centers made possible the evaluation of a higher-than-expected number of cases, considering that the sample size assumptions included a significant rate of dropouts that we ultimately did not observe.




Conclusions

The Xlimus sirolimus-eluting stent showed to be comparable to the Synergy everolimus-eluting stent in terms of reendothelization process and arterial healing, as well as in terms of safety. A larger, clinically oriented trial would strengthen the good existing data.
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Aim: This study aimed to evaluate the capacity of a genetic risk score (GRS) for coronary artery disease (CAD) independent of classical cardiovascular risk factors to assess the risk of recurrence in patients with first myocardial infarction. The secondary aim was to determine the predictive value of this GRS.



Methods: We performed a meta-analysis of individual data from three studies, namely, a prospective study including 75 patients aged <55 years, a prospective study including 184 patients with a mean age of 60.5 years, and a case–control study (77 cases and 160 controls) nested in a cohort of patients with first myocardial infarction. A GRS including 12 CAD genetic variants independent of classical cardiovascular risk factors was developed. The outcome was a composite of cardiovascular mortality and recurrent acute coronary syndrome.



Results: The GRS was associated with a higher risk of recurrence [hazard ratio = 1.24; 95% confidence interval (CI): 1.04–1.47]. The inclusion of the GRS in the clinical model did not increase the model’s discriminative capacity (change in C-statistic/area under the curve: 0.009; 95% CI: −0.007 to 0.025) but improved its reclassification (continuous net reclassification index: 0.29; 95% CI: 0.08–0.51).



Conclusion: The GRS for CAD, independent of classical cardiovascular risk factors, was associated with a higher risk of recurrence in patients with first myocardial infarction. The predictive capacity of this GRS identified a subgroup of high-risk patients who could benefit from intensive preventive strategies.
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1. Introduction

Genome-wide association studies have helped unravel the genetic architecture of coronary artery disease (CAD) and identified more than 150 CAD-related loci (1). Most of these loci are associated with CAD risk factors, but some are independent, pointing to new CAD pathogenic mechanisms. On the one hand, these loci could identify new therapeutic targets to reduce residual cardiovascular risk. On the other hand, several studies have used a genetic risk score (GRS) in predicting and identifying high-risk individuals in primary prevention (2–7). We developed and validated a GRS including 12 genetic variants independent of classical risk factors in several populations in primary prevention (3, 6).

However, the role of GRS in the prognosis of patients with acute coronary syndrome (ACS) has been less explored (8–15). We hypothesized that the GRS, which was previously developed and validated in a primary prevention setting and included CAD genetic variants independent of classical cardiovascular risk factors, could also predict ACS recurrences or even death despite intensive secondary preventive strategies and pharmacological treatments in patients who already have the disease.

This study aimed to assess the predictive capacity of a CAD GRS, independent of classical cardiovascular risk factors, for the risk of recurrence or cardiovascular mortality in patients with first ACS.



2. Materials and methods


2.1. Design and participants

We performed a meta-analysis of individual data from three studies:


	•The first study included 81 consecutive nondiabetic patients aged <55 years who presented with acute myocardial infarction (AMI) in a tertiary hospital (16). This prospective study had a median follow-up duration of 4.1 years. Only 75 patients with first AMI were considered for the present analysis.

	•The second study also had a prospective design (17) and included 184 consecutive patients, with a mean age of 60.5 years, who presented with first AMI in the same tertiary hospital. The median follow-up duration was 1.6 years.

	•The third study, with a 2-year follow-up duration, was an age- and sex-matched case–control (1:2) study nested in a cohort of consecutive patients who presented with first AMI in another tertiary hospital [viz., REGICOR (Registre Gironi del Cor or Girona Heart Registry) study]. This REGICOR study subsample, with a 2-year clinical follow-up duration, included a hospital myocardial infarction registry (18) comprising 1,141 patients who had donated their DNA.In this setting, we designed a nested age- and sex-matched case–control study. The case group included 86 patients who presented with a new ACS event or death during the 2-year follow-up. The control group included 172 age- and sex-matched patients, who were randomly selected among those who did not present such events. Finally, 77 and 160 patients in the case and control groups, respectively, were included due to the quality of the DNA obtained.





2.2. Genetic variants, genotyping, and GRS

We analyzed eight genetic variants previously identified to be associated with CAD but not with the classical cardiovascular risk factors (total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, blood pressure, smoking, or diabetes mellitus), namely, single-nucleotide polymorphisms (SNPs) rs17464857 in MIA3, rs6725887 in WDR12, rs9818870 in MRAS, rs10455872 in SLC22A3-LPAL2-LPA, rs12526453 in PHACTR1, rs1333049 in CDKN2B-AS1, rs501120 in CXCL12, and rs9982601 in KCNE2-SCL5A3.

We also incorporated four variants of the ALOX5AP haplotype B, which has been reported to be associated with CAD in different populations (19–21). This haplotype consisted of rs10507391-A, rs9315050-A, rs17222842-G, and rs17216473-A. A GRS including these 12 genetic variants (eight SNPs and four haplotype variants) was defined as the sum of the number of risk alleles/haplotype across all genetic variants after weighting each one by its estimated effect size in the CARDIoGRAMplusC4D [Coronary Artery Disease Genome-Wide Replication and Meta-Analysis Plus the Coronary Artery Disease (C4D) Genetics] consortium (21). In addition, a weight of 0.131 [odds ratio (OR) = 1.14] was assigned to the ALOX5AP haplotype B.

DNA extraction was performed using standard techniques. The 12 genetic variants were determined, and the GRS was calculated using the CARDIO inCode Score commercial platform (GENinCode Plc, Oxford, UK). This GRS had been previously developed and validated in several populations in primary prevention (3, 6). Individual and genotype call rates and Hardy–Weinberg equilibria were also evaluated.



2.3. Outcomes

All the participants were followed up every 6 months at the outpatient clinic in the tertiary hospital where the patients for the first two studies were recruited. In the REGICOR Study, follow-up was conducted through data linkage with population-based myocardial infarction records, official mortality registries, and telephone interviews.

The primary outcome, defined as a recurrent cardiovascular event, was a composite of cardiovascular mortality and recurrent ACS, including both AMI and unstable angina. Nonculprit lesions that were revascularized were not considered recurrences. All outcomes were reviewed by two cardiologists in the first two studies and by an event committee in the REGICOR study.



2.4. Other covariates

The following variables were also collected: age; sex; maximum Killip class during index hospitalization; family history of CAD; personal history of hypertension, dyslipidemia, diabetes, and smoking; treatment with beta-blockers; angiotensin-converting enzyme inhibitors; and revascularization.



2.5. Statistical analysis

The quantitative variables were expressed as means and standard deviations, and the qualitative variables were expressed as counts and percentages. Student’s t-test and ANOVA were used to compare the quantitative variables, and the chi-squared test was used to compare the qualitative variables between the two groups.

In the multivariable analyses, Cox survival regression models were used in the first two studies and logistic regression was used in the case–control study. A clinical regression model, including age, sex, maximum Killip class during hospital stay, family history of CAD, and personal history of diabetes, hypertension, dyslipidemia, and smoking, was initially defined. The final model included those factors associated with the outcome in any of the studies. The GRS was added to this widely used clinical model. The added predictive value of the GRS was assessed by the improvement of the discriminative capacity [change in the C-statistic or area under the curve (AUC)] and reclassification (integrated discrimination improvement index and continuous net reclassification improvement).

We used the inverse variance method to weight the results of the three studies and the fixed effects model to estimate the summary effect size of the association and the predictive improvement metrics. We also assessed the heterogeneity of the results across studies.

A p-value of <0.05 was considered statistically significant. All the statistical analyses were performed using R version 3.3.2.




3. Results


3.1. Results of the individual studies

Participant and genotype call rates were >99%, and all the genetic variants analyzed followed the Hardy–Weinberg equilibrium. Table 1 shows the main characteristics of the participants in the three studies. Table 2 shows the differences between patients with and without an event during follow-up. The group of participants with events had a higher Killip class and standardized GRS. The association between a family history of CAD and a higher risk of events was inconsistent across studies, with two studies showing a lower proportion of family history among patients with events and the third showing the opposite. No other significant differences were observed.


TABLE 1 Main characteristics of the participants in the three studies included in this meta-analysis.

[image: Table 1]


TABLE 2 Patient characteristics according to the recurrence of acute coronary syndrome or cardiovascular death during the follow-up.

[image: Table 2]

In the multivariable analyses, the effect size of the association between the standardized GRS and the risk of events was hazard ratio (HR) = 1.43 [95% confidence interval (CI): 0.92–2.22], HR = 1.16 (95% CI: 0.92–1.46), and OR = 1.31 (95% CI: 0.94–1.81), respectively.

Table 3 shows the predictive capacity of the clinical model, which included age, sex, Killip class, family history of CAD, and personal history of hypertension, along with the added predictive value of the GRS across studies. The inclusion of the GRS did not improve the discriminative capacity of the clinical model. In two studies, we observed a correct reclassification of the patients after including the GRS in the model.


TABLE 3 Predictive capacity of the clinical model and added predictive value of the genetic risk score.
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3.2. Results of the meta-analysis

Table 3 and Figure 1 show the results of the meta-analysis performed. A 24% increase in the risk of the outcomes of interest per standard deviation of the GRS was observed (95% CI: 4%–47%), without heterogeneity between studies (heterogeneity index −I2 = 0) (Figure 1A). The inclusion of the GRS did not increase the predictive capacity of the clinical model (change in C-statistic/AUC: 0.009; 95% CI: −0.007 to 0.025) (Figure 1B and Table 3) but improved its reclassification (continuous net reclassification index: 0.29; 95% CI: 0.08–0.51), without heterogeneity between studies (Figure 1C and Table 3).


[image: Figure 1]
FIGURE 1
Forest plots of the meta-analysis showing the magnitude of the association between the standardized genetic risk score and risk of recurrences (A) and, with the addition of the genetic risk score in a basic clinical model, the changes in discriminative capacity (B) and reclassification (C) of the predictive model of recurrences.





4. Discussion

Our study highlights several important observations for considering GRS in clinical practice in the secondary prevention setting. First, we validated the effectiveness of a 12-SNP GRS in identifying patients with first myocardial infarction who are at the highest risk of recurrence and cardiovascular mortality. Second, adding this GRS to a clinical model improved its predictive capacity, since genetic risk information was independent and additive to all clinical variables currently used to assess subsequent cardiovascular risk. Third, we showed that this GRS, which was previously validated to assess cardiovascular risk in large healthy populations, can be useful in primary and secondary prevention.

The GRS for CAD, which was developed to assess the risk of a first cardiac event, has been extensively and positively evaluated (22). However, using GRS to predict recurrences among those with myocardial infarction has been less studied and with more variable results (8–15). In the present study, a GRS for CAD, independent of classical cardiovascular risk factors, was associated with a higher risk of recurrence in patients with a first myocardial infarction event, providing an enhanced risk assessment for those patients at risk of a secondary event. Moreover, the association between the standardized GRS and the risk of recurrences was very similar to that in a previous study we performed in a healthy Spanish population (HR = 1.24 vs. HR = 1.21) (6). Previous studies comparing the effect size of the association between a GRS and the risk of coronary events reported a lower magnitude of the association in patients with CAD than in individuals without the disease. This difference in the results could be related to two types of selection bias (14): either survival bias when selecting prevalent cases and exposure that could be related to a higher case-fatality or index event bias when stratifying on case status that could induce non-causal associations or attenuations between genetic variants and the index event. The consecutive and exhaustive inclusion of patients in the three studies included in this analysis might have prevented these types of bias.

The added predictive value of including a GRS in a predictive model for recurrences in patients with CAD has been less explored. Only one of the studies included in this analysis explored this hypothesis, showing an improvement in discrimination and reclassification—especially in patients with high low-density lipoprotein cholesterol (16). In this analysis, we confirmed the added value of the GRS in predicting coronary recurrences by improving the reclassification of patients according to their actual risk.

These findings could have clinical implications. First, the GRS identified a subgroup of patients with a higher risk of recurrences. Moreover, these patients could benefit from more intensive secondary preventive strategies. Previous studies suggested that patients with the highest burden of genetic risk obtained the largest relative and absolute clinical benefit from statin therapy (9) and, more recently, PCSK9 inhibitors (15, 23), providing evidence that contributes to the development of precision medicine in the cardiovascular domain.

One of the strengths of the study is the inclusion of consecutive patients and the meta-analysis of three studies with individual data. There are also some limitations that must be considered. First, the sample size of the studies is limited, but the results show high homogeneity and consistency across the studies. Second, the outcome is a composite of ACS recurrence and mortality; hence, individual outcomes could not be analyzed. Third, we cannot discard the survival bias related to the inclusion of patients who presented at the hospital and the exclusion of patients with out-of-hospital coronary death.

In conclusion, the GRS for CAD, independent of classical cardiovascular risk factors, was associated with an increased risk of cardiovascular recurrences in patients with first myocardial infarction.
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Background: Coronary artery bypass grafting using radial artery grafts (RA-CABG) has improved long-term outcomes. However, major adverse cardiovascular events (MACE-4, including all-cause death, myocardial infarction, stroke, and repeat revascularization) after RA-CABG still occur and the predictors remain uncertain. This study aimed to detect independent risk factors of MACE-4 after RA-CABG.



Methods: This is a retrospective case-control study (NCT04935086) conducted among patients who underwent primary isolated RA-CABG between 2009 and 2019 in our center. Baseline characteristics, procedure characteristics, and medication use were compared to identify the independent predictors of MACE-4, all-cause death, and myocardial infarction (MI) with univariate and then multivariate logistic regression.



Results: A total of 370 patients were analyzed using a mean follow-up duration of 48.8 ± 41.0 months. MACE-4, all-cause death, and MI occurred in 102 (27.6%), 27 (7.3%), and 66 patients (17.8%), respectively. Multivariate analysis revealed prior MI (OR = 2.12, 95%CI 1.05–4.25, P = 0.04) and RA to the left anterior descending artery (LAD) (non-left internal mammary artery to LAD) (OR = 4.87, 95%CI 1.41–16.82, P = 0.01) as independent predictors of MACE-4 after surgery. Female (OR = 4.53, 95%CI 1.06–19.41, P = 0.04), left ventricular ejection fraction (LVEF) <40% (OR = 21.00, 95%CI 1.20–368.35, P = 0.04), and RA to LAD (OR = 8.55, 95%CI 1.35–54.10, P = 0.02) were independent predictors of all-cause death. Prior MI (OR = 3.11, 95%CI 1.40–6.94, P = 0.006) emerged as an independent predictor of MI.



Conclusion: Our data suggested that prior MI and RA to LAD were independent predictors of MACE-4 after RA-CABG. Being female, having an LVEF < 40% and RA to LAD indicated death. Prior MI indicated new MI.
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1. Introduction

Since being introduced in coronary artery bypass grafting (CABG) in the 1970s, radial artery (RA) is currently the second choice of arterial grafts recommended by American and European guidelines (1–3). Abundant studies have proved the excellent efficacy of CABG using RA (RA-CABG), especially over CABG using saphenous vein graft (SVG) as the second graft (4–11). However, in the RADIAL study, the incidence of major adverse cardiovascular events (MACE-4, including all-cause death, myocardial infarction, stroke, and revascularization) was still appreciable with about 13% at 5 years and 30% at 10 years (8). Unlike risk factors for the prognosis of CABG with SVG being widely investigated, predictors for MACE-4 after RA-CABG remain uncertain (12).

Hence, this retrospective case-control study was conducted among patients who underwent primary isolated RA-CABG in our center over the past decade and aimed to detect independent risk factors for MACE-4 after RA-CABG in baseline characteristics, procedure characteristics, or postoperative medication use.



2. Patients and methods


2.1. Ethical statement

The case-control study was approved (2020388) by the institutional ethics committee on 16.12.2020, and informed consent was waived. The study was registered with Clinicaltrials.gov (NCT04935086) before enrollment.



2.2. Participants

All consecutive adult patients underwent primary isolated RA-CABG in the Department of Cardiovascular Surgery in Ruijin Hospital, Shanghai Jiao Tong University School of Medicine between January 2009 and December 2019. Meanwhile patients with unavailable follow-up records were excluded.

Cases were patients with any MACE-4 occurrence after surgery until the latest follow-up appointment, and controls were the other patients without any MACE-4 occurrence.



2.3. Surgical strategy

After administering anesthesia, the median sternotomy is performed to gain access to the heart. Unless there is a risk of hemodynamic instability, all procedures are carried out with the off-pump. The left internal mammary artery (LIMA) is consistently anastomosed to the diseased left anterior descending artery (LAD). However, if the application of LIMA is contraindicated, the right internal mammary artery (RIMA) or RA will be considered an alternative. Both LIMA and RIMA are typically chosen as the pedicled graft provided the risk of inadequate sternal blood supply is low. An Allen test is performed preoperatively to confirm the suitability of the RA. Pedicled RA is preferably utilized to revascularize the second most important diseased coronary, which is based on the preoperative angiography and decided by the operating surgeon. In addition, only the RAs that had not been subjected to catheterization will be considered for procedure. For the remaining coronary targets, skeletonized SVG is commonly harvested and used as a supplement graft. The proximal ends of RA and SVG are anastomosed to the aorta, and the Y/T configuration will be considered if the length of the grafts is limited. The intraoperative assessment of graft patency is conducted using a transit time flowmeter. After ensuring hemostasis and closing the chest, patients are transferred to the Cardiovascular Surgery Intensive Care Unit for postoperative monitoring and care. Additionally, patients will be asked to take an oral calcium channel blocker (CCB) from day 3 and continue this regime for at least 6 months after surgery. After that, it is at the discretion of doctors whether to continue the CCB in patients with hypertension.



2.4. Outcomes and potential predictors

The definitions of MACE-4 components followed definitions of the consensus report published jointly by ACCF and AHA in 2017 (13). In this study, MACE-4 was defined as a composite of all-cause death, myocardial infarction [MI], stroke, and repeat revascularization. The definition of MACE-3 was, however, a composite of cardiovascular death (CV-death), MI, and stroke.

Potential predictors for MACE-4 after RA-CABG included baseline characteristics, procedure characteristics, and medication use after surgery. Some definitions of candidate risk factors are listed in the supplement.



2.5. Data collection

A follow-up database was established through outpatient visits or via telephone by cardiac surgeons as a part of standard institutional procedures. During follow-up, if any component of MACE-4 was reported, patients or family members were asked to elaborate on the details, including the date, specific type, and related medical records for confirmation. If an accurate date of occurrence was unable to be acquired, it would be estimated as the median of a limited time window, outside of which MACE-4 did not occur with affirmation.

The baseline data were extracted from electronic medical records, and incomplete electronic medical records were supplemented with paper documentation stored in the Medical Record Department.



2.6. Bias

Baseline database was built by two researchers separately, and differences were revised by a third researcher to guarantee accuracy and completeness. De-identification was also used during the whole data collection process to ensure an objective database.



2.7. Study size

Even with an estimated 20% occurrence of MACE-4, the power of the analysis was limited to 370 patients. The power to detect potential associations depended on the prevalence of risk factors among both cases and controls, the magnitude of the risk conferred, and the incidence of MACE-4. The analyses had 80% power to detect an OR of 2.0 for risk factors with a prevalence of 15% or greater at a 5% (two-tailed) significance level or an OR of 2.5 for risk factors with a prevalence of 6% or greater.



2.8. Statistical analysis

Apart from MACE-4, risk factors for MACE-3, all-cause death, CV-death, MI, stroke, and repeat revascularization were investigated as well. Risk factors for all clinical outcomes in the perioperative period (day 0 to day 30) and the early period (day 31 to 3 years) were also studied separately.

Continuous variables were presented as the mean ± standard deviation (SD) or median (IQR), while categorical variables were presented as frequency (percentages). Logistic regression was used to explore the risk factors of clinical outcomes of interest. The factors with a P-value ≤0.10 in the univariate logistic analysis were subsequently included in the multivariate logistic regression. ORs were shown with 95% CIs. A P-value <0.05 was considered statistically significant. As for the missing baseline data of patients with available follow-up records, analyses were only performed after the exclusion of those patients with missing baseline data. All statistical analyses were performed with SAS software (version 9.4).




3. Results


3.1. Participants

There were 385 primary isolated RA-CABG patients during the defined period. After accessing clinical research database, 370 patients (96.1%) with available follow-up records were included (see Supplementary Figure S1).



3.2. Descriptive data

Table 1 summarized selected baseline characteristics of the 370 patients. But, even complemented with paper medical documentation, there are still a few items with missing data. In total, 27 patients without MACE occurrence and 13 patients with MACE occurrence have incomplete baseline data.


TABLE 1 Selected baseline characteristics of patients in the present studya.
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3.3. Outcome data

Ranging from 4 to 137 months, the median duration of follow-up was 34.7 months, and the mean was 48.8 months. During the follow-up, MACE-4 occurred in 102 patients (27.6%) (Figure 1), and MACE-3 occurred in 86 (23.2%) patients. In total, 27 patients (7.3%) died after RA-CABG, and 18 (4.9%) of them were CV-deaths. MI occurred in 66 patients (17.8%) and stroke in 12 (3.2%). Repeat revascularizations completed by percutaneous coronary intervention were conducted in a total of 12 patients (3.2%).


[image: Figure 1]
FIGURE 1
Cumulative incidence of the MACE-4 after RA-CABG. MACE, major adverse cardiovascular events; MI, myocardial infarction; RA-CABG, coronary artery bypass grafting using radial artery.




3.4. Main results


3.4.1. Predictors for MACE-4

Univariate analysis revealed that an age of 70 or above at admission, MI at admission, pro-BNP > 600 pg/ml, LVESD > 40 mm, LVEDD > 60 mm, LVEF < 50%, prior MI, and a current smoking habit were risk factors of MACE-4. Regarding surgical factors, RA to LAD (non-LIMA to LAD) and on-pump were risk factors (Table 2). The risk factors above were included in multivariate logistic regression (see Supplementary Table S1). After excluding the variable without astringency (on-pump) from multivariate logistic regression modeling, prior MI (OR = 2.12, 95% CI 1.05–4.25, P = .05) and RA to LAD (OR = 4.87, 95% CI 1.41–16.82, P = .01) were identified to be independently associated with MACE-4 (Table 2).


TABLE 2 Univariate and adjusted multivariate logistic regression analysis of risk factors for MACE-4a.
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3.4.2. Predictors for other outcomes

Univariate and multivariate analyses of independent risk factors for secondary outcomes were listed in Table 3. Prior MI (OR = 3.10, 95% CI 1.41–6.83, P = .005) was independently associated with MACE-3 (Table 3, see Supplementary Table S2); female (OR = 4.53, 95% CI 1.06–19.41, P = .04), LVEF < 40% (OR = 21.00, 95% CI 1.20–368.35, P = .04), and RA to LAD (OR = 8.55, 95% CI 1.35–54.10, P = .02) with all-cause death (Table 3, see Supplementary Tables S3, S4); Female (OR = 8.28, 95% CI 1.06–64.62, P = .004) and on-pump with CV-death (Table 3, see Supplementary Table S5); Prior MI (OR = 3.11, 95% CI 1.40–6.94, P = .006) with postoperative MI (Table 3, see Supplementary Table S6); there was no independent risk factor associated with stroke (see Supplementary Table S7); current smoking (OR = 5.95, 95% CI 1.28–27.75, P = .02) was associated with repeat revascularization (Table 3, see Supplementary Table S8).


TABLE 3 Independent risk factors for secondary outcomes identified by univariate and multivariate analysisa.
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3.4.3. Additional analyses

In the perioperative period, MI at admission was independently associated with both MACE-4 and MI, but no independent risk factors for other outcomes were identified (see Supplementary Tables S9–S15). As for the early period, prior MI emerged as an independent predictor for MACE-3 (see Supplementary Table S16); chronic kidney disease (CKD) and on-pump for all-cause death (see Supplementary Table S17); prior MI for postoperative MI (see Supplementary Table S18). However, no independent predictor for MACE-4, CV-death, stroke, and repeat revascularization was found (see Supplementary Tables S19–S22).




3.5. Sensitivity analysis

Although revealed as potential independent risk factors (P ≤ 0.1) of MACE-4 or all-cause death by univariate analyses, several variables were found to be without astringency after being included in multivariate analyses (see Supplementary Tables S1, S3). So multivariate analyses were applied again after the exclusion of these variables. Finally, independent risk factors of MACE-4 were unchanged; but in addition to being female, LVEF < 40% and RA to LAD emerged as independent risk factors of all-cause death as well.




4. Discussion

This case-control study focused on primary isolated RA-CABG patients during the last several years in our center and found prior MI together with RA to LAD as independent predictors for MACE-4; prior MI for MACE-3; female, LVEF < 40%, and RA to LAD for all-cause death; female and on-pump for CV-death; prior MI for postoperative MI and current smoking for repeat revascularization (Figure 2).
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FIGURE 2
Risk factors of MACE and its components after RA-CABG. CV death, cardiovascular death; LAD, left anterior descending artery; LVEF, left ventricular ejection fraction; MACE, major adverse cardiovascular events; MI, myocardial infarction; RA, radial artery; RA-CABG, coronary artery bypass grafting using radial artery.


To compare the follow-up data with a meta-analysis which is composed of several randomized control trials, the definition of MACE-4 was adjusted accordingly (7). Then, a Kaplan-Meier curve was drawn, and the estimated incidence rates were comparable: 3.2% vs. 3.3%, 7.4% vs. 5.3%, 11.1% vs. 13.3% in 1 year, 3 years, and 5 years after RA-CABG (see Supplementary Figure S2).

Another case-control study that involved 1,613 patients is the Radial Artery 2,000, which merely explored risk factors of all-cause death after RA-CABG (14). In the perioperative period, both studies found being female, having MI at admission and low LVEF were risk factors of all-cause death. As for the early period, both studies revealed low LVEF and CKD as risk factors and CKD as an independent risk factor. Potential explanations for the discrepancies could be our stricter inclusion criteria and a relatively smaller sample size.

Our results were also compared with a retrospective cohort study with an averaged 8.1 years of follow-up duration focusing on predictors of mortality (15). In the current study, only LVEF < 40% was an independent risk factor, which corresponds with the lower LVEF suggested by the cohort study. Several independent risk factors revealed by the cohort study with the COX proportional hazards regression model, such as diabetes and hypertension, were not detected as independent risk factors by the present study. It is probably due to the lack of a longer observation, if not for the improved secondary prevention.

Meanwhile, low LVEF was also suggested as an independent predictor of 10-year mortality by another retrospective study (16). And in the univariate analysis part, being female was also found to be a potential risk factor of 10-year mortality.

The results of the present study might be a reference to a rational use of RA in CABG. For instance, prior MI could lead to MACE-4 or MI occurrence. Patients with prior MI could benefit more from CABG in lowering the MACE-4 incidence when RA rather than SVG was chosen as the second graft (7). Therefore, the higher MACE-4 incidence may not be associated with the application of RA but the MI history itself. In short, RA is still recommended in such patients.

LIMA has always been recommended and applied to bypass the LAD to improve survival and reduce recurrent ischemic events (17–22). For various reasons, some revascularizations of diseased LADs were not completed by LIMA. There are LADs of 50 patients who were not grafted by the LIMA. Among these, LIMAs of 35 patients were in poor condition. For the other 15 patients, the surgeries were conducted in the earlier years, and LIMAs were used to revascularize other severely diseased coronary arteries, for example, the diagonal arteries. Actually, the LIMA has been recommended to bypass the diseased LAD by the end of the last century. In alignment with this practice, our center also adopted the strategy of prioritizing LIMA grafting for diseased LAD before 2009 when the patients were included in the current study. And within the same timeframe, other patients did receive LIMA to LAD. So, the 15 patients were probably found to have a usable LIMA. But the operating surgeon determined that RA may better support the high flow of LAD because of the diameter limitation of LIMAs in these patients. Another consideration for not performing the exclusion is patients without a suitable LIMA to bypass LAD could arise from factors such as pre-existing LIMA disease due to diabetes or a limited LIMA diameter attributed to sex differences, especially in females. So, it should also be noted that the absence of a usable LIMA itself, rather than the use of RA as an alternative, could potentially serve as a risk factor for adverse events. Additionally, taking into account the restricted inclusion period and the single-center nature of the study, the act of exclusion could result in the loss of enrollment continuity and valuable data within the present study. Though the RA was used alternatively in the 50 patients, RA to LAD was still an indication for the occurrence of MACE-4, MACE-3, or all-cause death. In addition to LIMA, RA, RIMA, and SVG are used as grafts most often. When used to revascularize LAD, SVG was also inferior to LIMA (18). But when applied as the second graft, though RA and RIMA showed no difference in long-term clinical outcome, both outperformed the SVG (6). So, when LIMA is unavailable in CABG, the completion of revascularization of LAD through RIMA or RA warrants further investigation.

Low LVEF was an indication of all-cause death. But when compared to CABG with SVG as the second graft, RA-CABG tends to reduce the incidence of MACE-4 in either patients with LVEF ≥ 50% or patients with LVEF < 50% (7). Consequently, it may be reasonable to prioritize RA over SVG as the second graft.

Usually, males tend to have a survival advantage after receiving RA grafts because of a larger diameter resulting from sex differences (23). Being female was also indeed found to be an independent predictor for both all-cause death and CV-death in the current study. However, a different opinion proposed that females could benefit more from RA-CABG than using SVG as the second graft (7, 24). To sum up, even if females benefit less from RA-CABG than males, RA is still recommended for females due to its superiority over SVG.

Current smoking was independently associated with repeat revascularization. We proposed that current smoking patients had a higher probability of postoperative cigarettes consumption, which might incur repeat revascularization (25, 26). And grafts for CABG could suffer from peripheral vascular disease (PVD) caused by current smoking (27). After grafting, such previously existing inflammation may accelerate the pathological process in grafts, and thus a repeat revascularization will be needed.

Some candidate predictors in cardiac surgery risk models, however, were not identified as independent risk factors in the current study (28). For example, diabetes, anemia, and CKD were independent risk factors for CABG but not for RA-CABG as the current study suggested (12). This could be attributed to the risk dilution effect of the application of RA, as it was indicated that patients with diabetes or kidney insufficiency could benefit more from CABG using RA rather than SVG as the second graft (7, 29). Notably, a significantly stenosed left main coronary artery (LM) was a potential protective factor with OR < 1 for several clinical outcomes. This is because in the presence of stenosed LM, RAs are thought to be less affected by the competitive flow of the native coronary artery system, especially when most RAs are used to revascularize branches of LM. In summary, RA-CABG may be beneficial to patients with certain risk factors like diabetes, CKD, or stenosed LM.

If not contraindicated, CCB, diltiazem specifically, will be prescribed 3 days after the procedure, and most patients (approximately 90%) are asked to continue this for 6 months as common practice. Therefore, the conclusion suggested by an observational study, that CCB prescription is associated with a better clinical outcome, though very meaningful, was not proven by the current study (30).

Several limitations should be stated. First, this case-control study is subject to selection bias and other unmeasured confounding. Second, some medical records were missing in a small fraction of patients. For instance, prior MI is a risk factor for a few adverse events. However, when delving into specifics such as whether the area is affected by a prior MI was revascularized, even though it is very likely, precise data can't be provided. Third, the conclusions may be influenced by patient referral patterns and local medical management, for example, institutional off-pump preference, and therefore may not generalize to a larger population. Fourth, although with the accumulation of more than 10 years, the number of RA-CABG patients is still relatively limited. Hence, together with the absence of previous studies for reference, the limited data restrict the feasibility of matching.
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Objective: While early outcome after the Norwood operation for hypoplastic left heart syndrome has improved, interstage mortality until bidirectional cavopulmonary shunt (BCPS) remains a concern. Our aim was to institute a home monitoring program to (HMP) decrease interstage mortality.



Methods: Among 264 patients who survived Norwood procedure and were discharged before BCPS, 80 patients were included in the HMP and compared to the remaining 184 patients regarding interstage mortality. In patients with HMP, events during the interstage period were evaluated.



Results: Interstage mortality was 8% (n = 21), and was significantly lower in patients with HMP (2.5%, n = 2), compared to those without (10.3%, n = 19, p = 0.031). Patients with interstage mortality had significantly lower birth weight (p < 0.001) compared to those without. Lower birth weight (p < 0.001), extra corporeal membrane oxygenation support (p = 0.002), and lack of HMP (p = 0.048) were risk factors for interstage mortality. Most frequent event during home monitoring was low saturation (<70%) in 14 patients (18%), followed by infection in 6 (7.5%), stagnated weight gain in 5 (6.3%), hypoxic shock in 3 (3.8%) and arrhythmias in 2 (2.5%). An unexpected readmission was needed in 24 patients (30%). In those patients, age (p = 0.001) and weight at BCPS (p = 0.007) were significantly lower compared to those without readmission, but the survival after BCPS was comparable between the groups.



Conclusions: Interstage HMP permits timely intervention and led to an important decrease in interstage mortality. One-third of the patients with home monitoring program needed re-admission and demonstrated the need for earlier stage 2 palliation.



KEYWORDS
hypoplastic left heart syndrome, Norwood procedure, interstage home monitoring program, bidirectional cavopulmonary shunt, BCPS





Introduction

The neonatal Norwood procedure for hypoplastic left heart syndrome (HLHS) and its variant has undergone constant improvement and modification to archive best possible results (1, 2). Nevertheless, the crucial phase does not end when patients are discharged from hospital but spans the interstage period. Various research has indicated that interstage mortality may range from 2% to as much as 20% (3–5). Risk factors for adverse events during that period have been studied throughout the years. Several factors, such as low birth weight, anatomical subtypes, or extra-cardiac anomalies, are associated with higher interstage mortality rates. However, due to their inherent characteristics, these factors are mostly beyond the reach of operative interventions (4, 6, 7). Therefore, patients affected by these factors require close monitoring (6).

Frequent complications that may arise include excessive hypoxemia, hypovolemia, change in systemic and pulmonary vascular resistance or progressive myocardial dysfunction (5, 8, 9). Particularly, stenosis of modified Blalock-Taussig shunt (MBTS) or right ventricle to pulmonary artery conduit (RVPAC) may disturb the balance between systemic and pulmonary circulations (9). Respiratory illnesses might also be a risk for interstage complications. Hence, our aim was to identify potentially critical courses before patients would present with fulminant complications. To extend the monitoring of key parameters beyond hospital discharge, we launched a home monitoring program (HMP) according to the report of Ghanayem, et al. (10). HMP aims at detecting critical changes, such as drop of oxygen saturation and decrease in weight gain. In addition, HMP serves to support parents and custodians in the care of critically ill children. Many studies have presented positive results in reducing interstage mortality by implementation of similarly structured programmes (9, 10). Rudd et al. have reported excellent interstage survival rates of 98% following the introduction of their HMP (11).

This study intends to evaluate the following two points: (1) whether introduction of HMP reduced the interstage mortality after the Norwood procedure. (2) How HMP detected the problems of patients, and how HMP influenced the outcomes after bidirectional cavopulmonary shunt (BCPS).



Patients and methods


Ethical statement

This study was approved by the Institutional Review Board of the Technical University of Munich (approved number of 305/20 S-KH on 2 June, 2020). The studies were conducted in accordance with the local legislation and institutional requirements. The Ethics Committee/institutional review board waived the requirement of written informed consent for participation from the participants or the participants' legal guardians/next of kin because Because of its retrospective nature, the need for individual patient consent was waived.



Patients

Between January 2001 and December 2020, 335 consecutive patients with HLHS and its variants underwent the neonatal Norwood procedure at the German Heart Centre of Munich. Patients who were subsequently discharged from hospital with shunt-dependent physiology were included in this study (n = 264). Patients who died in hospital and those who underwent BCPS following S1P without being discharged in the interim were excluded from the study (Figure 1). Pre- and postoperative data was obtained by the review of the patients' medical records. Since 2013, patients with single ventricle physiology were included in a home monitoring program (n = 80) which allowed the assessment of adverse events prior to BCPS and if so, therefrom resulting interstage mortality.


[image: Figure 1]
FIGURE 1
Flow chart of patients undergoing the Norwood procedure.




Operative techniques

The Norwood procedure is performed under standard cardiopulmonary bypass (CPB) with hypothermic circulatory arrest. Selective cerebral perfusion has been performed since 2009. The details of the operative techniques are described in our previous reports (12, 13). The choice of shunt was made at the discretion of patients’ surgeon and cardiologist. In patients who received RVPAC, a 5.0 mm ringed Gore-Tex graft was used in most patients. In patients who underwent MBTS, most patients received a 3.5 mm non-ringed Gore-Tex graft. All patients were postoperatively admitted to the intensive care unit (ICU) with chest open. Delayed sternal closure was performed usually on the second postoperative day.



Home monitoring program

In 2013, an interstage HMP was established at our center, which allowed close monitoring and regular check-ups of the patients. The HMP team consists of a nurse case manager and a cardiologist (J.L.), who offers additional support. During the implementation phase, the personnel involved were exclusively sourced from the existing resources within the Division of Pediatric Cardiology. Over time, there emerged a need for the administration to allocate time towards team communication, acquire equipment, and maintain the program. The suppliers of durable medical equipment supplied pulse oximeters, primarily receiving reimbursement from patients' insurance after the HMP team submitted a letter of medical necessity. Patients' caretakers were instructed in measuring and documenting the patient's daily percutaneous oxygen saturation (SpO2), heart rate, weight gain and feeding protocol at least twice a week. Surveillance criteria were measured using pulse oximeters and sensitive digital infant scales. Parents were informed that resting SpO2 less than 70%, weight loss of 30 g or failure to gain 20 g of weight for 3 days were to be considered critical and that in the respective case a call to the hospital would have to be made (12). Furthermore, parents received the usual discharge information to recognize warning signs for respiratory or gastrointestinal illness, respiratory distress, such as tachypnea and nasal flaring, or changes in perfusion. If problems arose, any necessary action was decided upon depending on the severity of the symptoms.



Identification of factors affecting mortality

Interstage mortality, defined as mortality between hospital discharge and BCPS, was analyzed using Cox-regression model. Pre-, intra- and postoperative variables were analyzed as risk factors.



Follow-up data

With the exception of the Hospital Management Program (HMP), all patients received outpatient follow-up care from pediatric cardiologists. The survey concluded for patients who experienced mortality by recording the time of their death as the endpoint. The cause of death was not ascertainable for patients who experienced death outside of a healthcare facility.

The subsequent data were consistently monitored and revised utilizing our institutional database system specifically designed for single-ventricle cases.

In our imaging laboratories, the grading of aortic valve regurgitation (AVVR) was performed using transthoracic echocardiography, which follows established principles that entail the semiquantitative assessment of AVVR through the utilization of Doppler color flow. This evaluation is based on the assessment of the ratio between the area of the regurgitant jet and the area of the atrium. A regurgitant color jet area-to-atrial area of less than 30% signifies mild aortic valve regurgitation, while a range of 30%–50% indicates moderate regurgitation, and a value exceeding 50% indicates severe aortic valve regurgitation.



Statistical analysis

Categorical variables are presented as absolute numbers and percentages. Continuous variables are expressed as medians with interquartile ranges (IQR). An independent Student´s t-test was used to compare normally distributed variables. The Mann-Whitney U test was used for variables that were not normally distributed. Survival after hospital discharge and survival after BCPS was estimated by the Kaplan-Meier method. Risk factors for mortality were identified using uni- and multi-variate Cox regression models. Weight fo age z-score (WAZ) was calculated using the WHO Anthro software 3.2. Data analysis was performed using SPSS version 25.0 for Windows (IBM, Ehningen, Germany) and R statistical software 4.2.1 (R Foundation for Statistical Computing).




Results


Patients and outcomes after the Norwood procedure

Patientś characteristics are shown in Table 1. Median birth weight was 3.2 (2.9–3.5) kg and 16 (6.3%) patients had a birth weight of less than 2.5 kg. Main diagnosis included 217 HLHS (82.2%) and 47 variants (17.8%). In 217 patients with HLHS, anatomic sub-types included 50 aortic atresia (AA)/mitral atresia (MA), 57 AA/mitral stenosis (MS), 26 aortic stenosis (AS)/MA and 88 AS/MS. Genetic anomalies and extra-cardiac anomalies were observed in 11 (4.3%) and in 30 patients (11.8%), respectively. Birth weight was significantly lower in patients with interstage deaths compared to those without interstage death (p < 0.001). Other variables were similar between the groups.


TABLE 1 Patient characteristics.

[image: Table 1]

Operative and postoperative data are shown in Table 2. Median age and weight at the Norwood procedure were 9 (7–12) days and 3.2 (2.9–3.5) kg, respectively. As for shunt-types, MBTS was performed in 133 (50.4%) patients, and RVPAC in 131 (49.6%). Median age and weight at hospital discharge were 24 (16–35) days and 3.2 (3.0–3.7) kg, respectively. Patients with interstage death had lower weight at Norwood (p = 0.008), longer CPB time (p = 0.033), and higher incidence of extracorporeal membrane oxygen (ECMO) support (p < 0.001), compared to those without.


TABLE 2 Operative- and Post-operative variables.
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Interstage mortality

A total of 21 cases of interstage mortality were observed during the period between hospital discharge and the next stage of the BCPS procedure. The cause of deaths were 12 cases of low-cardiac-output, 4 sudden deaths, 2 progressive hypoxias, and 3 unclear causes of death. Since the implementation of the Hospital Management Program (HMP) in our institution in 2013, a total of 80 patients have been enrolled (Figure 2). Nevertheless, a cohort comprising 71 individuals waere excluded from receiving HMP treatment due to either their lack of residency in Germany or their inability to consistently provide updates on their health status for diverse reasons. The interstage mortality of patients who were included into the HMP (n = 2, 2.5%) was lower than the mortality of patients without HMP (n = 19, 11.6%, p = 0.031). Risk factors for interstage death are shown in Table 3. Lower birth weight (p < 0.001), weight at Norwood (p = 0.016), longer ICU stay (p = 0.005), need for ECMO support (p = 0.002) and lack of HMP (p = 0.048) were identified as risk factors using univariable analysis. Multivariable analysis identified lower birth weight (p = 0.003) as an independent risk factor. When we selected 151 patients who had undergone the Norwood procedure since 2013 and performed the same analysis, weight at Norwood (p = 0.008), need for ECMO (p < 0.001) and lack of HMP (p < 0.001) were identified as independent risk factors (Supplementary Table S1).
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FIGURE 2
Survival after hospital discharge in patients with and without HMP.



TABLE 3 Analysis of candidate risk factors for interstage mortality following the Norwood procedure.
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Results of HMP

The events that occurred within the HMP during interstage period are shown in Table 4. The most frequent event was low saturation (<70%) in 14 patients (18%), followed by infection (n = 6, 7.5%), stagnated weight gain (n = 5, 6.3%), hypoxic shock (n = 3, 3.8%), arrhythmia (n = 2, 2.5%) and side effects of vaccinations (n = 2, 2.5%). Readmission to the hospital was required in 24 (30%) patients with a median 29 (18–54) days after the hospital discharge (Figure 3). No variable at hospital discharge was identified as a risk for readmission (Supplementary Table S2). Shunt-types showed no difference in the incidence of readmission (Supplementary Figure S1).


[image: Figure 3]
FIGURE 3
Freedom from readmission after hospital discharge.



TABLE 4 Events of Home Monitoring Program (HMP).
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Characteristics at the time of BCPS

Characteristics at the time of BCPS in patients with and without HMP are shown in Table 5A. Age at BCPS (p = 0.015), and Z score of weight at BCPS (p = 0.010) were significantly lower in patients with HMP. Mortality after BCPS was similar between the groups (p = 0.500). In patients with HMP, the patient characteristics at the time of BCPS with and without readmission are shown in Table 5B. Age at BCPS (p = 0.001) and weight at BCPS (p = 0.007) were lower in patients who needed readmission. However, mortality after BCPS was similar between patients who needed readmission and those who did not (p = 0.614).


TABLE 5 Characteristics at time of BCPS.
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Comment

Interstage mortality was lower in patients with HMP compared to those without. Lower birth weight, ECMO support after the Norwood procedure, and lack of HMP were risks for interstage mortality. Most frequent events during home monitoring were low percutaneous oxygen saturation below 70%, infection and stagnated weight gain. One-third of the patients needed unintended readmission. Age and weight at BCPS were lower in patients who needed readmission compared to those who did not. However, survival after BCPS was similar between the groups with and without readmission.



Interstage mortality after the Norwood procedure

Interstage mortality accounts for an increasing proportion of mortality after the Norwood procedure. Most of interstage mortality occurred in patients with shunt dependent physiology between stage I and stage II palliations. Incidence of interstage mortality is reported to be up to 12% in a multi-center trial (4). Previous studies have identified several pre- and postoperative variables as risk factors for interstage mortality (13–16).



Home monitoring program

In 2013, our facility launched an interstage HMP, which enabled more thorough patient monitoring as well as more frequent check-ins. The unintended benefits were earlier recognition of inadequate growth and the elimination of growth failure that is commonly reported in infants with shunt-dependent heart disease (11). During the interstage period, 30% of patients were re-admitted for observation without cases of cardiac shock. Interstage mortality was reduced significantly from 12.4% to 2.2% after the introduction of the HMP. Two mortalities under HMP occurred in its early era (one patient in 2013 and another in 2014). Since 2015, we experienced no interstage mortality in patients who were supported by HMP. When compared to previous single- and multicenter reports, this represents a significant drop in overall mortality as well as morbidity rate between stages (9, 17–19).

In addition, our findings demonstrate that the introduction of HMP decreases interstage mortality in patients undergoing the Norwood procedure. The mortality rate decreased significantly throughout the staged intervention, cutting down from 12.4% to 2.2%. After the start of HMP, a significantly higher number of patients was unable to be discharged prior to BCPS (12/57 vs. 8/105, p = 0.022). This directly resulted from the implementation of HMP. At the time of BCPS, the children who had been part of the HMP were significantly younger and significantly lighter than those who were part of the remainder. At that time, their ages ranged from 67 to 299 days. After BCPS, early survival rate was not affected in any discernible way.

HMP identifies physiologic disturbances before decompensation and provides an early warning system for prompt interventions. This resulted in a significant reduction of interstage mortality in our population. 31% (n = 14) of the patients needed interstage treatment because of HMP concerns and of these, 8 patients required early surgical procedures.

In accordance with previous publications, we matched our study participants to a historic control group. Therefore, additional confounding factors, such as developments in care over the past 19 years, may account for the reported outcomes (9, 10, 20). However, we believe that surgical modifications and the improvement of care protocols are more likely to influence the early postoperative period. The most important factors affecting the interstage period, including imbalanced systemic and pulmonary circulation, congestive heart failure, the risk of shunt stenosis, and recurrent aortic arch stenosis, are comparable amongst the study groups (20).



Refining of the HMP and future prospective

Hansen et al. implicated that the thorough training of parents before discharge is crucial to improve their understanding of potential problems their child might encounter at home and to emphasize the importance of using the monitor continuously in situations where they are not directly interacting with the child (9). The HMP began with desired thresholds for SpO2 and weight change. The programme expanded to include circulatory insufficiency and failure to thrive based on initial findings, patient outcomes and parental feedback. Several programming enhancements were implemented concurrently to increase the efficiency of this home surveillance technology. Before discharge, dietary targets, standard equipment, systematic data-recording, educational materials, and room-in parent care were set. Imaging and lab data are collected during interstage clinic visits only when clinically necessary. Time required for pre-S2P echocardiography and cardiac catheterization varies by patients. The effectiveness of the HMP has been improved, in our opinion, by conducting consultations over the phone. The parents took advantage of additional counselling by phone, and the consistency of therapy gave the families additional confidence.

These findings do not indicate whether improved survival is due to more precise measurement of physiologic variables, improved care coordination, or both. The HMP is a complex care paradigm that improves communication between families and healthcare providers. These newborns are cared for at home by a multidisciplinary team of clinicians who work closely together. In our experience, there was a lower threshold for contact between parents and HMP NPs as a result of the surveillance calls. Furthermore, coordination between community cardiologists and the surgical site was improved, as was the transition from inpatient to outpatient treatment. When a local cardiologist or pediatrician is unavailable, the HMP provides an additional resource for the family or emergency medical personnel. The Norwood procedure with HMP is a model with far-reaching implications for the care of children with chronic conditions outside of the hospital, enabling multidisciplinary care coordination across pediatric disciplines.



Study limitations

All studies are based on observational, non-randomized data from a single center, limiting the study's ability to be generalized. We examined the study group to a historical control group, so any confounding variables, such as advances in supportive care over 19 years, could potentially account for the observed result. In addition, recent patients in the control group were in part coming from abroad, some of them from regions, where medical service is not as developed as in Germany. Thirdly, some patients were in a too bad condition to be discharged until BCPS and could not go into HMP. We had insufficient information regarding critical events in the control group throughout the interstage period, and only parents or local physicians reported the cause of death. None of the infants were subjected to post-mortem examinations.




Conclusions

The home monitoring programme, which allowed for timely intervention, primarily early stage 2 palliation, reduced interstage mortality significantly. A greater number of patients remained hospitalized until the bidirectional cavopulmonary shunt was installed as a result of adhering to the surveillance criteria prior to discharge. In the surveillance group, earlier BCPS had no negative effect on early survival after bidirectional cavopulmonary shunt.
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Low-iodine 40-keV virtual monoenergetic CT angiography of the lower extremities
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Introduction: To evaluate a reduced iodine volume protocol for lower extremity CT angiography (CTA) using dual-energy CT (DECT).



Methods: This retrospective study included consecutive patients who underwent lower extremity CTA from June to December 2022. A 10 ml 1:1 mixed test bolus was performed, followed by a 40 ml full bolus at a 2.5/s injection rate, using 400 mg/ml iodine contrast media. Conventional and 40 keV virtual monoenergetic images (VMI) were reconstructed. For both reconstructions, five main artery segments were assessed with a 3-point image quality score as well as quantitative attenuation, signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) measurements with diagnostic quality thresholds (respectively >150 HU and >3).



Results: Forty patients were included in the study (mean age 68 ± 12 yo). 200 artery segments were assessed. Median qualitative image scores were 3 [IQR, 3, 3] for both reconstructions. 40 keV VMI upgraded qualitative scores for 51 (26%) of patients, including 9 (5%) from nondiagnostic to diagnostic quality. 40 keV VMI obtained attenuation and CNR diagnostic quality for respectively 100% and 100% of segments, compared with 96% and 98% for conventional images (p < 0.001). Distal artery segments showed the most differences between 40 keV VMI and conventional images.



Conclusion: A low-iodine lower extremity CTA protocol is feasible, with 40 keV virtual monoenergetic spectral reconstruction enabling maintained diagnostic image quality at the distal artery segments.
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1. Introduction

Peripheral artery disease (PAD) of the lower extremities is the third leading cause of atherosclerotic vascular morbidity after coronary heart disease and stroke (1). Atherosclerosis plaque formation leads to lower limb ischemia, causing intermittent claudication that can evolve to rest pain, ulceration and gangrene (2). It is linked with traditional cardiovascular disease risk factors such as smoking, advanced age, diabetes, hyperlipidemia, hypertension and hypercholesterolemia (3). The diagnosis is based on history, symptoms, clinical examination, measurement of the ankle-brachial index, toe-brachial index and imaging (4). Routine screening for PAD is reserved for individuals with numerous risk factors. Historically, invasive digital subtraction angiography was the gold standard diagnostic method but is now reserved for treatment, due to the risks of complications (5).

Current diagnosis imaging modalities include duplex ultrasonography (DUS), computed tomography angiography (CTA) and magnetic resonance angiography (MRA) (6). CTA has the advantages of high spatial resolution, arterial wall and plaque characterization as well as fast image acquisition (7). CTA has a sensitivity of 95% and a specificity of 96% for identifying hemodynamically significant lesions (8). Drawbacks of CTA include radiation exposure and the need to use iodinated contrast media that can cause contrast-induced acute kidney injury (CI-AKI) (9). This is problematic, as lower extremity CTA is often performed for elderly patients with other AKI risk factors such as diabetes and hypertension. Iodinated contrast media is particularly nephrotoxic in patients with a glomerular filtration rate (eGFR) less than 30 ml/min/1.73 m2 (10). Moreover, an effort should be made to reduce iodine usage due to recent concerns regarding the ecological impacts of iodinated contrast media in drinking and surface water (11) and the risks of contrast media shortages, such as during the covid-19 pandemic (12). In the current guidelines, high-iodine (350–400 mg/ml) contrast media are used (13, 14), with a volume of 120 to 140 ml (4, 7), with some reduced contrast volume protocols using down to 80 ml (15). Lower iodine volumes protocols such as at 45–50 ml have been successfully performed for aortic and lower extremity CTA (16–20) but not yet at 40 ml.

Recent CT technological advances led to the introduction of dual-energy CT (DECT) that offers better tissue characterization due to CT attenuation values obtained at two different x-ray energy levels, either by applying two different tube potentials (usually 80 and 140 kVp) (21), or by discriminating two energy levels at the detector side (22). This enables the possibility of reconstructing virtual monoenergetic images (VMI) at discrete energy levels down to 40 keV. Using low keV VMI enhances iodinated contrast in the image, enabling iodine dose reduction. Multiple studies have recently shown the interest of using 40 keV VMI to improve diagnostic accuracy and image quality in different vascular settings and with different CT detector technologies such as dual source, dual layer and fast kVp switching (23–25). In a phantom study, up to 40%–60% iodine reduction could be achieved without loss in image quality (26). Similar results were obtained in-vivo with coronary, pulmonary, and aortic CTAs (27–31).

Therefore, we aimed to evaluate the subjective and objective quality of a reduced contrast volume DECT of the lower extremities protocol, with a bolus of 40 ml of iodinated contrast media, using conventional and 40 keV VMI.



2. Materials and methods


2.1. Study design and population

In this monocentric, retrospective study, patients referred for lower extremity DECT were included from June to December 2022. Informed consent was waived due to the retrospective nature of the study. Exclusion criteria were age < 18 years, iodinated contrast media allergy, and renal insufﬁciency with an eGFR less than 30 ml/min/1.73 m2.



2.2. DECT scanning protocol

All examinations were performed on an 8-cm collimation second-generation dual-layer 7,500 CT system (Philips Healthcare). The acquisition and reconstruction parameters are summarized in Table 1. The injection protocol was performed with a power injector (Bracco), using Iomeprol (400 mg/ml; Iomeron®, Bracco), through an 18–20G catheter inserted into an antecubital vein. First, a test bolus, which is one of the recommended techniques (32), was performed on the infrarenal abdominal aorta with a 10 ml 1:1 mixture of contrast media and saline solution, with an injection rate of 2.5 ml/sec, followed by a 30 ml saline flush. Test bolus recording consisted of 10 consecutive slices at 2.5 s intervals, starting with an initial time (TIni) of 20 s after injection. The test bolus peak time (TBTP) was manually measured. An empirically chosen 4 s delay time (TDel) was added to avoid outrunning the bolus due to table speed. The resulting full bolus time (TFB) was thus defined as: TFB = TIni + TBTP + TDel, which corresponded to an average 30.4 ± 5.6 s depending on the patient. Finally, the full bolus of 40 ml of non-diluted contrast media was injected, and image acquisition started at T = TFB at a rate of 2.5 ml/sec, followed by a 20 ml saline flush. Images were acquired from the diaphragm to the lower extremities. The injection protocol is summarized in Figure 1. Finally, conventional images and 40 keV VMI were reconstructed for each patient.


TABLE 1 Acquisition and reconstruction parameters.

[image: Table 1]


[image: Figure 1]
FIGURE 1
Injection protocol. First, a 10 ml diluted test bolus is performed after a 20-sec initial time after injection start (TIni) to assess the peak test bolus time (TPTB). Then, the full 40 ml bolus is injected, and image acquisition start at the full bolus time (TFB) equal to the sum of TIni and TPTB with an added delay time (TDel) of 4 s.




2.3. Qualitative analysis

Three radiologic technologists (SH, TM and AD) with 8, 5 and 2 years of experience qualitatively evaluated the image quality by consensus using a 3-point scale (1: nondiagnostic, 2: suboptimal, 3: optimal). A radiologist (GF) with 4 years of experience in vascular imaging performed the same evaluation, blinded to the other groups results. Images were reviewed on a dedicated clinical workstation (Intellispace Portal, Philips Healthcare), using 2D viewing mode in axial plane. Zooming and window adjustments were allowed. Arterial segments of different sizes were assessed along the vascular tree of the lower extremities. The abdominal aorta, external iliac artery, superficial femoral artery, popliteal artery, and anterior tibial artery were chosen for evaluation. Only the arteries on the right side were assessed. As image quality in segments with total occlusion is not contrast-dependent, they were excluded, and collateral pathways were assessed instead. The number of upgraded scores and saved exams (upgrade from a nondiagnostic score of 1 to a diagnostic score of 2 or more) were assessed.



2.4. Quantitative analysis

Three radiologic technologists (TM, AD and SH) performed attenuation measurements on conventional images and 40 keV VMI. A circular region of interest (ROI) was manually placed on each of the abovementioned arterial segments. The ROI was drawn from the center of the vessel, with a min. surface of 5 mm2, expanding as widely as possible within the lumen, without contact with the arterial wall or calcifications/atherosclerosis plaque. Mean Hounsfield units (HU) and noise—i.e., standard deviation—were assessed. A CT number of 150 HU was used as a cutoff for diagnostically adequate opacification (33).

A radiologist (GF) measured background attenuation with ROIs placed in the quadriceps muscle tissue, with a min. surface of 10 mm2, avoiding fatty streaks and density artifacts near bones. Background mean HU and noise were assessed. For each arterial segment, the signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were calculated for both image modalities using the following formulas (30):

[image: Eq]

Image quality was considered diagnostically adequate for a CNR > 3.0 (34). To avoid any discrepancies, all ROIs were first drawn on conventional images and then copied and pasted to the exact same position on the 40 keV VMI.



2.5. Statistical analysis

Statistical analysis was conducted using SPSS Statistics version 26.0 (SPSS Inc., Chicago, IL, USA). Normality of data distribution was assessed using a Kolmogorov–Smirnov test. Continuous variables are expressed as mean ± SD. Ordinal variables are expressed as median [IQR], unless otherwise specified. For qualitative analysis, inter-reader agreement was quantified using weighted kappa coefficients, and defined as follows: ≤0, poor; 0.01–0.20, slight; 0.21–0.40, fair; 0.41–0.60, moderate; 0.61–0.80, substantial; ≥0.81, excellent. Differences between median quality scores were evaluated with the Mann-Whitney U test. For quantitative analysis, attenuation, SNR and CNR differences between conventional images and 40 keV VMI were evaluated with a Wilcoxon two-sample test. A p value < 0.05 was considered statistically signiﬁcant.




3. Results


3.1. Population characteristics and scanning protocol

A total of 40 patients were included [mean age 68 ± 12 yo, 32 men (80%)], resulting in a total of 200 artery segments. Patients' characteristics and risk factors are detailed in Table 2. Mean body mass index (BMI) was 26.3 ± 4. 4 (93%) patients presented risk factors for PAD, the most prevalent risk factor was smoking, affecting 31 (78%) patients.


TABLE 2 Patient characteristics.

[image: Table 2]



3.2. Qualitative image quality

An example of conventional images and 40 keV VMI in a patient with PAD is shown in Figure 2. The total median quality score was optimal for both modalities, with 3 [IQR, 3, 3] for conventional images vs. 3 [IQR, 3, 3] for 40 keV VMI. Proximal segments obtained better scores than distal segments. Both modalities were equal for the abdominal aorta, external iliac arteries, and superficial femoral arteries, with scores of 3 [IQR, 3, 3] vs. 3 [IQR, 3, 3]. The first differences were observed at the popliteal level, where more medium results were reported on the conventional images, with a score of 3 [IQR, 2, 3] vs. 3 [IQR, 3, 3]. Conventional images only were insufficient at the tibial level, with a score of 2 [IQR, 2, 3] vs. 3 [IQR, 2, 3] for 40 keV VMI. Qualitative scores were upgraded for 51 (26%) of patients with 9 (5%) cases upgraded from nondiagnostic to diagnostic with the use of 40 keV VMI. The most prevalent upgraded segment was the anterior tibial artery, accounting for 45% of total upgrades and 88% of nondiagnostic to diagnostic upgrades. Mann-Whitney U test showed statistically significant differences between conventional and VMI images only for the abdominal aorta and external iliac artery segments (p = 0.01 for both). Quality scores are provided in Table 3 and Figure 3. The inter-reader agreement was substantial (kappa = 0.62) for conventional images and moderate (kappa = 0.46) for 40 keV VMI. The most prevalent disagreement for conventional images was between the grades 2 and 3 with 19 (9.5%) disagreements. The most prevalent disagreement for 49 keV VMI images was also between the grades 2 and 3 with 29 (14.5%) disagreements.


[image: Figure 2]
FIGURE 2
Example of conventional images (A,C) and 40 keV VMI (B,D) at the superficial femoral (A,B) and popliteal artery (C,D) levels in a 59 yo male with diffuse mixed atherosclerosis. VMI, virtual monoenergetic images.



TABLE 3 Qualitative image analysis.
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FIGURE 3
Qualitative image quality scores for evaluated vascular segments between conventional images (yellow) and 40 keV VMI (orange), on a scale of 1 to 3, displayed as means with 95% CI. Only 2 and 3 are considered of diagnostic quality.




3.3. Quantitative image quality

A normality Kolmogorov–Smirnov test showed normal distribution of CT numbers as well as SNR and CNR measurements (p > 0.05), except for the distribution of popliteal artery CT numbers on conventional images (p = 0.023) as well as tibial artery attenuation in 40 keV VMI (p = 0.035).

40 keV VMI yielded higher attenuation measurements than conventional imaging, with mean values of 687 ± 259 HU vs. 303 ± 96 HU, all p < 0.001. SNR and CNR measurements also showed higher values for 40 keV VMI than conventional images, with mean values of respectively 12.2 ± 5.1 vs. 5.2 ± 1.8 and 28.1 ± 15.3 vs. 10.7 ± 5.2, all p < 0.001.

Of the 200 measured segments, all 200 (100%) were adequately opacified (threshold of >150 HU) on 40 keV VMI compared to 192 (96%) on conventional images, with decreasing scores in more distal segments (100% for aorta and external iliac arteries, 98% for superficial femoral and popliteal arteries and 85% for tibial arteries). Similar results were observed for CNR, in which all 200 segments (100%) achieved adequate CNRs (threshold of >3.0) on 40 keV VMI compared to 196 (98%) for conventional images (100% for aorta, external iliac and superficial femoral arteries, 98% for popliteal arteries and 93% for tibial arteries). HU and CNR values are reported in Table 4 and Figure 4.


TABLE 4 Quantitative image analysis.
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FIGURE 4
Quantitative analysis with mean attenuation (A) and CNR (B) with 95% CI, for evaluated vascular segments between conventional images (yellow) and 40 keV VMI (orange). VMI, virtual monoenergetic images; CI, confidence interval; CNR, contrast-to-noise ratio.





4. Discussion

Our study evaluated and demonstrated the potential of a low-contrast media volume protocol for CTA of the lower extremities using dual-energy CT and 40 keV VMI spectral imaging. Our results showed that this protocol is clinically feasible, with good qualitative and quantitative image quality scores. In another study, we already demonstrated the feasibility of such a low contrast media volume protocol using DECT for coronary CTA (30). To our knowledge, this is the only study in which a 40 ml low iodine volume is used in conjunction with the contribution of 40 keV VMI in the lower extremities. In a study including 34 patients, Almutairi and al. showed that a low contrast medium volume of 0.75 ml/kg DECT with 65 keV VMI resulted in images quality comparable to routine contrast medium volume (26). Similar results were observed by Baxa and al. with a 50 ml injection protocol (10 ml test bolus and 40 ml full bolus) in 92 consecutive patients, but with conventional CT only (19). More recently, Horehledova et al. also showed good image quality in a low volume protocol (15 ml test bolus and 30 ml main bolus) in 50 patients using conventional CT (20). While such protocols are feasible, one of the main technical challenges is acquiring the images at the right timing, as a low contrast volume protocol means a shorter bolus, thus a narrower margin of error with image acquisition. There is a significant risk of acquiring images either too soon or too late, resulting in a “diluted” aspect of the lower extremity arteries' opacification, impairing image interpretation and clinical diagnosis. Conventional image quality scores get progressively lower for the more distal arteries, particularly below the superficial femoral artery level. This drop in quality scores is partially due to contrast dilution, but also to a smaller caliber of the arteries as well as a more important impact of calcifications on the visualization of the vessel lumen. Several technological improvements can help overcome these limitations. Contrast dilution can be greatly improved with the use of spectral imaging with low virtual monoenergetic reconstructions. Indeed, we demonstrated that 40 keV VMI improved image quality compared with conventional imaging, especially on distal arteries where contrast is most likely to be diluted. At the tibial artery level, subjective quality scores went from a median value of 2 (sub-optimal) to 3 (optimal) and 22 (37%) quality scores were upgraded, including 8 (13%) from a nondiagnostic to a diagnostic score of 40 keV VMI reconstructions. Quantitative analysis showed the same improvements, with attenuation values above the quality threshold of 150 HU going from 85% to 100%, and CNR values above the quality threshold of 3 going from 93% to 100% for the tibial artery level. An example of a patient with diluted contrast media and differences between conventional and 40 keV reconstructions is shown in Figure 5. Concerning smaller artery caliber in distal segments, this is a well-known limitation that is deeply linked with CT-scan spatial resolution. Indeed, small arteries such as the anterior tibial arteries have a typical diameter of 1.5–2 mm and while their permeability can be easily assessed when the artery is normal, the same task can be very challenging or even impossible when the artery has severe atherosclerosis. While using larger matrices size such as 1,024 instead of 512 is helpful (35), current CT-scanners are limited by a spatial resolutions around 0.5 −0.625 mm (36, 37). However, the next generation of CT-scanners, i.e., spectral photon counting CT-scanners (SPCCT), are expected to greatly improve this problem thanks to their detectors that can achieve ultra-high spatial resolution up to a resolution of 200 µm (38). Furthermore, arterial calcification can cause the so-called “blooming” artifacts in the artery, resulting in stenosis overestimation, which can be especially challenging and small arteries. Calcium attenuation values can also be close to those of iodine, distinguishing between both materials can sometimes be difficult when the artery is severely calcified (39). This problem is also expected to be improved with SPCCT technology, which can achieve reduced blooming artifacts and better iodine characterization (40–42). SPCCT also has the advantage of improved spectral resolution, enabling even further optimization of low-contrast media protocols (43–46). For example, in a reduced contrast media protocol of the aorta including 100 patients, Higashigaito et al. showed that 50 keV SPCCT VMI provided 25% higher CNR and non-inferior image quality than conventional CT images (47). Overall, low contrast media protocols are dependent on CT-scanner technology, patient's weight and arterial circulation, the extent of PAD, and protocol implementation. For the latter point, it is important to be aware that table speed must be adapted so that it does not outrun the bolus (faster table speed) or, on the contrary, so that the bolus does not overtake the table (slower table speed). Furthermore, radiologic technologists must be well-trained in vascular CTA protocols and aware of the right image acquisition timing.


[image: Figure 5]
FIGURE 5
29 yo male with suspected arterial embolism. Conventional images (A,C–G) and 40 keV VMI (B,H–L) with curved MPR view (A,B) and axial views of the abdominal aorta (C,H), external iliac artery (D,I), superficial femoral artery (E,J), popliteal artery (F,K) and anterior tibial artery (G,L). VMI, virtual monoenergetic images.


Our study is subject to several limitations. First, we did not compare our low-contrast media volume protocol with conventional high-volume protocols, either in the same or in different patients, which could have provided more compelling results. Second, we did not assess artery stenoses, blooming artifacts, or impact of other factors such as cardiac function, which could have provided more information on the quality of the protocol. Finally, the amount of contrast media used was the same for each patient regardless of BMI or risk factors, which could be used as input variables to adapt the contrast volume for a potentially improved protocol quality.



5. Conclusion

Low-iodine volume dual-energy CTA of the lower extremities using 40 ml of iodinated contrast media provided images of diagnostic quality. The use of spectral 40 keV virtual monoenergetic imaging enabled a better assessment of the distal arteries with improved contrast attenuation, SNR and CNR. This protocol achieves up to 70% iodine volume reduction compared with current standard established guidelines.
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Objective: To investigate development trends and research hotspots of exercise for hypertension research and provide researchers with fresh perspectives for further studies.



Materials and methods: Articles and reviews regarding exercise and hypertension spanning May 1st 2003 to May 18th 2023 were retrieved from the Web of Science Core Collection (WOSCC) database. VOSviewer and Citespace were mainly used to perform and visualize co-authorship, co-citation, and co-occurrence analysis of countries, institutions, authors, references and keywords in this field.



Results: A total of 1,643 peer-reviewed papers were identified, displaying a consistent increasing trend over time. The most prolific country and institution were Brazil and University of Sao Paulo, respectively. And we identified the most productive author was lrigoyen, Maria Claudia C, while Pescatello Linda S was the most co-cited author. Journal of hypertension was the most prominent journal, and Hypertension was the journal which was the most co-cited. And this field can be divided into 3 research themes: exercise interventions for hypertension, age-specific relevance of exercise for hypertension, and the global burden of hypertension and the role of exercise. According to the result of keywords analysis, epidemiological information, types of exercise, target population, mechanism, and study design are significant research areas. “Resistance training”, “adults”, and “heart rate variability” were identified as the major future research foci.



Conclusions: The findings offer a scientific insight into exercise for hypertension research, presenting researchers with valuable information to understand the current research status, hotspots, and emerging trends for future investigation.



KEYWORDS
non-pharmacological intervention, hypertension management, research hotspots, CiteSpace, high blood pressure





Introduction

Hypertension, commonly known as high blood pressure, is characterized as a persistent elevation in blood pressure with an unclear etiology, thereby amplifying the risk for cerebral, cardiac, and renal events (1). The precise medical definition of hypertension varies among clinicians due to differential guideline recommendations. Some suggest that hypertension is defined by consistent readings exceeding 130/80 mmHg, whereas others advocate for a threshold of 140/90 mmHg (2). In the year 2010, hypertension was reported in approximately 31.1% of the global adult population. Projections predicted a rise of 60% by 2025, resulting in a prevalence of 29.2%, or around 1.56 billion individuals (3, 4). By 2010, hypertension had emerged as the predominant single risk factor contributing to the global disease burden, accountable for 9.4 million deaths and 7.0% of global disability-adjusted life years, with impacts across all socio-economic strata (5, 6). The economic implications of hypertension are also considerable. In 2003, the cumulative direct and indirect expenses associated with the management of hypertension in the US were estimated to be USD 50.3 billion (7).

The challenge with hypertension lies in its often-asymptomatic nature, making it difficult for individuals to realize their condition. If left uncontrolled over extended periods, hypertension can precipitate severe medical conditions, such as heart failure, myocardial infarction, stroke, vision complications, and kidney disease (1). Therefore, patient monitoring is a crucial aspect of hypertension management. It's typically controlled by medication and lifestyle changes, with exercise playing a crucial role. Numerous therapeutic exercise regimens have been implemented as interventions in hypertension management (8). In recent years, a multitude of studies have demonstrated that aerobic and resistance exercise, coupled with flexibility and balance exercises, can augment the quality of life for patients with hypertension (9, 10). These improvements manifest in various ways such as enhancing cardiovascular system function, optimizing blood pressure control, and reducing the risk of apoplexy (11, 12).

Bibliometric analysis, a robust quantitative research methodology, offers an objective framework to trace the intellectual evolution and structural composition of a specific research domain (13). It has been widely utilized to probe developmental trends and hotspots within various areas of publication (14–16). To our understanding, despite the steady increase in publications relating to exercise in the hypertension research field, no bibliometric analysis has yet been conducted. Findings derived from such bibliometric studies can enable investigators to pinpoint current research concerns, thereby guiding future research directions (17). Owing to its considerable advantages, the application of bibliometric methods holds significant value in the domain of exercise for hypertension research.

In this study, our objective is to conduct a thorough bibliometric analysis of research concerning exercise for hypertension. The intention is to offer a comprehensive assessment of the evolution within this field. By meticulously examining past achievements, evaluating the present state, and projecting potential future directions, we aspire to illuminate the landscape of exercise for hypertension research.



Materials and methods


Data acquisition

The Web of Science Core Collection (WOSCC) database was searched extensively for publications relating to exercise for hypertension on 19 May 2023, which is frequently used and accepted for scientific or bibliometric studies. A peer-reviewed and supervised search term development process was conducted under the guidance of an expert with ten years of information retrieval experience. The data search strategy was “TI = (exercise* OR kinesitherapy OR train* OR “physical activit*” OR sport* OR fitness OR walk* OR run* OR swim* OR jog* OR cycling OR pilate* OR yoga OR qigong OR “tai chi” OR motion* OR athletic OR liuzijue OR wuqinxi OR dance OR yijinjing OR baduanjin OR taekwondo) AND TI = (hyperten* OR “high blood pressure”) AND Language = “English”. In this study, the publication types were restricted to “article” or “review”, time span = 2003.01.01–2023.05.18 (Figure 1).


[image: Figure 1]
FIGURE 1
Flowchart of the publications selection.




Data analysis and visualization

The data, which incorporates fully recorded and cited references, was downloaded from WOSCC. In addition to the Online Analysis Platform of Literature Metrology (https://bibliometric.com/), VOSviewer 1.6.17, and CiteSpace 6.1.R3, this information was also imported into several analysis tools. The key metrics adopted in bibliometric studies encompass co-authorship, co-citation, and co-occurrence analysis. Specifically, co-authorship analysis aims to investigate the relationships among authors, nations, or institutions, predicated on the quantity of jointly produced papers. Co-occurrence analysis employs a quantitative methodology to explore the relationship between different elements, based on their concurrent appearances. Co-citation analysis reveals the relational strength of cited elements by considering the number of elements that cite them.

The Online Analysis Platform of Literature Metrology was employed for conducting co-authorship and publication analyses across various countries/regions. VOSviewer serves as a software tool for the creation and visualization of bibliometric networks, which may be formulated leveraging citations, common citations, or co-authorship collaborations (18). In the map instantiated by VOSviewer, each node symbolizes an element. In the context of this study, VOSviewer facilitated the analysis of clustering patterns among countries, institutions, authors, and journals, taking into account the number of publications, citations, and the linkage potency of each constituent. A wide link width between nodes signifies a robust degree of cooperation, and larger nodes denote a higher number of reflections. Concurrently, CiteSpace served as an invaluable tool for bibliometric analysis (19, 20). Utilizing CiteSpace, we assessed keyword/reference clustering and timelines, as well as the centrality of countries, institutions, authors, and keywords. CiteSpace parameters were set as follows: (1) Time slice from 2003 to 2023, with each slice representing one year; (2) Single node type selection at a time; (3) Selection criteria were based on the g-index, with k = 15; (4) Pruning was performed via the pathfinder method. Moreover, Microsoft Excel 2019 was deployed to illustrate the global output and developmental trend of relevant papers. Impact factor (IF) and category quartile data were derived from the Journal Citation Reports (JCR) 2022 (21). The H-index is a composite index that serves as a significant metric for evaluating the quantity and quality of academic output produced by a scientific researcher, country, journal, or institution.



Research ethics

The data sources utilized in our study were derived from publicly accessible databases. As such, obtaining approval from an ethics committee was deemed unnecessary.




Results


General information


Analysis of publications

A total of 1,643 publications focused on exercise for hypertension research were identified between Jan 1st, 2003 and May 18th, 2023, including 1,485 articles and 158 reviews. The average annual output was 83. As presented in Figure 2, the field of exercise for hypertension research exhibited a fluctuating publication output from 2003 to 2016, with an overall upward trend since 2017. The sustained increase in publications after 2017 likely reflects the growing recognition of exercise as a non-pharmacological intervention for hypertension prevention and management. The rising volume of publications on exercise for hypertension indicates that more studies are being conducted in this field, leading to the generation of new knowledge. The increasing interest in this topic might also indicate a recognition of the importance of non-pharmacological interventions for hypertension. Moreover, the 1,643 publications in this research field were cited a total of 32,491 times from 2003 to 2023. The number of citations increased from 5 in 2003 to 4,203 in 2022. The increase in citation rates over time indicates that the findings and insights produced by these studies are significant and relevant to the scientific community.


[image: Figure 2]
FIGURE 2
The number of publications and total citations.




Analysis of countries/regions

Publications were published in 80 different countries/regions (Figure 3). Table 1 lists the top 10 most productive countries/regions, with Brazil (n = 420) leading, followed by the USA (n = 382), and China (n = 197). The USA had the highest citation count (9,414 times) and H-index = 49. Figure 3A shows a concentration of publications in North America, South America, Europe, and East Asia. Notably, China exhibited a substantial increase in publication output in 2021 (Figure 3B); this may be due to increased investment in research and development, an aging population, and high rates of hypertension prevalence (22–24). The cooperation network between countries and regions is depicted in Figures 3C,D, indicating that the USA collaborates with various countries, particularly Brazil and China. Total link strength (TLS) measures global co-authorship and is represented by the width of the lines connecting nodes. The visual co-authorship map reveals that the top three countries in terms of TLS are the USA, Brazil, and England. Beyond the USA, collaboration among other nations is limited. This underscores the need for fostering international partnerships to further advance exercise for hypertension research. Collaboration can pool resources, expertise, and knowledge from various regions to conduct more comprehensive and impactful studies.


[image: Figure 3]
FIGURE 3
Visual map of countries/region. (A) Geographic distribution map based on the total publications of different countries/regions. (B) Number of annual publications and growth trends of the top 10 countries/regions. (C) Collaboration network analysis of the countries/regions. (D) The international network cooperation between the countries/regions.



TABLE 1 Top 10 countries in the field of exercise for hypertension.

[image: Table 1]



Analysis of institutions

Publications originated from 2197 different institutions (Figure 4). Table 2 lists the top 10 most productive institutions. The University of Sao Paulo published the most papers (n = 139), followed by Federal University of Sao Paulo (n = 32) and Universidade Federal do Rio Grande do Sul (n = 32).


[image: Figure 4]
FIGURE 4
Collaboration network analysis of institutions.



TABLE 2 Top 10 institutions in the field of exercise for hypertension.
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Analysis of journals

Over the past 20 years, 280 academic journals published articles related to exercise for hypertension. The top 10 journals published 23.25% (n = 382) of these papers, as shown in Table 3. The average IF of the top 5 journals is 5.914. Hypertension (n = 48, IF = 9.897), a journal from the USA, had the highest IF among these journals. It focuses on basic science, clinical treatment, and prevention of hypertension and related cardiovascular, metabolic and renal diseases. The articles published in Hypertension are expected to remain significant for years to come. In terms of publications volume, the top three journals were Journal of hypertension (IF = 4.776), Hypertension (IF = 9.897), and Hypertension research (IF = 5.528). The Journal of Hypertension, based in the USA, focuses on research related to the basic science, clinical treatment, and prevention of hypertension, as well as associated cardiovascular, metabolic, and renal diseases. Given the quality and scope of its published papers, they are expected to remain significant for years to come.


TABLE 3 Top 10 journals in the field of exercise for hypertension.
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Analysis of authors

As many as 8,145 authors contributed to the research on exercise for hypertension. Table 4 presents the top 10 authors in exercise for hypertension research, with Maria Claudia C. Irigoyen ranking first (n = 18), followed by Linda S. Pescatello (n = 17), Li-jun Shi (n = 15). The cooperation map (Figure 5) indicates that the scale of collaboration among authors is relatively light, suggesting a need for increased overall connections between researchers in this field.


TABLE 4 Top 10 authors in the field of exercise for hypertension.
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FIGURE 5
Collaboration network analysis of authors.





Research hotspots


Analysis of co-cited journals

The top 10 most-cited journals are displayed in Table 5. A journal's influence in its respective field is determined by the frequency of co-citations, serving as a measure of its significance. Notably, nine journals in Table 5 have been cited over 1,000 times. The three most frequently co-cited publications were Hypertension (IF = 9.897), Circulation (IF = 39.918), and Annals of Internal Medicine (IF = 51.598).


TABLE 5 Top 10 Co-cited journals in the field of exercise for hypertension.
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Analysis of co-cited authors

The network map of co-cited authors is shown in Figure 6. Linda S. Pescatello ranked first with 482 citations, followed by Cornelissen Véronique A, Mancia Giuseppe, and Chobanian Aram V with 411, 325, and 297 citations, respectively (Table 6). The top 10 co-cited authors collectively exceeded 2,000 citations, highlighting their prominence and influence in the domain of exercise for hypertension research.


[image: Figure 6]
FIGURE 6
The network visualization map of co-cited authors.



TABLE 6 Top 10 Co-cited authors in the field of exercise for hypertension.
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Analysis of co-cited references

Reference co-citation analysis determines highly co-cited references that are frequently cited together by other articles, making it a common approach for exploring research foci in a given academic field. The network map of co-cited references is displayed in Figure 7, and Table 7 lists the top ten articles according to number of citations. We concluded that these ten articles concentrate on 3 research themes: (1) exercise interventions for hypertension prevention and treatment, (2) age-specific relevance of exercise for hypertension, (3) the global burden of hypertension and the role of exercise.


[image: Figure 7]
FIGURE 7
The network visualization map of co-cited references.



TABLE 7 Top 10 references in the field of exercise for hypertension research from 2003 to 2023.
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Analysis of keywords co-occurrence

Keywords summarize the core material of a paper in great detail. Table 8 reports the top 20 keywords, while Figures 8A,B illustrate the co-occurrence and cluster analysis of these keywords, respectively. Within the exercise for hypertension research, significant research areas encompass epidemiological information (e.g., risk, mortality, prevalence), types of exercise (e.g., aerobic exercise, resistance exercise), target population (e.g., adults, men), mechanism (e.g., adrenergic blockade, oxidative stress), and study design (e.g., meta-analysis). To display temporal trends, a timeline plot was constructed (Figure 8C). In the field of exercise for hypertension, a total of seven clusters have been identified, with “#2 hypertension-induced diastolic heart failure,” “#3 isometric handgrip training,” “#5 hypertensive response,” and “#7 atrial natriuretic peptide” emerging as recent research hotspots.


TABLE 8 Top 20 keywords in the field of exercise for hypertension.
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FIGURE 8
Analysis of keywords. (A) Keywords co-occurrence. (B) Keyword clustering. (C) Timeline of keywords.





Global trends of exercise for hypertension research


Analysis of keywords with the strongest citation bursts

Since 2003, a total of 30 keywords have experienced significant bursts. The results of burst detection are illustrated in Figure 9, showing that keywords such as “resistance training”, “adults”, “heart rate variability” gained prominence in recent years. This indicates that research concerning these topics is currently garnering attention and signifies potential developmental trends in the field of exercise for hypertension research.


[image: Figure 9]
FIGURE 9
Visualization map of top 30 keywords with the strongest citation bursts.




Analysis of co-cited references

The timeline view of co-cited references serves as a visual diagram reflecting the temporal characteristics of research hotspots in this field. Among the 12 clusters depicted in Figure 10, the #8 cluster, focusing on aortic endothelium-dependent vasorelaxation, emerged as the earliest research hotspot. Currently, the most prevalent research hotspots are #0 systematic review and #2 essential hypertension.


[image: Figure 10]
FIGURE 10
Timeline of co-cited reference.






Discussion


General information

The research on exercise for hypertension has been extensively studied over the last two decades. The subject has been researched in 80 countries, with eight developed and only two developing countries among the top 10 countries studied. Despite ranking second in published papers, the USA has the highest centrality score, indicating its leadership in this research area. This can be attributed to the country's high prevalence of hypertension and substantial investment in exercise treatment for hypertension. Brazil ranks first in the number of articles published on this topic. This may be associated with the high incidence of hypertension in the country and the low cost of exercise treatment (25). China follows closely in third place, which may also be credited to the high incidence of hypertension and the popularity of traditional Chinese practices such as Baduan Jin and Tai Chi (26, 27). The top 10 institutions make up 21.85% of total publication yields, indicating significant academic accomplishments. Brazil's University of Sao Paulo, the country's leading comprehensive university, is the top-ranked institution, closely working with the fifth-ranked University Catholic of Brazil.

A total of 280 diverse academic journals published articles related to exercise for hypertension research, with the top 10 journals accounting for 23.25% of the publications. Among these, the Journal of Hypertension was the most frequently published journal, while it was challenging to publish relevant papers in high impact factor journals. The identification of crucial authors can aid investigators in finding potential collaborators. Irigoyen Maria Claudia C, Linda S. Pescatello, and Shi Li-jun were the most productive and influential authors in this area. Irigoyen Maria Claudia C is a researcher from the Universidade de Sao Paulo whose work focuses on exploring the relationship between physical activity, heart health, and hypertension. Her research supports the use of exercise therapy as a complementary approach to managing hypertension and improving overall cardiovascular health (28, 29).



Research hotspots

According to the co-cited authors, Linda S. Pescatello from USA is the top-ranked author for co-citations. In her most recent work, she discovered that, in individuals with resistant hypertension, a 12-week aerobic exercise regimen resulted in 24-hour and ambulatory daytime blood pressure, as well as office systolic blood pressure. Her discovery strengthens the evidence base advocating for the integration of moderate-intensity aerobic exercise as a standard adjunctive therapy for this patient demographic (30, 31). The highest co-cited reference was published by Linda S. Pescatello in 2003 in the journal Hypertension (32). This paper reported that a healthy lifestyle can lower blood pressure, with exercise being an important way to promote recovery from hypertension.

Our analysis of co-occurrence keywords revealed five important research areas: epidemiological information, types of exercise, target population, mechanism, and study design. Hypertension epidemiology has been a hot topic due to its increasing global incidence; the latest data reveals that hypertension affects 34% of the world's population (32, 33). It is a significant risk factor for cardiovascular disease(CVD), chronic kidney disease, dementia, and other major illnesses. Aerobic and resistance exercises are currently the most popular methods used to intervene in hypertension. Exercise training results in considerable reductions in all hypertension blood pressure measures in individuals with hypertension (34). While further evidence is necessary to determine whether exercise can replace anti-hypertensive drugs, exercise training, particularly using aerobic modalities, appears to be an effective adjunctive therapy treatment for hypertension (35). Resistance exercise training has also been shown to reduce blood pressure (9, 36). Among the target population, hypertensive patients are prevalent among adults with men older than 50 years at higher risk for hypertension (37, 38).

The mechanism of exercise in treating hypertension is a research hotspot, particularly regarding adrenergic blockade and oxidative stress. Adrenergic blockade is one of the most important drug treatments for hypertension and heart disease. It can inhibit the effects of adrenaline on the body via β-blockers or α-blockers, which slow the heart rate, dilate blood vessels, and lower blood pressure (39, 40). Combined with exercise, adrenergic blocking drugs can synergistically control hypertension. During aerobic exercise, adrenaline secretion is suppressed, achieving better blood pressure-lowering effects. Additionally, aerobic exercise reduces the level of adrenaline in the blood (41). Furthermore, numerous studies have shown that exercise can reduce oxidative stress and inflammatory responses, leading to blood pressure reduction, and improvements in vascular function (42, 43). The hormone Atrial Natriuretic Peptide (ANP), currently a pivotal area of research, is secreted by the heart, playing a significant role in the regulation of processes such as blood pressure and fluid balance. Studies indicate that ANP levels often decrease in patients with hypertension. This reduction could stem from cardiovascular alterations caused by hypertension, hampering ANP secretion or perhaps due to adaptive bodily mechanisms causing a decrease in ANP levels. Conversely, exercise has demonstrated potential in enhancing ANP levels by stimulating ANP production via increased cardiac output and heightened Sympathetic Nervous System activity. This amelioration leads to a reduction in blood pressure and assists in balancing body fluid (44–46).

Meta-analysis is a systematic and statistical method for integrating existing studies that combines the results of independent studies to evaluate the overall effect of a specific variable or intervention. It is commonly used in exercise for hypertension research due to the large number of studies, variability in findings, ability to assess effect sizes, and development of appropriate guidelines and recommendations. By combining multiple studies, it improves the reliability and accuracy of overall studies, allowing physicians and the public to better understand how to prevent and treat hypertension. Since 2020, 55 meta-analyses on exercise interventions for hypertension have been published. One of the highest IF meta-analyses was published in the British Journal of Sports Medicine (IF = 18.479) (47). This study revealed that short-duration exercise of any type can reduce the risk of all-cause mortality and serious adverse events in patients with hypertension, type 2 diabetes, or CVD.



Global trends

Research frontier themes are frequently indicated by keywords with citation bursts. A thorough examination of the most recent keyword bursts revealed three new trends in exercise for hypertension research. These are what they are:


	I.Resistance training: Resistance training, also referred to as strength or weight training, is a type of exercise that primarily aims to develop and strengthen skeletal muscles. Its positive effect on hypertension has been well-documented in several studies, which have shown a decrease in blood pressure among individuals with hypertension who engage in resistance training. This can be attributed to the improvement of arterial compliance, vascular function, and reduction of arterial stiffness, all of which contribute to better blood flow and lower blood pressure (48, 49). Moreover, resistance training promotes muscle growth and overall cardiovascular health, further supporting its effectiveness as an adjunct therapy for hypertension (36). Combining resistance training with aerobic exercise may provide additional benefits for individuals with hypertension. Nonetheless, more research is required to determine the optimal frequency, intensity, and duration of resistance training for different populations with hypertension (9, 50, 51).

	II.Adults: The World Health Organization defines individuals aged 18 years and older as adults, a group that is differentiated from children and adolescents in the fields of medicine and public health due to varying health concerns and risks. Adults are more susceptible to chronic diseases, including hypertension, which poses a significant economic and public health burden. Improving lifestyles, particularly through exercise, among young people is crucial in preventing age-related increases in blood pressure. Management strategies for hypertension in older adults must consider factors such as frailty, complex medical comorbidities, and psycho-social factors on an individual basis. Non-pharmacological lifestyle interventions should be encouraged to reduce the risk of developing hypertension and to serve as adjunctive therapy to lower the need for medications (36, 37, 49).

	III.Heart rate variability (HRV): HRV refers to the variation in the time interval between consecutive heartbeats, also known as the change in the speed of the heartbeat. Higher HRV is generally associated with better cardiovascular function and resilience, while lower HRV is linked to a higher risk of anxiety and depression, as well as increased mortality from CVD (52). Regular exercise, particularly endurance training, has been found to improve HRV levels. In a study involving middle-aged hypertensive women, combined aerobic and resistance training resulted in significant improvements in HRV parameters (53). As such, exercise programs that incorporate both aerobic and resistance training may be beneficial for the management of hypertension by enhancing cardiac autonomic control (54).






Limitation

There are several limitations to note in this study. Firstly, we only utilized WOSCC as our database, which may have led to the omission of relevant papers from other databases. Secondly, there is a possibility that significant non-English papers were overlooked, resulting in research bias and a reduction in credibility. Finally, due to the constant updates of the database, recently published high-quality articles may have been underestimated because of their inadequate citations.



Conclusion

The analysis of literature on exercise for hypertension from 2003 to 2023 shows an increasing interest, with major contributions from the US and University of São Paulo. Publications primarily come from Brazil, USA, and China, underscoring the importance of international collaboration in this domain. Exercise is gaining prominence as an essential non-pharmacological means to prevent and manage hypertension. Notable authors include Maria Claudia C. Irigoyen and Linda S. Pescatello. Increasing author collaborations are observed, though further cooperation is needed. Key themes include hypertension prevention and treatment through exercise, age-specific relevance, and global impact. New trends focus on “hypertension-induced diastolic heart failure” and “isometric handgrip training.” This bibliometric review offers valuable insights on emerging trends and future research direction in exercise for hypertension.
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Background: Recent studies have reported better predictive performance of triglyceride glucose (TyG) index for cardiovascular events in women, however, whether this association persists in postmenopausal women is inconclusive. We investigated the association between TyG index and H-type hypertension (HHT) in postmenopausal women.



Methods: 1,301 eligible women with hypertension were included in this cross-sectional study. Concomitant homocysteine levels >10 μmol/L were defined as H-type hypertension. The TyG index was calculated as ln [triglycerides (mg/dl) × fasting glucose (mg/dl)/2]. Multivariable logistic regression models and restricted cubic spline models were used to assess the association between TyG index and H-type hypertension in postmenopausal women, and subgroup analyses were performed for potential confounders.



Results: Of the 1,301 hypertensive patients, 634 (48.7%) participants had H-type hypertension. In each adjusted model, TyG index was significantly associated with the risk of H-type hypertension. each 1-unit increase in TyG index was associated with an increased risk of H-type hypertension in all participants (OR = 1.6; 95% CI, 1.3–2.0; P < 0.001), and there was a linear relationship between TyG index and H-type hypertension (P for linear trend < 0.001).



Conclusion: TyG index is positively associated with H-type hypertension in postmenopausal women, suggesting that TyG index may be a promising marker for H-type hypertension. By controlling lipid levels and blood glucose levels, it may help prevent H-type hypertension in postmenopausal women.
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H-type hypertension, triglyceride glucose index, insulin resistance, postmenopausal women, cross-sectional study





1. Introduction

As the most common cardiovascular disease, hypertension affects more than 1.278 billion people worldwide aged 30 to 79 years (1). Hypertension with homocysteine (Hcy) levels above 10 μ/L suggests H-type hypertension (2). In China, more than 70% of hypertensive patients have elevated plasma homocysteine levels (3). A cross-sectional study showed that hyperhomocysteinemia(HHcy) and hypertension are two independent, modifiable risk factors that add up to an increased risk of cardiovascular and cerebrovascular events (4). Therefore, early intervention of H-type hypertension is quite important.

Insulin resistance (IR) is a well-known predictor of many cardiovascular diseases (CVD) (5, 6). A hyperinsulin-normoglycemic clamp is the gold standard for measuring IR, but it is too expensive and complex to be used in clinical settings. Recently, triglyceride glucose (TyG) index, calculated from triglycerides (TG) and fasting glucose (FPG), has been proposed as a reliable alternative marker for IR (7). The TyG index is more sensitive and specific for the diagnosis of IR than past alternatives such as the homeostatic model insulin resistance index (HOMA-IR) and TG/HDL-C (8). The association between TyG index and hypertension has been demonstrated in relevant epidemiologic studies (9, 10).

As estrogen levels decline in postmenopausal women, cardiovascular diseases such as hypertension and hyperhomocysteinemia are more prevalent (11). H-type hypertension is more prevalent in postmenopausal women than in premenopausal women and men of the same age (12, 13). In addition, in postmenopausal women, IR is more likely to result from weight gain or abdominal obesity (14). According to previous studies, TyG index has better predictive efficacy in women than in men when it comes to major adverse cardiovascular events (15). This may be due to increased insulin resistance and decreased estrogen levels in postmenopausal women, but validation is still lacking. Thus, this cross-sectional study explores the relationship between TyG index and H-type hypertension among postmenopausal women.



2. Materials and methods


2.1. Study population

This cross-sectional study included 1,301 female patients treated at Hunan Provincial People's Hospital between January 2021 and January 2023 without missing data. Participant inclusion criteria: (1) postmenopausal women (cessation of menstruation for more than 1 year); (2) Diagnosis of essential hypertension; (3) cooperation with the survey and signing of informed consent form. Exclusion criteria: (1) participants who had used medications that could impact their blood pressure and homocysteine levels; (2) Patients who are unable to accurately describe their own state, such as mental illness, speech problems, etc.

All study participants signed an informed consent form before taking part in the study, which was evaluated and approved by the Medical Ethics Committee of Hunan Normal University (No. 034/2017). After data collection, all participant information is kept anonymous and each participant is given a code. No names are ever published in any way.



2.2. Sample size calculation

Sample size calculations were based on the prevalence of H-type hypertension among hypertensive patients using a single population proportion sample size formula. According to the literature review, the proportion of H-type hypertension in the Chinese hypertensive population was 73% (3), and a minimum sample size of 1,250 cases was required for the study, assuming an α of 0.05, a β of 0.80 and a 95% confidence interval.



2.3. Data collection and definitions

The data collection consisted of questionnaires, physical examination and laboratory tests. The questionnaire was administered by a uniformly trained investigator by face-to-face questioning, which included basic information, smoking history, drinking history, diet and physical activity.

Educational background was categorized into four groups: primary school and below, junior school, senior school, and college and above. Single or married were the two categories for marital status. Patients' level of regular activity was assessed based on how many times they worked out each week: 0 represented no exercise, 1–3 represented irregular exercise, and >3 represented regular exercise. We defined current alcohol intake as having at least two drinks per week and current smoking as continuously or cumulatively smoking one or more cigarettes per day for six months. The definition of covariates was informed by a previous questionnaire designed by the subject group for a cross-sectional survey of H-type hypertension (16).

Measurements of height, weight, waist circumference, and blood pressure are all part of a physical examination. A trained nurse used a conventional mercury sphygmomanometer to take three blood pressure readings at baseline, following a strategy that was developed from the American Heart Association's guidelines. A systolic blood pressure (SBP) ≥ 140 mmHg and/or a diastolic blood pressure (DBP) ≥ 90 mmHg were considered to be a diagnosis of hypertension (17). Patients with H-type hypertension were those who were diagnosed with essential hypertension and had a Hcy level >10 mol/L (18).

Within 24 h of admission, we took 5 ml of fasting venous blood and sent it to the Hunan Provincial People's Hospital's Department of Laboratory Medicine's fully automated biochemical analyzer to measure triglycerides (TG), fasting blood glucose (FPG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), alanine transaminase (ALT), serum cr (Scr) and estimated glomerular filtration rate (eGFR).



2.4. Triglyceride-glucose index calculation

The values for glucose and triglycerides were converted from mmol/l to mg/dl. (multiplied by 18.020 and 88.545, respectively) (19). Triglyceride-glucose index was calculated as ln [triglycerides (mg/dl) × fasting glucose (mg/dl)/2] (20).



2.5. Statistical methods

Categorical variables were presented as numbers (n) and percentages (%), and the χ2 test was used to compare group differences. Data for normally distributed continuous variables are expressed as mean ± standard deviation (SD), and t-tests were used to compare differences between groups. Data for continuous variables with skewed distribution were expressed as median (interquartile spacing), which was examined by the Mann-Whitney test. Before applying the tests, its normality was checked with the Kolmogorov–Smirnov test, and its homoscedasticity was checked with Levene's test. We utilized multivariable logistic regression models to examine the association between Tyg quartile subgroups and risk of H-type hypertension after adjusting for known possible confounders between TyG and H-type hypertension as well as for covariates at P < 0.05 in univariate analysis. We created three models: model 1 was unadjusted; model 2 included adjustments for age, BMI, educational background, exercise, smoking and drinking history; model 3: The variables LDL, BUN, and eGFR were subsequently added to model 2. We observed no significant covariance between these variables (all VIF < 3) (Supplementary Table S1). To investigate the form of the association between the TyG index and H-type hypertension, we also used a restricted triple spline with three nodes (5th, 50th, and 90th percentiles), each truncated at the highest and lowest 0.5% of the TyG index. To determine whether relevant factors (age, body mass index, eGFR, smoking, alcohol consumption, and exercise history) influenced the association between TyG index and H-type hypertension, we performed subgroup analyses in which an interaction term was added to the logistic regression model. For different definitions of H-type hypertension (Hcy levels ≥ 15 μ/L), we further performed sensitivity analyses to explore whether the association continued to exist. All statistical analyses were performed using SPSS 25.0 and R 4.1.2, and the study was conducted using a two-sided test for p-values, with p < 0.05 considered significant.




3. Results


3.1. Baseline characteristics of included hypertension patients

In this investigation, we examined 1,301 postmenopausal women who had essential hypertension. The individuals' median TyG index concentration was 8.761 mg/dl (interquartile range, 8.291–9.167), and their median age (interquartile range) was 56.0 (51.0–66.0) years. By hypertension status, Table 1 displays the participant baseline characteristics. This investigation revealed 634 (48.7%) patients with H-type hypertension overall, with statistically significant variations in TyG quartile subgroups. In comparison to controls, obesity, low education, insufficient physical activity, and alcohol use were all linked to an elevated risk of H-type hypertension. Additionally, individuals with H-type hypertension had significantly lower eGFR and significantly higher levels of TG, LDL, Scr, BUN and FPG (P < 0.05).


TABLE 1 Baseline characteristics of included hypertension patients.
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3.2. Odds ratios of TyG index for H-type hypertension

Table 2 illustrates the connection between the TyG index and H-type hypertension. When compared to the lowest quartile of the TyG index, the ORs (95% CI) for H-type hypertension were 2.3 (1.7–3.1) in univariate analysis for the highest quartile. In a logistic regression model (model 3) adjusted for a number of confounders (age, BMI, educational background, exercise, smoking history, drinking history, LDL, BUN, eGFR), higher TyG index remained significantly associated with increased risk of H-type hypertension. The fully adjusted OR (95% CI) for the risk of HHT in quartile 4 vs. quartile 1 was 2.0 (1.4–2.9; P < 0.001). The TyG index was also examined as a continuous variable. According to model 3, postmenopausal women's chance of developing H-type hypertension increased by 0.6 (95% CI: 1.3–2.0; P < 0.001) per unit increase in TyG index. The association between TyG index and H-type hypertension remained significant even after adjustment for potential confounders.


TABLE 2 Association between TyG index and HHT in different models.
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3.3. Linear relationship between TyG index and H-type hypertension

The TyG index and H-type hypertension were shown to be correlated linearly by restricted cubic spline regression models (P for linear trend < 0.001; Figure 1). The reference point is the cutoff value of the first quartile (8.291 mg/dl), and the nodes are located at the TyG index's horizontal range at the 5th, 50th, and 90th percentiles. The trend test (P < 0.001) between Tyg quartiles in the unadjusted model and the two adjusted models further illustrates the linear relationship, as shown in Table 2. The findings imply that a persistent rise in the TyG index increases the chance of postmenopausal women acquiring H-type hypertension.


[image: Figure 1]
FIGURE 1
The restricted cubic spline for the association between postmenopausal women's TyG index and HHT. As a cut-off value for the first quartile, the reference value for TyG was established. For the model, restricted cubic spline regression was trimmed at the highest and lowest 0.5% of each TyG index, with the nodes in the three TyG indices at the 5th, 50th and 95th percentiles, and the variables for age, BMI, educational background, exercise, smoking and drinking history, LDL, BUN, and eGFR were all modified.




3.4. Subgroup analysis

With regard to age, BMI, smoking history, drinking history, exercise, eGFR, subgroup analysis revealed that TyG index was positively associated with H-type hypertension. Futhermore there were no significant interactions between TyG index and these potential risk factors of interest for H-type hypertension (P > 0.05 for all interactions) (Figure 2).


[image: Figure 2]
FIGURE 2
Subgroup analyses of the association between TyG index and H-type hypertension. ORs were adjusted for age, BMI, educational background, exercise, smoking history and drinking history, LDL, BUN, eGFR.




3.5. Sensitivity analysis

As shown in Table 3, the results were stabilized (OR = 1.4; 95% CI, 1.1–1.9; P = 0.008) by sensitivity analyses for different definitions of H-type hypertension (Hcy levels ≥ 15μ/L).


TABLE 3 Sensitivity analysis of a hypertensive population with Hcy levels ≥15 μ/L.
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4. Discussion

In this cross-sectional study based on essential hypertension in postmenopausal women, we found that a higher TyG index was associated with the development of H-type hypertension in postmenopausal women. a positive dose-dependent association of TyG index with the risk of prevalence was obtained, after adjusting for possible confounders. Similar results were seen in subgroup analysis, highlighting the strength of these correlations even more.

There are two possible mechanisms by which excessive TyG leads to an increased risk of developing H-type hypertension. First, IR causes a decrease in the efficiency of glucose uptake and utilization by insulin in the body, resulting in compensatory secretion of excess insulin by the body. Excess insulin increases sympathetic nervous system activity and promotes the body to secrete more epinephrine and norepinephrine, which ultimately increases cardiac output and peripheral vascular resistance, and thickens vascular smooth muscle (20). In addition, IR has been shown to induce inappropriate activation of the renin-angiotensin-aldosterone system and the sympathetic nervous system (21), which may have a negative impact on renal function and, in turn, cause elevated Hcy levels. At the same time, elevated Hcy levels can cause increased secretion of various inflammatory factors, leading to abnormalities in the function of adipose tissue, promoting the production and secretion of resistin, which in turn promotes the occurrence of inflammatory reactions and insulin resistance (22, 23). Second, as two components of TyG, both TG and FPG are closely associated with the development of H-type hypertension. Hcy can increase oxidized LDL levels through oxidative modifications, prompting macrophages to take up large amounts of lipids to transform into foam cells and accelerate the deposition of cholesterol and TG on the vascular wall, while causing a large depletion of HDL, thus diminishing its ability to reverse cholesterol transport. This ultimately leads to the development of cardiovascular events, suggesting an association between HHcy and high TG (24). At the same time, a large number of epidemiological studies have shown that most hypertensive patients have dyslipidemia (25) and it has been demonstrated that lipid accumulation index (LAP) levels are higher in patients with H-type hypertension than in patients with non-H-type hypertension (26). Clinical observations have shown that hypertensive patients with elevated Hcy levels are positively associated with insulin resistance and diabetes mellitus (27–29), suggesting an association between FPG and H-type hypertension.

Previous studies have found gender differences in the relationship between TyG index and cardiovascular disease (15). As women age, ovarian function declines, estrogen decreases, and the body experiences a range of menopause-related symptoms (30). At the same time, as the protective effect of estrogen gradually decreases, the cardiovascular system of postmenopausal women undergoes significant changes, especially the risk of developing hypertension is significantly increased (31), and Hcy is also significantly higher in postmenopausal women (32). Epidemiological studies have demonstrated that menopause has become an independent risk factor for increased cardiovascular disease morbidity and mortality in women (33). Gender differences in the association between traditional cardiovascular risk factors can be explained by increased insulin resistance and lower estrogen levels in menopausal women, leading to an increased risk of cardiovascular disease (34). Our investigation reported similar findings suggesting that insulin resistance (high TyG index) is a risk factor for H-type hypertension in postmenopausal women. It is suggested that the development of H-type hypertension can be reduced by controlling FPG and TG and thus lowering the TyG index.

Despite these benefits and possible clinical applications, numerous study limitations must be taken into account when analyzing the findings. Firstly, in our cross-sectional survey, the possibility of residual confounding factors cannot be completely ruled out, this limits our ability to establish a causal relationship between TyG index and H-type hypertension in hypertensive patients. Therefore, to confirm the current findings, larger prospective investigations are required in the future. Finally, because we only examined postmenopausal women, it is not possible to extrapolate our findings to other populations.



5. Conclusions

In the present cross-sectional study, we found that the TyG index was independently associated with the development of H-type hypertension in postmenopausal women, and this simple index may be useful in identifying those at risk for H-type hypertension. We recommend that postmenopausal women control their lipid levels (TG) and blood glucose levels (FPG) levels, which may help prevent H-type hypertension.
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Background: Redo sternotomy aortic root surgery is technically demanding, and the evidence on outcomes is mostly from retrospective, small sample, single-centre studies. We report the trend, early clinical results and outcome predictors of redo aortic root replacement over 20 years in the United Kingdom.



Methods: We retrospectively analysed collected data from the UK National Adult Cardiac Surgery Audit (NACSA) on all redo sternotomy aortic root replacements performed between 30th January 1998 and 19th March 2019. We analysed trends in the volume of operations, characteristics of hospital survivors vs. non-survivors, and predictors of in-hospital outcomes.



Results: During the study period, 1,107 redo sternotomy aortic root replacements were performed (median age 59, 26% of patients were females). Eighty-four per cent of cases (N = 931) underwent a composite root replacement, 11% (N = 119) had homograft root replacement and valve-sparing root replacement was performed in 5.1% (N = 57) of cases. There was a steady increase in the volume of redo sternotomy root replacements beyond 2006, from an annual volume of 22 procedures in 2006 to 106 procedures in 2017. Hospital mortality was 17% (n = 192), postoperative stroke or TIA occurred in 5.2% (n = 58), and postoperative dialysis was required in 11% (n = 109) of patients. Return to the theatre for bleeding/tamponade was required in 9% (n = 102) and median in-hospital stay was 9 days. Age >59 (OR: 2.99, CI: 1.92–4.65, P < 0.001), recent myocardial infarction (OR: 6.42, CI: 2.24–18.41, P = 0.001) were associated with increased in-hospital mortality. Emergency surgery (OR: 3.95, 2.27–6.86, P < 0.001), surgery for endocarditis (OR: 2.05, CI: 1.26–3.33, P = 0.001), salvage coronary artery bypass grafting (OR: 2.20, CI: 1.37–3.54, P < 0.001), arch surgery (OR: 2.47, CI: 1.30–3.61, P = 0.018) and aortic cross-clamp longer than 169 min (OR: 2.17, CI: 1.00–1.01, P = 0.003) were associated with increased risk of mortality. We found no effect of the centre or surgeon volume on mortality (P > 0.05).



Conclusions: Redo sternotomy aortic root replacement still carries significant morbidity and mortality and is sporadically performed across surgeons and centres in the UK.
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Introduction

In 1968 Bentall and De Bono described their technique of aortic root replacement in a 33-year-old patient (1). Over the years, the technique has evolved with a series of modifications (2), including replacing the aortic root while preserving the aortic valve (3). Aortic root replacement is routinely performed with a very low mortality (4). However, it is recognized that redo surgery on the aortic root is a strong predictor of postoperative mortality (4). Redo sternotomy aortic root replacement is often indicated in the setting of previous aortic valve surgery, aortic dissection, or infective endocarditis (5, 6). These indications have their inherent challenges that are compounded by the adversities caused by pericardial adhesions, difficulties in obtaining adequate exposure of the aortic root, mobilization of the coronary button, and the fragility of the native aortic tissues (7).

Furthermore, there is an ongoing debate over the prosthesis type to be used in these surgeries (8). The reported series of redo aortic root replacements in the literature are mostly retrospective, small sample size single-centre. Here we report the trend, early clinical results and outcome predictors of redo sternotomy aortic root replacement over 20 years in the United Kingdom.



Patients and methods


Study design and setting

We retrospectively analyzed collected data from the UK National Adult Cardiac Surgery Audit (NACSA), obtained from the National Institute of Cardiovascular Outcomes Research (NICOR) central cardiac database. The definitions of the database variables used for this study are found at https://www.nicor.org.uk/national-cardiac-audit-programme/adult-cardiac-surgery-surgery-audit/. The NACSA registry prospectively collects demographic, as well as pre-, peri-, and postoperative clinical data for all significant adult cardiac surgery procedures performed in the UK. Its central role is benchmarking surgical practice. The flow of the data from data input to analysis has been previously described. The data are entered locally and validated at the unit level by database managers before uploading through a web portal to NICOR. Further validation is performed according to logical rules, and missing data reports are generated for primary variables (e.g., EuroSCORE2 risk factors, patient identifiers and outcome data). The data are then forwarded to an academic healthcare informatics department for data cleaning. Duplicate records are removed, transcriptional discrepancies are re-coded, and clinical and temporal conflicts are resolved. Missing data are determined during the validation stages of the data transfer from individual centres. Missing and conflicting data for in-hospital mortality status are backfilled and validated via record linkage to the Office for National Statistics (ONS) census database. Missing data is reported in the baseline and outcome characteristics tables in the results section. We have treated missing data by exclusion from analysis.



Patients

Patients who had redo sternotomy and replacement of the aortic root between 31 January 1998 and March 2019 were included in the study.



Outcomes

The primary outcome was mortality. Secondary outcomes included neurological injury (composite outcome of reversible neurological deficit and permanent neurological deficit), postop renal impairment requiring dialysis, return to theatre for bleeding or cardiac tamponade, and hospital length of stay.



Statistical methods

Categorical variables were summarised as counts and percentages and compared using a Pearson's Chi-squared test or Fisher's exact test. A Shapiro–Wilks test was used to assess the normality of the distribution of continuous data. Our continuous data were non-normally distributed, summarised as a median with interquartile range (IQR), and analysed using the Wilcoxon rank sum test. The P values were adjusted for multiple testing using the Bonferroni method.

We used a generalized linear mixed-effects model to assess the effect of several patient and procedural variables in patients undergoing aortic root replacement on the binary outcome of mortality. We performed Youden's J index analysis to select the optimal predicted probability cut-off for the aortic cross-clamp time, age, and preoperative creatine and these were found to be 169 min, age (>59 years) and preoperative creatine (Creatine >125 µmol/L). We imputed these variables as categorical in the model. Analysis was conducted in R Version 1.4.1106, packages: gtsummary, lme4 and sjPlot, ggplot2, cutpoint, cars. The candidate variables we included in the model as fixed effects were the following patient variables: gender, age >59 years, neurological dysfunction, renal dysfunction (Creatinine >125 µmol/L), recent myocardial infarction, pulmonary disease, unstable angina (CCS 4), NYHA class 4, pulmonary hypertension, diabetes on insulin, smoking history, left ventricular impairment, peripheral vascular disease, preoperative atrial fibrillation; we included the following procedural variables: the urgency of the procedure (emergency or urgent), previous aortic procedure (involving aortic root, ascending aorta and arch surgery), previous surgery involving aortic valve replacement (includes composite root replacement, isolated valve replacement, Ross procedure and homograft replacement), surgery for endocarditis, unplanned coronary artery bypass grafting (CABG)—defined as CABG performed in patients with no pre-existing coronary artery disease, aortic cross-clamp time (min), arch surgery and use of deep hypothermic circulatory arrest, number of operations per surgeon or centre before index procedure and 4-year time epoch when the surgery was performed. We treated the consultant code and hospital centre as random intercept variables. The variables included in the model were tested for multicollinearity, and none was found. There was no patient or public involvement in the design of this retrospective database analysis.




Results


Trends in the volume of redo root replacements

The total volume of redo aortic root replacement over a 20-year period between January 01, 1999 and January 01, 2019 (N = 1,081) is depicted in Figure 1. For this trend analysis, we excluded operations performed between January 30, 1998 and January 2, 2019 to 19th of March 2019 to look at 20 full calendar years (N = 26). There was a steep and steady increase in the volume of redo procedures beyond 2006, from an annual volume of 22 procedures up to a peak of 106 procedures in 2017 (Figure 1). We found no effect of the 4-year time epoch on outcomes of surgery.


[image: Figure 1]
FIGURE 1
Trends in the volume of redo operations between January 1999 to March 2018.




Characteristics and outcomes in the whole cohort

Baseline characteristics for the overall group are divided by survivors and non-survivors (N = 1,107) and are depicted in Table 1. The median age was 59, 26% of cases (284) were females, and the median logistic Euroscore II was 6. The rest of the baseline characteristics are summarised in Table 1. The non-survivors were more likely to have had an emergency procedure and a higher Euroscore II (P < 0.001). Non-survivors had a higher prevalence of advanced age (P < 0.001), neurological dysfunction (P < 0.005), renal dysfunction (P < 0.001) and myocardial infarctions (P < 0.011) preoperatively. Twenty-seven per cent of patients (N = 296) had previous aortic procedures (ascending and aortic arch surgery), 66% of cases had previous valve surgery (aortic, mitral or tricuspid), and 6.8% had unclassified procedures. Thirty-two per cent of cases (N = 349) had previous aortic valve replacement (isolated or as part of a previous composite root replacement). The root pathology operated on is depicted in Table 1. Most of the patients underwent redo root replacements for aneurysmal dilatation (39%, N = 436), followed by intramural haematoma in 7.6% of cases (N = 84) and acute dissection (N = 42, 3.8% of cases). Missing data for root pathology operated on was 35% (N = 384). Redo root replacement for endocarditis was performed in 26% of cases. The majority of the redo roots replacements were composite root replacements (Bentall-De Bono operation) in 84% of cases (N = 931) performed with a mechanical valve in 39% of cases (N = 427) and a tissue valve in 29% of cases (N = 318). Missing data on the type of valve was 21% (N = 288). The rest of the procedures were homograft root replacements (11%, N = 119) and valve-sparing root replacements (5.1%, N = 57). Unplanned CABG was performed in 10% of cases (N = 112). The median CPB time was 234 min, and the median cross-clamp time was 156 min. The rest of the procedural characteristics are summarised in Table 2.


TABLE 1 Baseline characteristics of survivors and non-survivors following redo root replacement.
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TABLE 2 Procedural characteristics of survivors and non-survivors of redo root replacements.

[image: Table 2]

Hospital mortality was 17% (n = 192), postoperative stroke or TIA occurred 5.2% (n = 58), and postoperative dialysis was needed in 11% (n = 109) of cases. Re-exploration for bleeding or tamponade was required in 9% (n = 102) of patients. The median length of hospital stay was 11 days (IQR: 7,22) (Table 3).


TABLE 3 Crude outcomes of redo root replacements.
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Patient characteristics of survivors and non-survivors

Non-survivors, in comparison with survivors, were older (64 vs. 58 years, P < 0.001) and had a higher median EuroScore II (13% vs. 5%, P < 0.001). They also had more preoperative neurological dysfunction (12% vs. 4.8%, P < 0.005), renal dysfunction (16% vs. 3.6%, P < 0.001), recent myocardial infarction (6.2% vs. 1.4%, P < 0.011), pulmonary disease (15% vs. 10%, P = 0.041), CCS class 4 symptoms (7.3% vs. 1.9%, P < 0.001) and NYHA class 4 symptoms (22% vs. 9.8%, P < 0.001). Among non-survivors, there were more patients undergoing emergency (29% vs. 9.5%, P < 0.001) and salvage procedures (7.8% vs. 0.4%, P < 0.001), reoperation for acute aortic dissection (8.3% vs. 2.8%, P < 0.009), and surgery for infective endocarditis (43% vs. 23%, P < 0.001). Moreover, there were fewer patients with aneurysms (20% vs. 43%, P < 0.001) (Table 1).



Procedural characteristics of survivors and non-survivors

Non-survivors had more frequent use of homografts (18% vs. 9.3%, P = 0.009) and twice more associated salvage CABG procedures (22% vs. 7.5%, P < 0.001). The use of a biological valve for the composite root replacement was more common amongst non-survivors (41% vs. 26%, P < 0.001), while the use of a mechanical valve was less common in this group (28% vs. 41%, P = 0.015). The median cardiopulmonary bypass and aortic cross-clamp times were longer in non-survivors (350 min vs. 218 min, P < 0.001 and 193 vs. 151 min, P < 0.001, respectively). Circulatory arrest was more common in the non-survivor group (17% vs. 8.9%, P = 0.016) (Table 2).

In Table 4, we have presented the baseline and procedural characteristics stratified by any redo procedure or previous aortic root (“true” re-do root replacement) or aortic valve procedure. Re-do root surgery following previous root procedure or aortic valve surgery was more often performed urgently (40% vs. 29%, P = 0.005), associated with a higher median EuroScore 2 (9 vs. 5, P < 0.001), and were more commonly performed for endocarditis (52% vs. 15%, P < 0.001).


TABLE 4 Characteristics and outcomes stratified by root pathology (any re-do versus re-do root or aortic valve replacement).
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Significant predictors of adverse outcomes

Age >59 years (OR: 2.99, CI: 1.92–4.65, P < 0.001), and recent MI (OR: 6.42, CI: 2.24–18.41, P < 0.001) were preoperative characteristics associated with increased in-hospital mortality. In terms of procedural predictors, emergency surgery (OR: 3.95, CI: 2.27–6.86, P < 0.001), surgery for endocarditis (OR: 2.20, CI: 1.37–3.54, P = 0.001), salvage CABG (OR: 2.63, CI: 1.58–4.38, P < 0.001), arch surgery (OR: 2.47, CI: 1.17–5.23, P = 0.018) and aortic cross-clamp > 169 min (OR: 2.17, CI: 1.30–3.61, P = 0.003) were associated with an increased risk of mortality (Table 5 and Figure 1).


TABLE 5 Effect estimates of various patient and procedural predictors on mortality using a generalized linear mixed model.
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Effect of hospital and surgeon volume on outcomes

A total of 304 surgeons performed re-do sternotomy root replacements during the study period. The number of cases per consultant ranged from 1 to 49, vmedian number of cases per consultant was 2 (IQR: 3–13). A total of 42 centres performed re-do sternotomy root replacements ranging from 1 case per centre to 97 cases per centre during the study period, with the median number of cases per centre being 19 (IQR: 8.5–36.5) (Figure 2). We analysed the effect of the number of cases per surgeon and centre before each procedure to consider the accumulating experience throughout the study period. The number of cases before index procedure per surgeon was classified into terciles, and surgeons were defined as low volume (</=4 cases before index procedure), medium volume (>4 cases and </=10 cases before index procedure) and high volume (>10 cases before index procedure). According to the above definition, 481 cases were operated by low-volume surgeons, 287 by medium volume and 339 by high-volume surgeons. Similarly, we defined units as low-volume units (</= 10 cases), medium-volume (>10 cases and </=26 cases) and high-volume (>26 cases). This resulted in 387 cases being operated on by low-volume centres, 352 by medium-volume centres and 368 by high-volume centres. In Table 6, we have stratified the baseline and procedural characteristics by centre volume. There was no difference in baseline characteristics (all P > 0.9).
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FIGURE 2
Number of cases per UK centre within the study period.



TABLE 6 Characteristics and outcomes of patients stratified by centre volume of procedures.
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After adjusting the model for the rest of the covariates, we found no effect of medium volume centre (OR:1.37, CI: 0.76–2.45, P = 0.292) and high-volume centre (OR: 0.93, CI: 0.49–1.77, P = 0.834) on mortality. When the model was adjusted by volume of operations per surgeon, again, we found no effect of medium-volume surgeons (OR: 1.37, CI: 0.76–2.45, P = 0.292) and high-volume surgeons (OR: 1.00, CI: 0.20–1.34, 0.179) on mortality.




Discussion

Redo aortic root replacement is technically demanding and often performed by surgeons with a special interest in aortic disease at experienced centres. The number of cases performed in each centre is generally small. One of the largest reported series in the literature by Urbanski (9), included 112 patients over 14 years. Therefore, the available literature is subject to publication and selection bias. Hence, there is a need to inform patients and clinicians from a large cohorts of patients. The National Adult Cardiac Surgery Audit (NACSA) collects prospective real-world data from all adult cardiac surgery centres in the United Kingdom, including over one thousand consecutive redo aortic root surgery patients. Therefore, it is well-suited to try to address the gap in evidence.


Trends in the number of cases performed

The total number of redo aortic root replacements has increased over the last decade, which mirrors the increase in the number of first-time aortic root replacement surgeries (4). A similar trend was seen in the UK, with a steep and steady increase from an annual volume of 22 procedures in 2006 to a peak of 112 procedures in 2017.

Gaudino's (4) reported an increase in aortic root replacement together with a rise in the use of bioprosthesis and valve-sparing root replacement in a cohort with a mean age of 61 and 48 years of age, respectively. A UK-wide study showed a similar increase in the utilization of bioprosthesis; the same study reported freedom from structural valve degeneration or death of 30%–40% at 10 years (10). Furthermore, valve-sparing root replacement as a proportion of aortic root surgery tripled over the last decade (11). This increase in bioprosthesis and valve-sparing root replacement is a potential substrate for redo aortic root surgery. In a series of redo root replacements, 91% of patients had a previous root replacement or aortic valve replacement, 9% had previous valve-sparing root replacement, 22% had a previous homograft, and prosthetic valve dysfunction was the indication in over a quarter of patients (12). Patients who survive a type A aortic dissection repair are at risk of aortic root dilatation or pseudoaneurysm formation following an initial supracomissural repair or root replacement (13). Indeed, this cohort of patients represented over 80% of patients in Dossche series (14). Therefore, the surgical community should expect a steady increase in the volume of patients in need of reintervention on the aortic root.



Effect of surgeon volume and centre on outcomes

Our analysis found no effect of surgeon and hospital centre on outcomes. Because re-do sternotomy root replacements are performed sporadically compared to other routine procedures, one explanation for the results is that volume of surgeries per surgeon/centre was not high enough to detect a signal in our analysis. Other work has also shown that due to standardisation in techniques and perioperative care in cardiac surgery, the impact of hospital and surgeon on outcomes is not that pronounced in cardiac surgery compared to other surgical specialities. Finally, other metrics apart from surgeon and volume can impact outcomes such as the phase of care mortality analysis or the failure to rescue (15, 16). Another hypothesis behind no effect of centre volume on outcomes is that the high-volume centres take on more complex root cases with a priori chance of worser outcomes, compared to low-volume centres. However, we found no differences in the baseline characteristics between low, medium or high-volume centres (Table 4).



Mortality

The mortality in our NACSA cohort over 22 years was 17%. Higher than what was reported by other authors in the range of 3%–11% (9, 17). While it is plausible that the experience of the centre has a profound effect on the outcome, in one of the series, the mean age was 15 years lower than in the NACSA (17); the same group mortality increased from 3% to 7% in series reported a few years later, which may reflect a change in selection (18). Other series had a very small number of patients over two decades, which suggests an element of selection bias (5). Urbanski (9) reported a mortality of 11% in a cohort of a similar age to the NACSA, with a mortality of 16% at one year. Therefore, our study provides a real-world outlook from many units into the outcome of all-comers undergoing redo aortic root replacements.



Predictors of adverse outcome

In our study, recent myocardial infarction (MI) was the strongest mortality risk predictor on multivariable analysis (OR: 6.42, CI: 2.24–18.41, P < 0.001); this was consistent with previous reports in the literature (12). Age was identified as a predictor for death in a series of 164 patients (17). We also found a cut-off of above 59 years at the time of surgery to be a predictor of postoperative mortality (OR: 2.99, CI: 1.92–4.65, P < 0.001).

Predictably, emergency surgery was associated with about four-fold increase in the risk of mortality (OR:3.95, CI 2.27–6.86, P < 0.001). In our experience, we find that previous aortic surgery increases the difficulty of redo aortic root interventions. However, previous aortic procedures were not associated with an increase in risk in our analysis. Furthermore, previous aortic valve replacement or composite root replacement did not significantly affect mortality. It is possible that redo root replacement in the context of a previous major aortic surgery is only performed in super-specialized centres.

Coronary artery bypass grafting may be indicated within the setting of redo surgery for native coronary artery disease. However, it is occasionally required to address right ventricular dysfunction, to deal with difficulties mobilizing or suturing the coronary buttons, or indeed damage to the coronary arteries during redo dissection. We identified salvage CABG as an independent predictor for mortality (OR: 2.63, CI: 1.58–4.38, P < 0.001). Kirsch (19) performed concomitant CABG in 16% of their redo aortic surgery series, unplanned CABG was the only independent predictor for mortality. The effect of emergency CABG was demonstrated by Keeling (20). In their series, the mortality of patients who required emergency CABG was 28%; conversely, patients who had CABG for coronary artery disease had a mortality of 6.3%, similar to isolated root replacement.

Infective endocarditis (IE) of prosthetic valve replacement is a serious complication; the rate of IE following aortic valve intervention is reported to be as high as 3% (21). Indeed, infective endocarditis was the indication for reintervention in 20% of cases in previous reports (22). In our study, redo root replacement for endocarditis was the indication for reintervention in around 26% of cases. Several techniques have been described to address the aortic root and annular destruction induced by IE, yet the intraoperative challenge is pronounced (9). In patients with IE of the prosthetic valve, mortality is four times higher than in non-IE patients (14, 23). In our work, the presence of IE resulted in a doubling of the risk of postoperative mortality (OR:2.20, CI: 1.37–3.54, P = 0.001). The increase in risk may be secondary to technical challenges or clinical instability of the patients that may not have been captured adequately in the data.

Cardiopulmonary bypass (CPB) during cardiac surgery initiates a systemic inflammatory response, resulting in a multiorgan injury. CPB duration and ischaemic time in cardiac surgery were associated with an increase in mortality (24, 25). The mean cross-clamp time in our study was 156 (IQ: 123, 203), 151 (IQ: 121, 195), and 193 (IQ: 144, 248) for the whole cohort, survivors and non-survivors, respectively. Using the Younden metric, we identified a cut-off point of 169 min beyond which mortality increases was identified. When adjusting in the model for the rest of the covariates, cross-clamp time was identified as an independent predictor for mortality (OR: 2.17, CI: 1.30–3.61, P = 0.003). In the Toronto General series, the reported mortality was 3%, and the average ischaemic time was 123 min with a cumulative CBP time of 163 min; similar results were reported in conjunction with a relatively shorter ischaemic time (17, 22).

Hypothermic circulatory arrest (HCA) with or without cerebral perfusion was more often used in non-survivors but was not an independent predictor for postoperative mortality; these findings are in line with other reports in the literature (26). It is possible that the variability in duration, adjuncts of cerebral protection used, and extensiveness of aortic reconstruction makes the evaluation of the impact of HCA in isolation not possible. However, the rate of arch reconstruction was similar in all groups. Therefore, it is likely that HCA was mostly used to perform an open distal aortic anastomosis or limited hemiarch reconstruction, which has been previously reported not to impact outcome (27).

In one study, a cryopreserved homograft was used in 95 redo aortic root replacements for IE; the authors reported a mortality of 18% for the whole cohort and freedom from reintervention of 95% at 17 years; the mortality in their cohort is similar to our study and the freedom from reintervention is certainly impressive (28). In the current study, more of the non-survivors had their aortic root replaced using a homograft (12% vs. 7.4%, p = 0.5); however, the use of homograft was not a predictor for increased in-hospital mortality.



Strengths and limitations

This is an extensive series of redo aortic root replacement outcomes in a multicentre registry dataset that reflects real-world practice. The relatively large sample size allowed us to investigate multiple predictors of adverse outcomes for patients undergoing a high-risk procedure that is infrequently performed. As with any registry study, one limitation is the lack of data granularity. Specific to the current study is the lack of details around the previous procedure performed, mainly whether the previous procedure was a composite root, making the redo procedure a true redo root replacement, or isolated aortic valve replacement (29). Likely, this data is recorded as previous aortic valve replacement/explanation (N = 349) as part of the composite root replacement, homograft replacement or Ross procedure. However, we cannot separate the composite roots from previous aortic valve replacements in this group. Interestingly, the mortality for this subgroup was 21% (73 out of 249), slightly higher than the overall study mortality of 17%. However, this is much higher compared to the single centre study of “true” re-do root replacements by Malivandi et al. (12), which reports a mortality of 6.5% in a series of 46 patients and the study by Bavaria et al. that, reports a mortality of 5% on a sample size of 120 patients (27). Adjusting for this covariate was not associated with adverse outcomes (OR 1.44, 95% CI: 0.89–2.35, P = 0.140). This result is similar to a propensity-matched analysis by Patel et al. (30) of 638 patients who underwent any re-do roots vs. 184 patients who underwent true re-do root replacements which found no increase in mortality and morbidity with true-redo root replacement. Another limitation is the lack of long-term survival data.




Conclusion

Redo sternotomy aortic root replacement still carries significant mortality and is sporadically performed across surgeons and centres. Our study from a nationwide multicentre registry dataset reflects real-world practice in the United Kingdom, which allowed us to investigate multiple predictors of adverse outcomes. This information will provide much-needed insight for patients and surgeons.
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Coronary heart disease is a narrowing or obstruction of the vascular cavity caused by atherosclerosis of the coronary arteries, which leads to myocardial ischemia and hypoxia. At present, percutaneous coronary intervention (PCI) is an effective treatment for coronary atherosclerotic heart disease. Restenosis is the main limiting factor of the long-term success of PCI, and it is also a difficult problem in the field of intervention. Sodium-glucose cotransporter 2 (SGLT2) inhibitor is a new oral glucose-lowering agent used in the treatment of diabetes in recent years. Recent studies have shown that SGLT2 inhibitors can effectively improve the prognosis of patients after PCI and reduce the occurrence of restenosis. This review provides an overview of the clinical studies and mechanisms of SGLT2 inhibitors in the prevention of restenosis, providing a new option for improving the clinical prognosis of patients after PCI.
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1 Introduction

Coronary heart disease (CHD) is a narrowing or obstruction of the vascular cavity caused by atherosclerosis of the coronary arteries, which leads to myocardial ischemia and hypoxia. With the change in human lifestyle, the number of people with disorders of glucose and lipid metabolism has increased greatly, as well as the incidence of CHD has increased (1). With the progressive implementation of guidance-supported treatments for coronary heart disease, such as percutaneous coronary intervention (PCI), antiplatelet therapy, statins, and angiotensin converting enzyme (ACE) inhibitors, the overall prognosis for CHD has improved significantly over time. Percutaneous coronary intervention therapy for CHD has the advantages of less trauma, fast postoperative recovery, and fewer postoperative complications (2, 3). It can unclog the infarcted vessel, achieve coronary artery reperfusion, and recover the infarcted myocardium to the greatest extent, thus significantly improving the clinical symptoms of patients and increasing the long-term survival rate of patients with coronary heart disease (4). Although medications and interventional treatments greatly reduce the risk for mortality in patients with coronary heart disease, they are still at high risk of developing chronic heart failure (HF) and subsequently facing a higher risk of death and disability (5–8). After the first anniversary of PCI, dual antiplatelet therapy, cardiac rehabilitation, and cardiologist follow-up have typically ended, and the use of secondary prevention medications may be declining (8). It may lead to restenosis, recurrent myocardial infarction (MI), and other manifestations of cardiovascular disease, such as stroke. However, improvements in prognosis for coronary heart disease, especially for myocardial infarction, have slowed in recent years due to limited new treatment options. Therefore, new therapeutic approaches are needed to further improve the treatment of patients with myocardial infarction and prevent recurrence of cardiovascular events.

Restenosis is one of the main causes of recurrent cardiovascular events after PCI, and it is also a difficult problem in the field of intervention (9). Although the availability of drug-eluting stents (DES) has significantly reduced the rate of restenosis and revascularization, the incidence of intrastent restenosis (ISR) is still as high as 5%–10% (10). Therefore, prevention of restenosis has important clinical significance in improving the prognosis of CHD patients treated with PCI. Clinically, insulin resistance and endothelial dysfunction in diabetes mellitus (DM) patients make them more prone to be complicated with coronary heart disease. Patients with DM have an increased incidence of stent thrombosis and restenosis after PCI compared with non-DM patients (11–13). The main mechanisms of restenosis are summarized in Figure 1.


[image: Figure 1]
FIGURE 1
Pathophysiology of restenosis. Endothelial injury, inflammation, and neointima formation are the main causes of restenosis.


SGLT2 inhibitor is a new type of oral glucose-lowering agent used in the treatment of diabetes in recent years (14). They mainly combine with SGLT2 in the renal tubules to prevent the reabsorption of glucose by the kidney and increase the excretion of glucose in the urine, thus reducing the plasma glucose level (15). In addition to glucose-lowering effects, SGLT2 inhibitor has also been shown to have significant cardiovascular protective effects (16–19). The main manifestations are reducing blood pressure, regulating cardiac energy metabolism (16), improving vascular function (15, 20), inhibiting the sympathetic nervous system (21, 22), and preventing adverse myocardial remodeling (23). In addition, there is growing evidence that the use of selected SGLT2 inhibitors in patients with atherosclerotic cardiovascular disease (ASCVD) can improve cardiovascular outcomes (24). The 2023 ESC guidelines for the management of cardiovascular disease in patients with diabetes recommend that, along with GLP-1RAs, SGLT2 inhibitors are the preferred anti-hyperglycemic therapy for T2DM patients with ASCVD, independent of glycemic control considerations and independent of background metformin use (25). SGLT2 inhibitors can improve the prognosis of CHD patients undergoing PCI and reduce the occurrence of various complications, such as acute kidney injury (26, 27), lethal ventricular arrhythmias (21), and ISR (28). Previous studies have shown that SGLT2 is mainly expressed in human kidney and small intestine cells (29), but could not be detected in human myocardium (30). Recently, SGLT2 was found to be expressed in human endothelial cells (EC) and smooth muscle cells (SMC) using immunocytochemistry and western blotting techniques (31, 32). This finding may indicate that SGLT2 may be related to the occurrence and development of CHD and restenosis. This article will review the mechanisms of SGLT2 inhibitors in preventing CHD and restenosis after PCI, to provide new options for improving the clinical prognosis of CHD patients.



2 SGLT2 inhibitor improves the prognosis of patients with CHD

The positive effects of SGLT2 inhibitors in patients with heart failure, particularly in patients with reduced ejection fraction (HFrEF), have been demonstrated (33). ESC guidelines recommend SGLT2 inhibitors as the cornerstone of drug therapy for heart failure, regardless of whether they have combined diabetes (34). Recent clinical trials, including CVD-REAL Nordic (35), EMPA-REG OUTCOME (36–38), and the CANVAS project (39, 40), confirmed the effectiveness of SGLT2 inhibitors in patients with coronary heart disease.

A meta-analysis of six SGLT2 inhibitor trials demonstrated a reduction in the primary ASCVD based composite of time to first MACE (24). This was most apparent in patients with established ASCVD. Compared with the use of other glucose-lowering drugs, the use of SGLT2 inhibitors is associated with reduced major adverse cardiovascular events (MACE) and exert cardiovascular protection in patients who underwent PCI (Table 1) (41, 42).


TABLE 1 Clinical trial of SGLT2 inhibitor, post-PCI.
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2.1 Improve the prognosis of patients with myocardial infarction

SGLT2-I AMI PROTECT (NCT05261867) (43) enrolled 646 AMI patients with DM undergoing PCI. The patients were classified into SGLT2 inhibitors users and non-SGLT2 inhibitors users according to the glucose-lowering treatment at admission. The research results show that the use of SGLT2 inhibitors was associated with a significantly reduction in-hospital cardiovascular death, arrhythmic burden, and incidence of contrast media-induced acute kidney injury. After adjusting for confounders, the use of SGLT2 inhibitors was identified as an independent predictor of reduced incidence of MACE and HF hospitalization (44).

EMMY trial (NCT03087773) (45) is a randomized, controlled, double-blind trial to evaluate the role of empagliflozin on cardiac function in patients with acute myocardial infarction (AMI). In this multicenter study, there are 237 patients with AMI received 10 mg once daily of empagliflozin within three days after PCI, while 239 patients received a placebo. The primary outcome of the reduction in N-terminal pro-B-type natriuretic peptide (NT-proBNP) was significantly higher in the empagliflozin group alongside the absolute left ventricle ejection fraction also great improving with those receiving empagliflozin. This suggests that SGLT2 inhibitor has the potential to improve recovery after PCI and encourages related studies in patients with CHD.

EMPACT-MI trial (NCT04509674) (46) was a randomized, double-blind, placebo-controlled, multicenter trial designed to evaluate the efficacy of empagliflozin 10 mg daily in patients at high risk of new heart failure after acute myocardial infarction. Because previous clinical trials of SGLT2 inhibitors excluded patients with acute or recent myocardial infarction, the efficacy of these drugs in reducing future cardiovascular risk in the post-myocardial infarction population was unclear. The EMPACT-MI trial will further evaluate the safety and efficacy of empagliflozin in people at high risk of heart failure or death after myocardial infarction.

DAPA-MI trial (NCT04564742) (47) is another ongoing parallel, randomized, double-blind, placebo-controlled, multicenter phase 3 trial in patients with AMI. Patients with chronic symptomatic heart failure with a known reduced left ventricular ejection fraction (LVEF ≤40%) were excluded from the trial because these patients had an absolute indication for treatment with an SGLT2 inhibitor. This trial evaluated the effect of 10 mg dapagliflozin administered once daily compared with placebo in preventing death, heart failure or other adverse cardiovascular and metabolic events outcomes. The trial explores opportunities to further improve outcomes in patients with impaired left ventricular function after myocardial infarction, which may broaden the indication for the use of SGLT2 inhibitor trials in patients with acute myocardial infarction are listed in Table 2.


TABLE 2 Description of SGLT2 inhibitor trials in patients with acute myocardial infarction.
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2.2 Reduces the risk of repeat revascularization

A subanalysis of the EMPA-REG OUTCOME randomized trial (48) elucidates the benefit of empagliflozin in patients with type 2 diabetes and a history of CABG, suggesting that empagliflozin significantly reduces important adverse cardiovascular and renal outcomes in this high-risk population. Among participants with a history of coronary artery bypass, compared with placebo, cardiovascular death was reduced by 48%, all-cause mortality by 43%, hospitalization for HF by 50% with empagliflozin. Among participants with a history of coronary artery bypass at baseline, the proportion receiving empagliflozin (7.7%) was lower than that receiving placebo (9.8%) and had undergone ≥1 coronary artery reconstruction during the trial period. Similarly, a nationwide retrospective cohort study showed that SGLT2 inhibitors, compared with dipeptidyl peptidase-4 inhibitors, were associated with a lower risk of coronary revascularization, combined renal outcomes, and all-cause mortality in T2DM patients after PCI (41).

A prospective, observational study (28) included a total of 377 patients with type 2 diabetes who underwent PCI. Comparing those who had never used SGLT2 inhibitors, the patients who were currently using SGLT2 inhibitors with a significantly lower incidence of MACE defined as cardiac death, re-infarction, and heart failure. Cox regression analysis showed that the use of SGLT2 inhibitors also significantly reduced the incidence of ISR-related adverse cardiovascular events in patients with well-controlled blood glucose (mean HbA1c <7% within 1 year). This also suggests that the mechanism by which SGLT2 inhibitors reduces the occurrence of ISR may be independent of the glucose-lowering effect. Recently, another retrospective real-world study (49) also showed that dapagliflozin significantly improved BMI, blood pressure, and glucose outcomes in patients with T2DM combined with coronary heart disease after PCI and had a beneficial effect on MACE and ISR.




3 Mechanism of action of SGLT2 inhibitor in preventing coronary heart disease and restenosis

Mechanistically, inhibition of SGLT2 leads to increased renal glucose excretion and decreased serum glucose levels. With the increase in clinical application, many studies have shown that SGLT2 inhibitors can significantly improve the prognosis of CHD patients. However, it is difficult to explain the glucose-lowering effect of SGLT2 inhibitors to inhibit arteriosclerosis and long-term pathological improvement. This suggests that SGLT2 inhibitors may play a direct role. In addition to its glucose-lowering effects, several studies, including the ongoing EMPACT-MI trial (46) and DAPA-MI trial (47), have demonstrated a positive cardiovascular protective effect of SGLT2 inhibitors in non-DM patients. Interestingly, SGLT2 inhibitors could reduce ISR-related events in type 2 DM (T2DM) patients with acute coronary syndrome and the effect was independent of glycemic control, suggesting that SGLT2 inhibitors may have a beneficial effect on coronary artery remodeling after stent implantation, perhaps by modulating a wide range of metabolic, molecular, and hemodynamic mechanisms besides its glucose-lowering effects. We summarize the main mechanism in Figure 2.
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FIGURE 2
SGLT2 inhibitors can improve the prognosis of patients after PCI by improving glucose and lipid metabolism, inhibiting inflammatory response and oxidative stress, and inhibit neointima formation.



3.1 SGLT2 inhibitor can improve glucose metabolism

Several studies have proved that diabetes is an independent risk factor for ISR in patients after PCI (11–13). DM patients have an increased incidence of restenosis after PCI compared with non-DM patients (50). The mechanism of ISR development in DM patients may be different from non-DM patients. Diabetes results in more extensive neointimal hyperplasia, atherosclerotic plaque formation, hemodynamic changes, and inadequate compensatory vascular remodeling (51–55). Faries et al. found that VSMCs of DM patients exhibit remarkably increased rates of proliferation, adhesion, and migration, as well as abnormal cell culture morphology (56). In addition, Moreno et al. found higher levels of lipid-rich atherosclerosis, macrophage infiltration, and subsequent thrombosis in coronary artery tissue of DM patients compared to non-DM patients. These differences indicate an increased susceptibility to coronary thrombosis in patients with DM (57). These observations are consistent with the clinically observed increased incidence of atherosclerosis and restenosis in patients with diabetes.

SGLT2 inhibitor is a new type of oral glucose-lowering agent used in the treatment of diabetes in recent years (14). They mainly combine with SGLT2 in the renal tubules to prevent the reabsorption of glucose by the kidney and increase the excretion of glucose in the urine, thus reducing the plasma glucose level (15). The unique glucose-lowering mechanism of SGLT2 inhibitors independent of insulin secretion makes them ideal for the treatment of T2DM.


3.1.1 Reduce persistent hyperglycemia damage

The effect of persistent hyperglycemia on the development of macrovascular and microvascular complications has been widely discussed (58, 59). The harmful effects of glucose are already present when plasma glucose levels fall below the threshold for diagnosing DM (60). Hyperglycemia initially leads to an imbalance between nitric oxide (NO) bioavailability and reactive oxygen species (ROS) accumulation, which in turn leads to increased inflammatory response and oxidative stress, endothelial dysfunction, and vascular smooth muscle proliferation, ultimately leading to coronary atherosclerotic plaque formation and restenosis (59, 61).

As a new oral glucose-lowering agent, SGLT2 inhibitor can significantly reduce the levels of fasting plasma glucose and HbA1c, and alleviate the endothelial damage caused by persistent hyperglycemia (62). Studies in cultured endothelial cells have shown that high glucose increases inflammatory mediators and SGLT2 expression, and intervention with SGLT2 inhibitors can inhibit the development of unstable plaque phenotypes (63). A randomized clinical trial found that the use of SGLT2 inhibitors significantly reduced the absolute risk of atherosclerotic thrombosis in patients with T2DM (55). Joubert et al. found that the total levels of O-GlcNAcylated proteins were significantly lower in dapagliflozin-treated SKO mice than in untreated SKO mice (64). This suggests the notion that dapagliflozin partially corrects cardiac dysfunction through glucose-lowering effects. Long-term application of SGLT2 inhibitors has a good effect on the clinical prognosis of hospitalized patients with AMI after PCI, and it can narrow the prognostic gap still existing between DM and non-DM patients (65).



3.1.2 Reduce the harmful effects of advanced glycation end-products

Advanced glycation end-products (AGEs), called glycation or Maillard reactions, are chemicals that result from non-enzymatic interactions between proteins and sugar residues (66). AGEs are recognized by a variety of cellular receptors in the body and trigger many signaling pathways associated with inflammation and oxidative stress (66). AGEs continue to accumulate in the body as we age, and DM accelerates the development of this process (67). The accumulation of AGEs resulted in increased expression of receptors for AGEs (RAGE), inflammatory cell count, intercellular adhesion molecule (ICAM)-1, and vascular cell adhesion molecule (VCAM)-1 (68, 69). The engagement of RAGE with AGEs elicits oxidative stress generation and subsequently induces the proliferation, adhesion, and migration of SMC, thus evoking vascular injury in diabetes (68). These findings may verify that the accumulation of AGEs may contribute to the increased rate of restenosis in people with DM (50, 70).

An animal and cell experiment showed that empagliflozin reduced AGEs in serum by inhibiting the AGEs-RAGE pathway, inhibiting the expression of the RAGE, and at the same time reducing levels of cholesterol as well as proteins associated with cholesterol metabolism (71). Empagliflozin also plays an anti-inflammatory and antifibrotic role in diabetic nephropathy by inhibiting the AGEs-receptor axis (72). Dapagliflozin protects podocytes from advanced AGEs-induced inflammatory response and apoptosis via the AMPK/mTOR (mammalian target of rapamycin)-mediated autophagy pathway (73). The above studies suggest that SGLT2 inhibitors may play an anti-atherosclerotic role by inhibiting AGEs, but it needs to be further validated in vascular models.



3.1.3 Attenuate insulin resistance

Insulin resistance (IR) is a significant risk factor for CHD and is associated with inflammatory responses (74), metabolic disorders (75), elevated fibrinogen and decreased plasminogen activator (74), and endothelial dysfunction (76), leading to adverse cardiovascular events (61, 77). IR is also associated with the incidence of restenosis (75, 78–80). Adipose tissue plays a key role in the pathogenesis of IR and DM through the secretion of adipokines and inflammatory cytokines, as well as the accumulation of visceral fat (81, 82). Dysfunction and reduced metabolism of fat cells are strongly associated with IR and DM, although their role in IR is complex and poorly understood.

Drugs can lead to adaptive responses in glucose homeostasis and hormone release, and the genetic or pharmacological inhibition of SGLT2 has positive effects on hyperinsulinemia and hyperglycemia (83, 84). At present, SGLT2 inhibitors has been shown to significantly attenuate insulin resistance. The mechanism by which SGLT2 inhibitor attenuates IR can be summarized as follows: (1) by regulating the body's energy balance and metabolism, (2) by promoting the transformation of white adipose tissue into brown adipose tissue, and (3) by inhibiting the inflammation induced by polarizing M2 macrophages (85–90).




3.2 SGLT2 inhibitor can inhibit neointima formation

As a result of stent implantation, the physiological barrier function of EC is impaired due to changes in cell connectivity, and its ability to regulate vascular tone, control inflammation, maintain lipid and tissue fluid homeostasis, and prevent thrombosis is reduced (91, 92). At the same time, SMC changed from contractive phenotype to synthetic phenotype (93). The proliferation and migration of SMC were enhanced, and the secretion of cytokines and extracellular matrix was increased. Synthetic SMC can also migrate into the lipid plaque adhering to the intima to phagocytose lipids, form foam cells, synthesize and secrete fibrin, and eventually cause ISR (94).

SGLT2 inhibitors can effectively regulate the proliferation, migration, differentiation, survival, and senescence of EC (95). The DEFENCE study was the first to assess the role of dapagliflozin on vascular endothelial function in T2DM patients (96). Flow-mediated dilation (FMD) is recognized as an alternative marker of early endothelial dysfunction. dapagliflozin combined with therapy on metformin improved endothelial function in patients with inadequate glycemic control assessed by FMD. Sawada et al. found that empagliflozin can also increase FMD% and play an endothelial protective role by improving hypertriglyceridemia and IR (97). In addition, SGLT2 inhibitor also inhibits the contraction of VSMC and blocks the proliferation and migration of these cells. Hashikata et al. found that standard therapy add-on empagliflozin reduced neointimal progression compared to intensive standard therapy after DES implantation (98). Therefore, SGLT2 inhibitors might be promising for the prevention of ISR following PCI, especially in DM patients at high risk for restenosis.


3.2.1 Inhibit the expression of SGLT2 in endothelial cells and smooth muscle cells

It was previously agreed that SGLT2 is mainly expressed in human kidney and small intestine cells (29), but could not be detected in human myocardium (30). Recently, SGLT2 was found to be expressed in human endothelial cells (EC) and smooth muscle cells (SMC) using immunocytochemistry and western blotting techniques (31, 32). Interestingly, D'Onofrio N. et al. found that plaques from patients with diabetes had higher SGLT2 expression, inflammation, and oxidative stress, compared to plaques from patients without diabetes (63). This seems to be consistent with a higher risk of coronary atherosclerotic heart disease and restenosis in people with diabetes. Dutzmann et al. demonstrated that empagliflozin damages SMC proliferation and accelerates endothelial regeneration in vitro. In addition, empagliflozin prevents neointimal lesion formation and enhances reendothelialization after vascular injury in vivo (31). The mechanism may depend on vascular SGLT2 and involve the cardiovascular active peptide apelin.

Recently, dapagliflozin has also been shown to have a unique potential for cardioprotective effects by modulating apelin levels in patients and may serve as an alternative target for HF management in T2DM patients (99). Apelin is involved in the negative regulation of SMC proliferation and the improvement of EC function (100, 101), but the specific mechanism is not clear. However, the specific role of EC and SMC expression of SGLT2 is still unclear, and more studies may be needed to confirm and explore its mechanism of action in the future.



3.2.2 Enhance eNOS activation and increase the bioavailability of NO in endoderm

The release of NO by endothelial nitric oxide synthase (eNOS) plays an important role in maintaining vascular health (102). NO has been demonstrated to decrease migration and proliferation of VSMCs to attenuate the binding of inflammatory cells to the vascular wall, inhibit thrombosis by reducing platelet adhesion and aggregation, and resist angiosclerosis (103, 104). The regenerated vascular endothelial cells not only had poor cell junction formation but also significantly decreased the expression of antithrombotic molecules and NO (80). Disruption of NO synthesis leads to endothelial dysfunction and loss of homeostasis, resulting in endothelial cell apoptosis, enhanced endothelial permeability, impaired endothelium-dependent vasodilation, endothelial cell activation, inflammation, thrombosis, and neointima formation, which contribute to the development of vascular disease (105). Restenosis is closely related to the decrease of NO production by the damaged EC and the decrease in the amount of enzyme protein produced by the EC (106). Furthermore, Wu et al. showed that NO-dependent endothelial vasodilation was impaired in patients with ISR after coronary stent placement, compared with patients without restenosis (107).

SGLT2 inhibitor can enhance eNOS activation, increase the bioavailability of endodermal NO, and restore endothelium-dependent vasodilation (108, 109), these might have contributed to the beneficial vascular effects. A prospective cohort study demonstrated that empagliflozin increases blood viscosity and carotid shear stress (SS) as well as decreases carotid wall thickness (110). Within a certain range, higher levels of wall SS have a protective effect on atherosclerosis, which is conducive to the release of NO and the regulation of endothelial function and hemodynamic performance. In empagliflozin-treated mice, the activity of NO synthase in vascular endothelium increased, the content of phosphorylated cofilin and filamentous actin decreased, and the pathway involved in ROS production was down-regulated (109). Salim et al. found that ipragliflozin administration ameliorated impaired phosphorylation of eNOS, and attenuated endothelial dysfunction in diabetic mice (111). Therefore, substantial evidence supports the role of SGLT2 inhibitor in maintaining NO bioavailability and endothelial function by influencing the activity or expression of many molecules involved in eNOS, oxidative stress, inflammation, and blood pressure. The endothelial protection function of SGLT2 inhibitor plays an important role in delaying the formation of ISR.




3.3 Inhibit inflammation and oxidative stress

Inflammation is involved in the occurrence and development of atherosclerosis and affects its prognosis. There is increasing evidence that low-grade chronic inflammation is a key link in the pathogenesis of ISR (112). Endothelial injury after PCI causes inflammatory activation, thrombosis, and proliferation of vascular smooth muscle cells, and eventually leads to ISR formation (66). Inflammatory markers such as interleukin (IL)-6, IL-8, tumor necrosis factor (TNF) -α, monocyte chemotactic protein (MCP) -1, and matrix metalloproteinase (MMP) have been shown to play important roles in the pathogenesis of coronary atherosclerotic heart disease and ISR (113, 114). It can be used as a predictor of prevention and treatment of intra-stent restenosis. By monitoring changes in inflammation-related indicators, early identification of patients with ISR can be achieved, reducing the risk of sudden death in patients with coronary atherosclerotic heart disease.

The increased expression of SGLT2 was associated with higher oxidative stress, nuclear factor-κ B (NF- κ B), and proinflammatory cytokines (63). SGLT2 inhibitor treatment significantly reduces the expression of inflammatory markers TNF-α, IL-1β, and IL-6, thereby delaying the occurrence and progression of atherosclerosis (115). An international multicenter observational study found that in patients with diabetes who underwent PCI, the use of SGLT2 inhibitor was an important predictor of reduced inflammatory response (43). And recent studies have found that SGLT2 inhibitor reduces infarct size and the occurrence of ischemia-reperfusion-induced arrhythmias, and plays a cardioprotective role, which may be achieved by inhibiting inflammatory factors and oxidative stress (116). Therefore, SGLT2 inhibitor could significantly reduce the inflammatory index in patients after PCI, improving the long-term prognosis.


3.3.1 Reduce ROS generation

Inflammation and oxidative stress are both important and interdependent factors in almost all major cardiovascular diseases (117). Inflammation can induce oxidative stress directly or indirectly through a variety of cell signaling pathways, including mediators that activate ROS sources. Several molecular mechanisms have been implicated in hyperglycemic-induced endothelial damage, such as activation of PKC isoforms, increased hexosamine pathway flux, increased AGEs formation, increased polyol pathway flux, and activation of the proinflammatory NF-k B, which are associated with overproduction of ROS (19, 52, 53, 58, 118). In addition, excess glucose can be metabolized through the pentose phosphate pathway and produce nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) (119). NADPH is a substrate for cytoplasmic NADPH oxidase, an enzyme complex that can produce ROS (117). Eventually, ROS can lead to endothelial dysfunction, decreased vasodilation, and atherosclerotic plaque formation, which will lead to coronary heart disease and restenosis.

Studies have shown that SGLT2 inhibitor can lead to downregulation of key proteins and pathways involved in ROS biosynthesis (109, 120). Li et al. found that SGLT2 inhibitor has an antioxidative effect and alleviates mechanical forces induced endothelial permeability in human coronary artery endothelial cells, which may be mediated by ROS clearance (121). In addition, they found that the antioxidative effect of SGLT2 inhibitors might be mediated in part by inhibition of NADPH oxidase and Na + /H + exchanger (NHE). Elevated intracellular Na + hinders mitochondrial Ca2 + processing and deteriorates energy supply and demand matching and the mitochondrial antioxidative defense systems (122). By decreasing the intracellular Na + concentrations through inhibition of the mitochondrial NHE, the production of ROS can be inhibited, thus having a favorable effect on cardiac metabolism (123, 124). Of note, NHE is also expressed in VSMC, and inhibition of NHE blunts lysophosphatidic acid-induced VSMC proliferation (125). Dapagliflozin and empagliflozin attenuate the upregulation of the cardiac NHE in mouse cardio fibroblasts stimulated with lipopolysaccharides (126, 127). The effect of dapagliflozin was blocked with an AMPK inhibitor, and it suggested that dapagliflozin may inhibit NHE by inhibiting the expression of AMPK, exerting the cardiovascular protective effect of antioxidative stress. However, in the previous studies, AMPK activation was not only observed in empagliflozin and dapagliflozin but in canagliflozin-treated cells (120). It seems paradoxical, and the involvement of AMPK phosphorylation may require further discussion.



3.3.2 Inhibit Nf-κ B pathway

The nuclear factor-κ B family of transcription factors, especially p65 and p50, participate in the pathogenesis of vascular proliferative diseases (128). Expression of NF-κ B has also been detected in the nucleus of human atherosclerotic lesions. We have previously demonstrated in restenosis animal models that inflammation induced by the NF-κ B pathway is closely relevant to the occurrence and development of coronary atherosclerosis and vascular restenosis after interventional therapy (129). Our results showed that the inhibition of NF-κ B pathway can downregulate the expression of downstream factors IL-1, IL-6, TNF-α, VCAM-1, and MCP-1, which can significantly improve the lipid profile and inhibit restenosis.

SGLT2 inhibitor may reduce the gene expression level of inflammatory factors and protein expression level of NF-κ B, thus alleviating atherosclerosis and ISR progression. Mice treated with dapagliflozin were found to have reduced atherosclerotic plaques and reduced serum levels of inflammatory markers such as IL-6, IL-8, TNF-α, and MCP-1 (130). Gaspari et al. also found that dapagliflozin-mediated attenuation of TNFα-induced NF-κ B mRNA expression implicates dapagliflozin in transcriptional regulation (131). Similarly, empagliflozin can reduce the gene expression level of inflammatory factors and protein expression level of NF-κ B, improve the protein expression level of AMPK affected by ox-LDL in cells, and delay the formation of atherosclerosis (132).



3.3.3 Inhibit NLRP3 pathway

Previous studies revealed elevated expression of the nucleotide binding domain-like receptor protein-3 (NLRP3) inflammasome in human atherosclerotic arteries and restenosis artery wall (133, 134). A study showed that NLRP3 binding to ligands promotes inflammasome formation, activates caspase-1, and eventually promotes the maturation and secretion of IL-1β, and IL-18 (135). Those cytokines are induced following vascular injury and play a role in intimal hyperplasia. Notably, compared with those of the non-DM mice, DM mice had significantly increased serum levels of NLRP3, IL-1β and IL-18 (136). Recent studies have shown that targeted inhibition of NLRP3 can dampens inflammatory leucocyte production and uptake in atherosclerosis, significantly enhancing reendothelialization and prevent neointimal formation (137, 138). It suggests that NLRP3 inflammasome may be a promising therapeutic target for restenosis.

In vitro and in vivo experiments have demonstrated that SGLT2 inhibitor might inhibit the NLRP3 inflammasome, thereby reducing the secretion of inflammatory markers. In addition, under normal glucose conditions, SGLT2 inhibitor inhibits SMC migration and proliferation by targeting IL-17A mediated IL-1β and IL-18 expression, NLRP3 expression, and inflammatory responses (32, 139). Leng et al. elucidate that dapagliflozin treatment was associated with the inhibition of the secretion of IL-1β by macrophage via the ROS-NLRP3-caspase-1 pathway in atherosclerosis for the first time (136). In addition, empagliflozin can degrade the inflammatory component NLRP3 through selective autophagy and reduce the maturation and secretion of inflammatory factors (140). SGLT2 inhibitor has been demonstrated to cause a considerable increase in serum β-hydroxybutyrate with a parallel decline in fasting serum insulin levels due to a significant improvement in insulin sensitivity (141). These effects were associated with decreased IL-1β production and inhibition of NLRP3 inflammasome activity, which might help explain its cardioprotective effects.




3.4 SGLT2 inhibitor can regulate lipid metabolism

Drug therapy strategies based on statins and supplemented by a variety of lipid-lowering drugs, including PCSK9 inhibitors, have been widely used in secondary prevention of atherosclerotic cardiovascular disease (142). Although this optimized drug therapy reduces the risk of cardiovascular disease, there is still a residual risk that cannot be controlled. The effect of dapagliflozin combined with statins on reducing triglyceride-glucose (TyG), a related indicator of glycolipid metabolism, was significantly better than that of statins alone (42). This suggests that the target of SGLT2 inhibitor may not be limited to glucose metabolism, but also has a regulatory effect on lipid metabolism.


3.4.1 Regulate the secretion of adipokines

It is known that the adipose tissue can produce and secrete a wide variety of bioactive molecules known collectively as adipocytokines, such as adiponectin (APN), leptin, IL-6, IL-1β, and MCP-1 (143, 144). Those adipocytokines are not only involved in fatty acid metabolism and glucose homeostasis but also play a role in the control of inflammatory responses (145). Adipose tissue-specific adipocytokines leptin and APN interact with AMPK to regulate fatty acid and energy metabolism (146).

In our previous study (147), we established a rabbit model of iliac artery restenosis by percutaneous intracavity balloon angioplasty. Our previous research has shown that the expressions of TNF-α, IL-6, and MCP-1 were considerably increased (P < 0.01), while the expression of APN in the restenosis group was considerably decreased (P < 0.01). We conclude that balloon angioplasty and high-fat diet can inhibit APN expression and increasing APN expression may prevent the formation of restenosis after PCI (148). In atherosclerotic ApoE(-/-) mice, changes in adipokines were consistent with our data. After treatment with empagliflozin, the circulating concentrations of TNF-α, IL-6, and MCP-1 were decreased, and APN concentrations were increased, which played an anti-atherosclerotic role (149). Interestingly, changes in these adipocytokine levels were closely related to changes in blood lipids, IR, and body weight. Compared with sitagliptin, another glucose-lowering agent, dapagliflozin can significantly increase serum APN levels in diabetic patients (150). Nishitani et al. performed gene expression microarray and metabolomic analyses of mouse adipose tissue, and the result showed that dapagliflozin improved serum glucose levels and induced 3-hydroxybutyric acid in diabetic mice (87). 3-hydroxybutyric acid has been proven to enhance adiponectin expression in adipocytes, and thus exert anti-inflammatory and anti-atherosclerosis effects (87). In addition, leptin also plays an important role in the regulation of vascular function. It has been reported that leptin can regulate the synthesis of NO in ECs and play a vascular protective role (151). Elevated leptin levels were present in patients with restenosis after stent placement, while consistent results were confirmed in patients without restenosis and in the control group (80). Recently, a meta-analysis concluded that SGLT2 inhibitors treatment was associated with decreased serum leptin levels and increased serum APN levels, which may contribute to the positive effects of SGLT2 inhibitors on metabolic homeostasis (152).



3.4.2 Regulate plasma lipid profiles

Clinical data and animal studies have shown that lipid levels are closely related to the occurrence of CHD and restenosis. It has been demonstrated that an increase in high-density lipoprotein cholesterol levels may be a predictor of anti-atherosclerotic effect (98). We have also verified in previous studies that restenosis is often accompanied by increased plasma levels of total cholesterol, low density lipoprotein cholesterol, and very low-density lipoprotein cholesterol (129, 147). Recent studies have found that improvement in hypertriglyceridemia was the strongest independent predictor of improvement in endothelial function in CAD patients with diabetes (97). There was an independent positive correlation between the TyG index and the risk of ISR in acute coronary syndrome patients after DES implantation (153).

SGLT2 inhibitor has been shown to exert a cardiovascular protective effect by affecting plasma lipid levels (21). In comparison with sitagliptin, dapagliflozin decreases low-density lipoprotein cholesterol and increases high-density lipoprotein cholesterol in patients with type 2 diabetes (150). The EMPAREG OUTCOME study also showed a sustained increase in high-density lipoprotein cholesterol levels less than 6 months after taking empagliflozin as well. In addition, empagliflozin has also been shown to play a protective role in vascular endothelium by improving hypertriglyceridemia in patients with coronary heart disease and diabetes (97).




3.5 Inhibit the sympathetic nervous system

There is strong evidence implicating sympathetic nervous system activation in the pathogenesis of cardio-metabolic illnesses including obesity, metabolic syndrome (MetS), diabetes, and hypertension (HTN) (154). The rapid increase in sympathetic nerve activity leads to increased levels of lipolysis and fatty acids in plasma, increased gluconeogenesis in the liver, inhibition of insulin release, and a shift in fuel metabolism in the muscles towards fatty acid oxidation and other directions (155, 156). However, if the sympathetic activity is chronically elevated due to a poor lifestyle, the physiological responses may move in an unfavorable direction, including elevated fasting blood glucose levels and IR (157), as well as elevated blood pressure and hypertension (158).

A recent study demonstrated that canagliflozin increased energy expenditure and fat utilization by increasing sympathetic activation of adipose tissue (159). Herat et al. also found that dapagliflozin-treated MetS mice fed a high-fat diet showed reduced blood pressure, weight loss, reduced hyperglycemia, and increased glucose tolerance (22). Interestingly, dapagliflozin treated high-fat diet mice, reducing renal tyrosine hydroxylase and norepinephrine levels in MetS mice. This suggests that dapagliflozin inhibition of SGLT2 leads to metabolic benefits in MetS mouse models via sympathetic inhibition. Matthews et al. found that SGLT2 expression increased in human renal proximal tubule cells after treated with norepinephrine for 48 h (157). The data support that sympathetic nervous system activation may up-regulate SGLT2 expression in human renal proximal tubule cells. The EMBODY trial (21) elucidates the mechanism by which empagliflozin reduces cardiovascular-related death, including sudden cardiac death in patients with AMI and T2DM. The trial identified that SGLT2 inhibitor may show significant improvements in cardiac sympathetic and parasympathetic nerve activity in heart rate variability and heart rate turbulence, and this mechanism also plays a beneficial role in the prognosis of patients after PCI.




4 The safety of SGLT2 inhibitors

Safety is the major concern after the emergence of new drugs, and attention should be paid to any problems that may arise. Known allergic reactions, pregnancy/lactation period, eGFR <20 ml/ min / 1.73 m2, symptoms of hypotension or systolic blood pressure <95 mmHg are contraindications for SGLT2 inhibitors (160). Adverse events might occur with SGLT2 inhibitors including an increased risk of orthostatic hypotension, urinary tract infection, diabetic ketoacidosis, renal impairment, and possibly limited amputations (161–163). Current guidelines and expert consensus generally agree that SGLT2 inhibitors should be avoided whenever possible during acute progression to avoid adverse events (164). However, in some clinical trials on acute and chronic HF, these adverse events were uncommon in the SGLT2 inhibitors treatment group, and the incidence of adverse events was not significantly increased compared to the control group (165, 166). Overall, SGLT2 inhibitors has many positive effects, and the benefits of using SGLT2 inhibitors far outweigh the risks. In addition, these adverse events are preventable and ameliorable, and these adverse reactions should not be used as contraindications for the use of the drug.


4.1 Orthostatic hypotension

Treatment with SGLT2 inhibitors reduces volume and sodium load through its diuretic and natriuretic properties. The resulting reduction in circulatory load, especially in ventricular filling pressure and cardiac load, may be an important mechanism by which the use of SGLT2 inhibitors can reduce mortality in patients. There was evidence that patients treated with empagliflozin and dapagliflozin had similar rates of hypotension and other adverse events related to volume reduction compared with placebo (165). However, in the CANVAS program, patients using canagliflozin showed a significant difference in volume reduction compared to placebo (26.0 vs. 18.5 event rates per 1,000 patient years, p = 0.009) (40). When symptomatic hypotension or a systolic blood pressure <95 mmHg, patients are prohibited from using SGLT2 inhibitors (160). Therefore, the volume status of patients should be assessed and treated before starting SGLT2 inhibitors. Caution should be exercised when initiating SGLT2 inhibitors in patients with decreased kidney function, older adults, and low baseline systolic blood pressure. During medication, blood pressure should be monitored and the dosage of both diuretics and drugs that affect blood pressure should be adjusted.



4.2 Urinary tract infection

Because SGLT2 inhibitors can cause significant glycosuria, especially in patients with T2DM, there is an increased risk of genital infection. Although meta-analyses have found that SGLT2 inhibitors do not increase the occurrence of urinary tract infections, these results may contain additional sources of uncertainty (167). To avoid urinary tract infection risk, prior to the use of SGLT2 inhibitors, possible previous urogenital infections and existing risk factors should be documented. In addition, SGLT2 inhibitors are not recommended for patients with recurrent genitourinary infections within 6 months.



4.3 Euglycemic diabetic ketoacidosis (EDKA)

SGLT2 inhibitors produces ketone bodies in the presence of normal blood sugar levels (168). Recent studies have suggested that the increase in ketone bodies produced by SGLT2 inhibitors creates a “super fuel” that can improve the efficiency of the heart and kidneys, thereby improving cardiac contractility and kidney function (169). Although increased ketone body formation can provide potential benefits for heart and kidney function, increased ketone body production will continue to put patients at increased risk for ketoacidosis (170). Patients with abdominal pain, nausea, vomiting, weakness, and dyspnea should be considered for EDKA during SGLT2 inhibitor use. Once EDKA is diagnosed, SGLT2 inhibitors should be discontinued. In addition, the ESC guide recommends that type 1 diabetes mellitus is not an absolute contraindication, but an individual risk of ketoacidosis should be considered when starting SGLT2 inhibitors therapy (160).



4.4 Amputation

The CANVAS study showed that canagliflozin increased the risk of lower limb amputation, while other studies have not confirmed whether SGLT2 inhibitor treatment is associated with lower limb amputation (171). Canagliflozin can damage the proliferation and migration of endothelial cells and smooth muscle cells, which may affect the re-endothelialization of arteries after PCI and play a positive role in the prevention of ISR (172, 173). On the other hand, it may exacerbate peripheral artery disease in diabetic patients by restricting angiogenesis. SGLT2 inhibitors should be used with caution in patients with risk factors for amputation, especially those with a previous history of amputation or foot ulcers, neuropathy, or peripheral vascular disease.




5 Conclusion and prospect

In summary, SGLT2 inhibitors can improve the prognosis of patients after PCI by improving glucose and lipid metabolism, inhibiting inflammatory response and oxidative stress, and improving vascular endothelial function and vascular remodeling. In addition, the early initiation of SGLT2 inhibitors can reduce the myocardial infarction size and the occurrence of reperfusion injury during AMI and can improve further outcome of impaired left ventricular function after AMI. SGLT2 inhibitors may be a new hope to improve the prognosis of patients with coronary heart disease, especially those with myocardial infarction, and prevent the recurrence of cardiovascular events. Recent studies suggest that the cardiovascular protective effect may remain significant in non-DM patients, independent of its hypoglycemic effect. In the future, more randomized controlled trials are needed to verify the beneficial effect of SGLT2 inhibitors in patients with coronary heart disease to to address the residual risks of current treatment options.
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Objective: The prevalence of hyperuricemia and hypertension is steadily increasing, and these conditions often share common risk factors. This study aimed to investigate the association among hyperuricemia, hypertension, and all-cause mortality in a nationally representative U.S. population.



Methods: Data for 38,644 participants were obtained from the National Health and Nutrition Examination Survey (NHANES) 2001–2018. Hyperuricemia was defined as a serum urate concentration >420 μmol/L in men and >360 μmol/L in women. Information regarding death outcomes was obtained through the National Death Index (NDI). Multivariate logistic regression, Cox proportional hazards models, and restricted cubic spline (RCS) analyses were used to evaluate the association between hyperuricemia and hypertension in all included participants, as well as long-term mortality in patients with hypertension.



Results: Among all participants, 6,956 (18.0%) had hyperuricemia, while 31,688 (82.0%) had nonhyperuricemia. According to the adjusted models, hyperuricemia was more strongly associated with hypertension (OR 2.04) than was non-hyperuricemia. During the median follow-up period of 78 months, both hyperuricemia (HR 1.48, 1.95) and hypertension (HR 1.42, 1.69) independently associated with the increased risk of all-cause mortality and cardiovascular mortality, respectively, with the highest risk observed in those with both conditions (HR 1.87, 2.82). RCS analyses revealed nonlinear J-shaped (for hypertension) and U-shaped (for both all-cause and cardiovascular mortality) relationships with serum urate levels.



Conclusions: Hyperuricemia is associated with an elevated risk of developing hypertension compared to non-hyperuricemia. Among patients with hypertension, those with hyperuricemia are more likely to experience all-cause and cardiovascular mortality during long-term follow-up.
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1 Introduction

Serum urate is a metabolic byproduct of purine breakdown. When concentrations exceed the limit of serum saturation, known as hyperuricemia, crystals of monosodium urate may precipitate in joints and tissues, causing inflammation and gouty arthritis, which affects 8.3 million Americans (1). While it is important to note that not all individuals with hyperuricemia experience symptomatic complications (2), epidemiological evidence underscores its correlation with an increased risk of metabolic syndrome, cardiovascular diseases, chronic renal disease, and premature mortality (3, 4). Hypertension has a profound global impact, affecting approximately 1.13 billion individuals worldwide (5). According to the World Health Organization (WHO), this condition is a contributing factor to 13% of all deaths worldwide (5). The development of hypertension is attributed to a multifaceted and intricate interplay of factors. Over recent decades, our understanding of this condition has grown, with increasing recognition of the various elements that contribute to its onset and progression (5).

Hyperuricemia often precedes the development of systemic hypertension, and multiple prospective studies have confirmed hyperuricemia as an independent risk factor for future hypertension, as well as poorly controlled blood pressure (4, 6–8). A 1 mg/dl increase in the serum urate concentration above the normal level has been associated with an 8%–13% increase in the adjusted risk of new-onset hypertension (9). Regarding mortality, previous studies have already demonstrated a linear association between serum urate levels and an increased risk of all-cause mortality and cardiovascular mortality, independent of common cardiovascular risk factors (10). These findings suggest that increasing the serum urate concentration could improve risk assessment in clinical practice by better discriminating and reclassifying individuals at higher risk of overall and cardiovascular mortality. An increased mortality risk is associated with both gouty and asymptomatic hyperuricemia (11, 12). However, the results varied considerably across these studies due to certain limitations, including notably small sample sizes, relatively short follow-up periods, and the inclusion of populations that may not fully represent the broader demographic spectrum.

Moreover, recent data suggest that the associations between urate levels or blood pressure and clinical events may be complex rather than straightforward linear correlations (13, 14). Very low urate levels might also confer an increased risk of adverse events or mortality (15–17). Elucidating the shape of these associations is crucial for determining thresholds for optimal urate levels, given that the efficacy and utility of urate-lowering therapy for cardiovascular protection remain debated (18, 19).

To compensate for the shortcomings of these previous studies, the present study was performed to prospectively investigate the association of serum urate levels with all-cause mortality in a nationally representative sample of American adult patients with hypertension. We also assessed potential nonlinear relationships of urate levels with hypertension and mortality.



2 Methods


2.1 Study design

This study is based on data obtained from the National Health and Nutrition Examination Survey (NHANES), an ongoing survey conducted by the National Center for Health Statistics (NCHS) in the United States. The NHANES serves as a vital tool for assessing the health and nutritional status of the noninstitutionalized population and plays a pivotal role in supplying crucial data for informing health policy, supporting research endeavors, and facilitating public health initiatives. Comprehensive details about the survey's design and data files can be accessed through the following link: https://www.cdc.gov/nchs/nhanes/ (accessed on August 31, 2023). To ensure ethical standards, the research protocol for this study received approval from the Research Ethics Review Board of the NCHS. Furthermore, it is important to note that NHANES collected informed written consent from all participants.



2.2 Population

In the present study, we included all participants aged more than 20 years (unweighted n = 97,657) from the NHANES cycles occurring between 2001 and 2018. Participants with missing data on urate levels, hypertension, or other comorbidities (heart failure, coronary artery disease, diabetes, stroke, cancer) were excluded. Additionally, those with ineligible data on mortality during follow-up were excluded. Our final analytic sample consisted of 38,644 participants.



2.3 Hyperuricemia, hypertension and mortality

Hyperuricemia was defined as a serum urate level >420 μmol/L (−7.0 mg/dl) in males and >360 μmol/L (−6.0 mg/dl) in females (20). Hypertension was identified based on participants' response to the following question: “Have you ever been told you have high blood pressure?”. To determine mortality status during the follow-up period, we utilized the NHANES public-use linked mortality file, last updated on April 26, 2022. This file is linked with the National Center for Health Statistics (NCHS) and the National Death Index (NDI) through a probability matching algorithm.



2.4 Ascertainment of covariates

We identified several variables as potential confounding factors in our analysis, covering various key aspects: (1) demographic characteristics: age (in years); sex (categorized as male or female); race/ethnicity (classified as Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, or other/multiracial); family poverty income ratio (PIR); education level (grouped as less than 9th grade, 9–11th grade, high school graduate, some college, or college graduate or above); and marital status (married/living with partner, widowed/divorced/separated, and never married). (2) Health status was assessed by the following measures: body mass index (BMI) (kg/m2), which was categorized as follows: underweight (<18.5), normal weight (<25), overweight (25–<30), and obese (≥30); waist circumference (cm); and smoking status (smoker or nonsmoker). (3) Whole-blood biochemical markers, including serum urate (μmol/L), total cholesterol (mmol/L), triglyceride (mmol/L), LDL-cholesterol (mmol/L), and creatinine (mg/dl), were measured in the NHANES Laboratory. (4) Patients' history of various health conditions was determined using self-reported doctor diagnoses: diabetes mellitus, stroke, cancer, heart failure, and coronary artery disease. (5) The estimated glomerular filtration rate (eGFR) was calculated based on the Epidemiology Collaboration CKD-EPI creatinine equation (21, 22): eGFR (ml/min/m2) = 141.0 × min (Scr/κ, 1)α × max (Scr/κ, 1)−1.209 × 0.993age × 1.018 (if woman) × 1.159 (if black). In this equation, Scr represent the standard serum creatinine (mg/dl). For women, use κ = 0.7, α = −0.329, and for men, use κ = 0.9, α = −0.411. Utilize the min function to calculate the minimum of Scr/κ or 1, and the max function to determine the maximum of Scr/κ or 1. Participants were categorized into non-chronic kidney disease group (eGFR ≥60 ml/min/m2) and chronic kidney disease group (eGFR <60 ml/min/m2) based on eGFR measures.



2.5 Statistical analysis

All estimates were weighted after taking the primary sampling unit, pseudostrata, and sampling weights to account for the complex sampling design unless otherwise specified. Participant characteristics were summarized using descriptive statistics. The prevalence of hyperuricemia was calculated, and participant demographics, clinical profiles, and comorbidities were compared by hyperuricemia status using t tests or Mann–Whitney U-tests for continuous variables and Wilcoxon rank-sum tests or chi-square tests for categorical variables. Associations between hyperuricemia and comorbidities were analyzed with multivariate logistic regression. Cox proportional hazard models were used to assess the relationship between hyperuricemia and mortality risk. Nonlinear associations between serum urate levels and hypertension and mortality were evaluated using restricted cubic spline analysis and visualized using spline curves. Kaplan‒Meier curves were calculated to display all-cause mortality among participants with and without hyperuricemia. All the statistical analyses were performed in R (version 4.3.1, R Foundation for Statistical Computing, Vienna, Austria) (“survey” packages in R account for the complex survey design were used). A two-sided P-value <0.05 was considered indicative of a statistically significant difference.




3 Results


3.1 Demographic and clinical characteristics

The characteristics of all the included participants are presented in Table 1. Among the 38,644 unweighted participants (corresponding to weighted 159,679,793 nationally representative participants), 6,956 (18.0%) had hyperuricemia, while 31,688 (82.0%) had nonhyperuricemia. Compared to participants without hyperuricemia, those with hyperuricemia were older (mean age 50.91 vs. 45.84 years, p < 0.001) and had a greater proportion of males (56.88% vs. 46.32%, p < 0.001). Participants with hyperuricemia also had a significantly greater mean BMI, waist circumference, blood pressure, total cholesterol, triglycerides, LDL cholesterol, and lower eGFR (all p < 0.001). The prevalence of obesity was markedly greater in the hyperuricemia group (55.20% vs. 30.35%, p < 0.001). With regard to race/ethnicity, Mexican Americans and non-Hispanic blacks comprised lower proportions of hyperuricemia cases than did non-Hispanic whites (p < 0.001). Those in the hyperuricemia group had lower educational attainment and were less likely to be married (p < 0.001). Approximately half of the individuals in the hyperuricemia group were current smokers, whereas 45.62% of those in the nonhyperuricemia group were current smokers (p < 0.001). The incidences of self-reported hypertension, diabetes, stroke, heart failure, coronary artery disease, cancer, and chronic kidney disease based on eGFR were all significantly greater among those with hyperuricemia (all p < 0.001).


TABLE 1 Demographic characteristics of all included participants with and without hyperuricemia.
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3.2 Association of hyperuricemia with comorbidities

The associations between hyperuricemia and the presence of various comorbidities are summarized in Table 2. According to the unadjusted logistic regression analysis, participants with hyperuricemia had 2.19 times greater odds of hypertension (95% CI 2.03–2.37, p < 0.001) and 2.25 times greater odds of stroke (95% CI 1.87–2.71, p < 0.001); additionally, they had 1.36 times greater odds of heart failure (95% CI 1.16–1.60, p < 0.001), 2.45 times greater odds of obesity (95% CI 2.27–2.65, p < 0.001), and 4.39 times greater odds of chronic kidney disease (95% CI 3.91–4.93, p < 0.001) than did those without hyperuricemia. After we adjusted for age, sex, and smoking status, hyperuricemia was significantly associated with increased odds of hypertension (adjusted OR 2.04, 95% CI 1.88–2.22; p < 0.001), stroke (adjusted OR 2.18, 95% CI 1.80–2.64; p < 0.001), heart failure (adjusted OR 1.34, 95% CI 1.13–1.58; p < 0.001), obesity (adjusted OR 2.56, 95% CI 2.37–2.77; p < 0.001), and chronic kidney disease (adjusted OR 3.93, 95% CI 3.54–4.37; p < 0.001). No significant associations were detected between hyperuricemia and diabetes, cancer, or coronary artery disease according to the adjusted models (all p > 0.05).


TABLE 2 Weighted logistic regression demonstrating the relationship between hyperuricemia and the presence of comorbidities.
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3.3 Characteristics of hypertension

A comparison of clinical characteristics between hyperuricemic patients with and without hypertension is provided in Table 3. Among the 6,956 patients with hyperuricemia, 3,798 (54.58%) had hypertension, and 3,158 (45.38%) did not have hypertension. Those with hypertension were older than were those without hypertension (mean age 58.84 vs. 43.18 years, p < 0.001). A lower proportion of hypertensive patients were male than nonhypertensive patients were (46.47% vs. 67.00%, p < 0.001). The racial distribution differed between the groups, with non-Hispanic blacks accounting for a greater percentage of hypertensive patients (15.35% vs. 9.48%, p < 0.001). Hypertensive participants had lower educational attainment and were more likely to be widowed/divorced/separated than non-hypertensive participants were (p < 0.001 for both). Over half of the hypertensive patients were obese (60.58%), whereas 50.02% of the nonhypertensive patients were obese (p < 0.001). The mean BMI, waist circumference, triglyceride level, and urate level were also greater in patients with hypertension (p < 0.001 for BMI and waist circumference; p < 0.05 for other measures). The incidences of diabetes, stroke, cancer, heart failure, coronary artery disease, and chronic kidney disease were all significantly greater in the hypertensive group (all p < 0.001).


TABLE 3 Demographic and clinical characteristics of hyperuricemic patients according to hypertension status.
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3.4 Risk factors for hypertension

The risk factors for hypertension among individuals with hyperuricemia are displayed in Table 4. Significantly greater odds of having hypertension were associated with older age, female sex, non-Hispanic black race, diabetes, obesity, stroke, cancer, and heart failure. Specifically, each one-year increase in age was associated with 5% greater odds of having hypertension (OR 1.05, 95% CI 1.04–1.06; p < 0.001). Compared with males, females had 34% greater odds of having hypertension (OR 1.34, 95% CI 1.16–1.56; p < 0.001). Compared to Mexican Americans, individuals of other races/ethnicities had greater odds of having hypertension (p < 0.001). Diabetes was linked to 2.66-fold greater odds (95% CI 2.11–3.37, p < 0.001), and obesity was linked to 1.75-fold greater odds (95% CI 1.48–2.08, p < 0.001). Stroke, cancer, and heart failure were associated with 1.72, 1.45-, and 1.46-fold greater odds, respectively (p < 0.01 for all). The marital status of “never married” was linked to 31% lower odds of having hypertension than “married” status was (adjusted OR 0.69, 95% CI 0.54–0.87; p = 0.002).


TABLE 4 The risk factors for concomitant hypertension in participants with hyperuricemia.
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3.5 Mortality rates according to hyperuricemia and hypertension status

The all-cause and cardiovascular mortality rates in patients with different combinations of hyperuricemia and hypertension are summarized in Table 5. According to adjusted Cox proportional hazards models, compared with no hyperuricemia, hyperuricemia alone was associated with a 1.48- and 1.95-fold greater hazard of all-cause and cardiovascular mortality, respectively. Similarly, hypertension alone conferred a 1.42- and 1.69-fold greater mortality hazard than did non-hypertension. The highest mortality risk was observed in participants with both hyperuricemia and hypertension. This group had a 1.87- and 2.82-fold greater hazard of death than did the non-hyperuricemic participants without hypertension.


TABLE 5 All-cause and cardiovascular mortality according to hypertension and hyperuricemia status.
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3.6 Nonlinear relationships of serum urate levels and hypertension with mortality

In all included participants, a nonlinear J-shaped association was found between serum urate levels and hypertension risk, even after adjusting for multiple covariates, as evidenced by RCS analysis (P_overall <0.001). Notably, there was an inflection point at a urate level of 315.53 μmol/L. Below this cutoff value, the risk of hypertension steadily decreased as urate levels decreased. Conversely, above this threshold, the risk of hypertension progressively increased in a dose-dependent manner with increasing urate levels (P_nonlinear <0.001) (Figure 1A).


[image: Figure 1]
FIGURE 1
Dose–response relationship between serum urate levels and the incidence of hypertension (A), long-term mortality including all-cause mortality (B) and cardiovascular mortality (C).


In patients with hypertension, there was a distinct U-shaped association between serum urate levels and the risk of all-cause and cardiovascular mortality (both P_overall <0.001). A discernible threshold effect emerged, marked by an inflection point at urate levels of 313.46 μmol/L and 312.39 μmol/L. Below these thresholds, mortality risk consistently increased as urate levels decreased, while above this critical point, mortality risk exhibited an upward trajectory once more with escalating urate levels (P_nonlinear <0.001) (Figures 1B,C).



3.7 Kaplan–Meier survival curves

In patients with hypertension, we also conducted Kaplan‒Meier survival analysis to evaluate the correlation between survival time and survival probability at different serum urate levels. The median follow-up period was 78 months for all patients with hyperuricemia. The results showed significantly greater mortality among those with hyperuricemia than among those without hyperuricemia for both all-cause and cardiovascular mortality (Figures 2A,B) (p for log-rank test <0.001).


[image: Figure 2]
FIGURE 2
Kaplan–Meier survival curves for the hyperuricemia and non-hyperuricemia groups for all-cause mortality (A) and cardiovascular mortality (B) in patients with hypertension.





4 Discussion

In this study, 17.3% of the hyperuricemic population was diagnosed midway within the global range of 13%–25% noted in prior studies (23). The prevalence of hyperuricemia is related to age, sex, race/ethnicity, and lifestyle factors. The likelihood of elevated urate increases with age up to the fifth decade of life. We discovered that hyperuricemia was strongly associated with hypertension, even after adjusting for other comorbidities, such as stroke, heart failure, and obesity. In alignment with prior research, hyperuricemia is more common in men than in premenopausal women, likely due to the uricosuric effects of estrogen (24, 25). However, it is intriguing that once women develop hyperuricemia, the incidence of hypertension significantly surpasses that of men, with rates of 53.53% for women compared to 33.00% for men, which is also consistent with previous reports (26). This association underscores the relevance of hyperuricemia as a potential risk factor for hypertension. Importantly, we observed that both hyperuricemia and hypertension were independently linked to an increased risk of all-cause mortality, with adjusted hazard ratios (HRs) of 1.48 and 1.42, respectively. The highest mortality risk was observed in individuals who presented with both conditions, indicating a synergistic effect (HR 1.87). The restricted cubic spline model showed nonlinear correlations between serum urate concentrations and hypertension (J-shaped) and between serum urate concentrations and all-cause mortality (U-shaped). These findings underscore the significance of considering both hyperuricemia and hypertension as independent risk factors for all-cause mortality and emphasize the need for a more nuanced understanding of their interplay.

The role of serum urate in hypertension development remains a subject of ongoing research and is not yet fully understood. Several proposed mechanisms have been identified. Urate can activate various oxidative stress pathways involving xanthine oxidase, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, the renin-angiotensin-aldosterone system (RAAS), and inflammatory cytokines. This oxidative stress damages blood vessels and contributes to hypertension (27, 28). Hyperuricemia is also closely associated with obesity and can trigger systemic inflammation and activate the RAAS and sympathetic nervous systems (29, 30). It appears that urate may act as an endogenous danger signal, triggering the innate immune response, which is well established for its significant role in arterial hypertension (31). Although the exact underlying mechanisms are not fully understood, these primary pathways offer biologically plausible explanations for how elevated urate may directly contribute to the development of hypertension rather than merely having a passive association.

Prospective studies have played a crucial role in establishing the temporal relationship between hyperuricemia and hypertension. These studies follow individuals without hypertension at baseline and track the development of hypertension over several years. The findings consistently show that individuals with higher baseline urate levels are at greater risk of developing hypertension (9, 32). Many studies have further reported a dose‒response relationship, wherein a higher level of serum urate is associated with a progressively greater risk of hypertension. This gradient of risk strengthens the argument for a causal relationship between hyperuricemia and hypertension (33). Additionally, clinical trials have investigated the impact of urate-lowering therapies on blood pressure. A cohort study involving 100 participants with asymptomatic hyperuricemia revealed that, compared with HCs, those receiving allopurinol experienced significant reductions in office systolic and diastolic blood pressure, central systolic blood pressure, pulse pressure, carotid intima-media thickness, and hs-CRP. These improvements are indicative of a positive impact on a patient's long-term prognosis (34). Furthermore, a meta-analysis of seven eligible trials involving 503 participants with hyperuricemia demonstrated that urate-lowering therapy led to decreases in systolic and diastolic blood pressure, fasting insulin levels, and homeostasis model assessment of insulin resistance (35). However, it is worth noting that not all trials have shown consistent results, as some failed to provide sufficient evidence to support an effect on blood pressure, proteinuria, or other cardiovascular markers through urate-lowering therapy (36).

Regarding the role of hyperuricemia in mortality, a growing body of epidemiological evidence indicates that hyperuricemia is independently associated with higher all-cause mortality (37). A recent systematic review and meta-analysis involving 14 studies and more than 341,389 adults revealed a 20% increased risk of all-cause mortality associated with hyperuricemia in general populations (38). This heightened risk of mortality seems to be applicable to both gout patients and asymptomatic individuals with elevated urate levels (24). The link between hyperuricemia and increased all-cause mortality likely involves various pathophysiological mechanisms. As previously discussed in the context of hypertension, elevated urate levels can lead to endothelial dysfunction, vascular inflammation, oxidative stress, insulin resistance, and systemic metabolic abnormalities. These factors contribute to the development and progression of various chronic diseases, including cardiovascular diseases, renal dysfunction, and metabolic disorders, all of which can further increase the risk of mortality (39–41). Our findings of heightened all-cause and cardiovascular mortality in patients with hyperuricemia and hypertension agree with those of several previous studies (38, 42, 43).

Notably, our findings revealed a U-shaped pattern of nonlinear relationships between serum urate levels and mortality risk, indicating that mortality risk consistently increased again as urate levels decreased below the inflection point. This result is consistent with previous studies using large samples of individuals in the general population (44, 45) and those assessing patients with cardiovascular diseases (46–48). Although the exact reasons for the heightened mortality risk associated with low levels of serum urate remain unclear, several potential explanations exist. First, low serum urate levels might merely reflect malnutrition status, cachexia, and other wasting conditions (49). Additionally, urate has antioxidant effects, such as the scavenging of free radicals, which are unstable molecules that can cause damage to cells (50). Urate also binds to iron ions, preventing them from catalyzing oxidative reactions that generate free radicals (51).

Moreover, it is conceivable that the observed low levels of serum urate may be partially attributable to the administration of medications designed to reduce serum urate levels. For example, the findings from an Austrian study that surveyed a broad population indicate that individuals who begin treatment with febuxostat face a greater likelihood of experiencing nonfatal cardiovascular events or mortality from any cause than do those treated with allopurinol (52). However, in a cohort of 99,744 elderly gout patients, febuxostat initiation did not increase cardiovascular or mortality risk compared to allopurinol, although a slight long-term mortality trend and a reduced heart failure exacerbation risk were noted with febuxostat use (53). This underlying factor could influence mortality rates in individuals exhibiting low serum urate levels.

Conflicting evidence exists regarding the relationship between urate lowering drugs and hypertension. Animal models suggest that urate induces hypertension via a two-step process: initial activation of the renin-angiotensin system and inhibition of nitric oxide, causing increased systemic vascular resistance, followed by urate-mediated vasculopathy of the renal afferent arterioles, resulting in late sodium-sensitive hypertension (54). However, urate reduction cannot yet be recommended as first-line hypertension therapy due to heterogeneous effects on blood pressure across studies for both pharmacological urate-lowering drugs and nonpharmacological measures such as dietary changes to reduce sugar, fructose and salt intake. Some studies have shown no effect of these interventions on blood pressure, while others have demonstrated blood pressure reduction (55, 56). However, further research is still needed to clarify the causal role of urate and its therapeutic implications in hypertension.

In this study, we identified cutoffs of 318.67 μmol/L (5.36 mg/dl) for all-cause mortality and 312.39 μmol/L (5.25 mg/dl) for cardiovascular mortality. These thresholds differed slightly from those reported in the URRAH series, conducted in middle-aged patients, where cutoffs of 4.7–to 6.8 mg/dl for all-cause mortality and 4.89–5.6 mg/dl for cardiovascular mortality were suggested (15). The variations in cutoff values are primarily dependent on comorbidities such as heart failure, diabetes, and kidney disease in the URRAH studies (17, 57). These differences highlight that the serum urate thresholds associated with adverse outcomes are likely influenced by factors like age and comorbidities. For now, the serum urate cutoffs for mortality risk remain inconclusive and should be interpreted in the context of the population studied.

This study has several limitations that should be acknowledged. First, the cross-sectional nature of the NHANES data limits causal inferences about the relationship between hyperuricemia and hypertension or mortality. The use of an observational design meant that unmeasured confounders could not be completely excluded. Additionally, hyperuricemia and hypertension were identified based on questionnaire administration rather than repeated measurements, which may have led to misclassification of some participants. However, information on the use of medications, especially urate-elevating agents such as diuretics, was not comprehensively available in our study. Some drug classes, such as diuretics, are known to have hyperuricemic effects and could partially explain the greater incidence of hyperuricemia in hypertensive patients than in normotensive individuals. Therefore, further longitudinal cohort studies are still needed to validate the findings from the present study.



5 Conclusion

In summary, the accumulating evidence suggests that elevated urate levels may be associated with an increased risk of all-cause and cardiovascular mortality in hypertensive patients. The nadirs we observed for optimal risk reduction may provide a rationale for targeting hyperuricemia for mortality prevention, particularly in higher-risk groups with cardiovascular diseases, metabolic abnormalities or multiple comorbidities. However, definitive interventional trials are still needed to determine whether lowering urate levels can improve survival.
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Lung cancer is the second most common cancer worldwide and the leading cause of cancer-related death. While survival rates have improved with advancements in cancer therapeutics, additional health challenges have surfaced. Cardiovascular disease (CVD) is a leading cause of morbidity and mortality in patients with lung cancer. CVD and lung cancer share many risk factors, such as smoking, hypertension, diabetes, advanced age, and obesity. Optimal management of this patient population requires a full understanding of the potential cardiovascular (CV) complications of lung cancer treatment. This review outlines the common shared risk factors, the spectrum of cardiotoxicities associated with lung cancer therapeutics, and prevention and management of short- and long-term CVD in patients with non-small cell (NSCLC) and small cell (SCLC) lung cancer. Due to the medical complexity of these patients, multidisciplinary collaborative care among oncologists, cardiologists, primary care physicians, and other providers is essential.
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Introduction

Lung cancer is the second most common malignancy and the leading cause of cancer death in the U.S and worldwide (1, 2). The American Cancer Society estimates 238,340 new diagnoses and 127,000 lung cancer-related deaths in 2023 (2). Although these numbers highlight the significant disease burden of lung cancer worldwide, there are reasons for optimism. From 1999-2019, the age-adjusted annual rate of new lung cancer decreased from 70.8 to 52.9 per 100,000 people, and the age-adjusted annual rate of death decreased from 55.4 to 33.4 per 100,000 people (3). This downturn in the rate of new cancers is likely due to the decline in smoking prevalence (1). Moreover, due to advancements in chemotherapeutics, the 5-year relative survival rate has increased from 11.7% in 1975 to 22.9% in 2018 (4).

As patients live longer due to advancements in early cancer detection and effective anticancer therapies, other medical challenges arise. One such challenge is the development of coexistent comorbidities, paramount of which is CVD. CVD has been identified as the second leading cause of death in patients with NSCLC (5). In this paper, we review the shared risks factors for developing lung cancer and CVD and discuss in depth the therapies for lung cancer that have adverse CV effects. Furthermore, we explore strategies for prevention, management, and surveillance of CVD in patients with NSCLC and SCLC.





Shared risk factors for lung cancer and cardiovascular disease

CVD and lung cancer share a number of risk factors: smoking, hypertension, diabetes mellitus (DM), advanced age, obesity, and racial and socioeconomic status (SES) (6–9). Preexisting CV comorbidities in lung cancer patients are common given these overlapping risk factors (10, 11). A population-based study found hypertension, arrhythmia, coronary artery disease (CAD), dyslipidemia, and heart failure (HF) to be the most prevalent CV conditions in patients with lung and bronchus cancer (10). Coexistent CVD portends worse prognosis in these patients (10). Patients with NSCLC and comorbid HF, myocardial infarction (MI), or cardiac arrhythmias had the lowest overall survival (11). Interestingly, lung cancer was found to be an independent risk factor for the development of CVD, specifically CAD and MI, in a meta-analysis (6). Additionally, low SES is a well-documented risk factor for both lung cancer and CVD (9).

There are notable health inequities observed in lung cancer and CVD across various races and SES groups (9). In the United States, non-Caucasians are at an increased risk of developing lung cancer and dying from CVD (9). African Americans have 50-70% greater risk of developing HF compared with Caucasians, and African American men are 12% more likely to develop lung cancer compared with Caucasian men (12, 13). The incidence rate for lung cancer in African American population has been estimated to be 71.2/100,000 compared with 35.1–65./100,000 in other racial groups (14). Lower SES has been associated with increased smoking, lack of exercise, and lower life expectancy (15). One pooled analysis of case-control studies found a correlation between low SES and lung cancer. The highest effect was observed in men in the lowest vs. highest SES category: calculated OR for lung cancer was 1.84, 95% CI: 1.61–2.09. For women, OR was 1.54, 95% CI: 1.20–1.98 (16). Population-based studies have yielded similar results with CVD showing that lower income levels, lower educational attainment, and unemployment increase the risk of developing CVD and lead to worse clinical outcomes (17). These studies highlight the complex interrelationship between CVD and lung cancer.




Smoking

Smoking is the single most important risk factor for lung cancer. It is estimated that male smokers are 23 times, and female smokers 13 times, more likely than never smokers to develop lung cancer (18). Individuals exposed to second-hand smoke have a 20 to 30 percent greater risk of developing lung cancer than those without exposure (19). An estimated two-thirds of lung cancer deaths worldwide are attributable to smoking (1). Cigarette smoking and its effects on the CV system are well-studied. Smoking increases the risk of atherosclerotic disease, acute coronary syndrome, stroke, and sudden death (20). Smoking has multiple deleterious effects on the CV system including reduction of nitric oxide (NO) leading to vasomotor dysfunction, pro-thrombogenic effects, alteration of lipid metabolism (increase in oxidative LDL), increased inflammation and oxidative stress (20). Smoking dramatically increases the risk of hypertension and insulin resistance, which eventually lead to the development of CVD (21, 22). The World Health Organization have promoted effective frameworks to tackle the tobacco epidemic. In the U.S., smoking rates declined from 42.4% among adults in the year 1965 to 13.7% in 2018 (23). Despite these efforts, cigarette smoking remains the leading preventable cause of death and disability (24).

Smoking-related side effects are predominantly due to endothelial cell damage (25). Inhaled transition metals, carbon monoxide, and aldehydes among other chemicals cause vasoconstriction through a decrease in NO synthesis and production of free radicals, reactive oxygen and nitrogen species (ROS and RNS) (25). The free radicals trigger a cycle of inflammation to generate more ROS and RNS and further damage the endothelium (26). These oxidative processes lead to lipid peroxidation, contributing to the development of cholesterol plaques (26). The injured endothelium upregulates adhesion molecules and recruits immune cells, further reinforcing the inflammatory state (27). The chronic inflammatory state is a favorable environment for cancer development (28, 29).






Adverse cardiovascular effects of lung cancer therapy

Antineoplastic regimens for both NSCLC and SCLC, including immune checkpoint inhibitors, targeted therapies, cytotoxic chemotherapy, or mediastinal radiation can have profound CV effects. Arrhythmia, left ventricular (LV) dysfunction, HF, hypertension, ischemia/MI, pulmonary hypertension, thromboembolic disease, and pericarditis have been reported as side effects associated with anticancer treatment (30). Common CV adverse effects of anticancer regimens for NSCLC and SCLC are summarized in Table 1.


Table 1 | Cardiovascular adverse effects of NSCLC and SCLC treatments.






Immune checkpoint inhibitors

Traditionally, platinum-based dual chemotherapy had been the first-line treatment modality for NSCLC and SCLC. Immune checkpoint inhibitors (ICIs), whether used as monotherapy or combined with other forms of anticancer therapy, are now becoming first-line treatment options for lung cancer patients who are negative for driver mutations (31).

ICIs are a class of cancer therapeutics that activate the host immune system to eliminate cancer cells. They target one of the following immune checkpoints: programmed death-1 (PD-1) and its ligand (PD-L1), cytotoxic T-lymphocyte associated protein 4 (CTLA-4), and lymphocyte-activation gene 3 (LAG3). Commonly used ICIs for lung cancer are nivolumab, pembrolizumab, ipilimumab, atezolizumab, and durvalumab (Table 2A) (32). As the use of ICIs has become more widespread, awareness of ICI cardiotoxicity has increased (34).


Table 2A | U.S. Food and Drug Administration-approved immune checkpoint inhibitors as of April 2022 for the treatment of lung cancer (32, 33).



CV adverse events associated with ICIs include myocarditis, pericarditis, arrhythmias, heart failure, MI, ischemic stroke, venous thromboembolism, and dyslipidemia (Table 2B) (32, 34, 35). Chitturi and colleagues conducted a retrospective analysis to determine if ICIs are associated with an increased risk of major adverse cardiac events (MACE) in a cohort of 252 patients with lung cancer (37). They did not find a statistically significant difference in MACE incidence between the ICI cohort and non-ICI cohort (HR: 1.18, 95% confidence interval [CI]: 0.57 to 2.43; p = 0.66). However, they did find that the predominant MACE in the ICI cohort were CV death, fatal MI, and cardiac arrest. Additionally, they noted that patients receiving ICI were more likely to have an elevation of brain natriuretic peptide (BNP) and troponin I (TnI) (34). Interestingly, a recent matched cohort study revealed that ICI treatment was associated with a 3-fold increase in the risk of atherosclerotic CV events, including MI, coronary revascularization, and ischemic stroke. In addition, there was >3-fold increase in the rate of aortic atherosclerotic plaque volume after ICI therapy (38). A recent systematic review and meta-analysis of 48 randomized clinical trials showed that CV adverse effects, such as dyslipidemia, ischemic stroke, heart failure, and MI, were more common after ICI use than myocarditis (35).


Table 2B | Estimated incidence of cardiovascular adverse events associated with immune checkpoint inhibitor therapy based on a safety meta-analysis (35, 36).



A retrospective cohort study by Jain et al. utilized a large longitudinal real-world database to assess the incidence and clinical characteristics associated with CV adverse effects (CVAEs) in patients with any cancer treated with ICI vs non-ICI (39). Within the ICI cohort, lung cancer (43.1%) was the most common cancer type. They found that anti-CTLA-4 used as monotherapy or in combination with anti-PD-1 increased the risk of HF: combination therapy (HR: 2.0, 95% CI: 1.31-3.04) and monotherapy (HR: 1.9, CI: 1.27-2.84) (39). Comorbidities including hypertension, history of MI, DM, and peripheral vascular disease also increased the risk of HF. Johnson et al. conducted a large safety database review and found a highly significant increase in the incidence of myocarditis in combination nivolumab and ipilimumab therapy versus nivolumab monotherapy (0.27% vs. 0.06%; p<0.001; 5 fatal events vs. 1) (40).





EGFR inhibitors

Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKI) are used for the treatment of advanced EGFR-mutated NSCLC. Commonly used EGFR TKIs include osimertinib, erlotinib, gefitinib, and afatinib (30). Osimertinib increases the risk of QT prolongation, HF, and atrial fibrillation when compared to other EGFR TKIs such as erlotinib, afatinib, and gefitinib (41). A comprehensive meta-analysis by Waliany et al. found that osimertinib is associated with supraventricular tachycardia in addition to QT prolongation and HF (42). Ewer et al. performed an ad-hoc and pooled analyses of data from clinical trials including FLAURA and AURA3 trials investigating the risk of cardiac failure in patients receiving osimertinib (43). They found a decrease in LV ejection fraction of greater than 10% to an absolute percentage point of < 50% in 3.1% and 5.5% of patients, respectively. These events were noted to be asymptomatic and resolved without treatment or need for discontinuing osimertinib (43).

Gefitinib has been reported to have an increased odds of conduction disease (ROR: 2.17, 99% CI: 1.14–4.14) compared with other EGFR inhibitors (42). One study found that pancreatic cancer patients receiving treatment with a combination of erlotinib and gemcitabine had an increase in the incidence of MI and ischemia compared with gemcitabine alone (30, 44). Analyses investigating the risk of HF due to afatinib did not find an increased risk (45).





BRAF and MEK inhibitors

NSCLC patients with BRAF positive mutations can be treated with BRAF inhibitors. Patients who have resistant mechanisms against BRAF inhibitors are treated concomitantly with MEK inhibitors (46). BRAF inhibitors used to treat melanoma and colorectal cancer have been found to prolong the QT interval (46). Dabrafenib (BRAF inhibitor) and trametinib (MEK inhibitor) are used in combination to treat NSCLC. This combination has been associated with an increased odds of HF and arterial hypertension compared with monotherapy and other targeted therapies for NSCLC (42, 47).





ALK inhibitors

Roughly 5% of patients with NSCLC have anaplastic lymphoma kinase (ALK) gene mutations (48, 49). ALK inhibitors (e.g., brigatinib, crizotinib, ceritinib, alectinib) have been in use since 2011 to target NSCLC with ALK mutations (48). Ehrenstein et al. performed a safety cohort study for patients receiving crizotinib (n= 456) versus the TKI erlotinib (n=2957) in Europe (EU) and USA (summarized in Table 3). The USA cohort treated with crizotinib had a greater cumulative incidence of prolonged QT interval-related events, bradycardia, and cardiac failure compared with EU. However, there was a significant difference in baseline characteristics between the EU and USA populations. The prevalence of comorbidities was higher in the USA group (49). Waliany et al. investigated QT prolongation resulting from targeted therapies for NSCLC (summarized in Table 4) (42).


Table 3 | Two-year cumulative incidence of cardiac adverse events in patients with primary NSCLC cancer treated with crizotinib (49).




Table 4 | The effects of targeted NSCLC therapies on QT interval (42).







VEGF inhibitors

Arterial hypertension is a well-known side-effect of vascular endothelial growth factor (VEGF) inhibitors; it was first observed in the clinical trials for bevacizumab (50). A subsequent study of bevacizumab found a dose-dependent risk of developing hypertension from bevacizumab (51). Meta-analyses have noted arterial hypertension as an adverse effect of other VEGFI as well (52, 53). In addition to dose-dependence, studies have found that hypertension occurs rapidly after drug initiation and reverses quickly upon discontinuation (54).

Aside from hypertension, congestive heart failure (CHF) is another potential risk of treatment with bevacizumab (55). Choueiri et al. completed a meta-analysis of randomized trials with bevacizumab in patients with breast cancer. They found that patients treated with bevacizumab (n = 2366) had an overall CHF incidence of 1.6% (95% CI:1.0-2.6%) compared to an overall incidence of 0.4% (95% CI:0.2-1.0%) in the chemotherapy group without bevacizumab. The relative risk of CHF in the bevacizumab group was 4.74 (95% CI:1.16-11.18; p=0.001). Additionally, there have been two reported cases of Takotsubo cardiomyopathy believed to have been caused by bevacizumab (56). Both cases involved male patients receiving bevacizumab, one for colon cancer and the other for metastatic NSCLC (56).

Bevacizumab is also associated with an increased risk for arterial thromboembolic events. In a post hoc analysis of RCTs studying bevacizumab in patients with cancer, including NSCLC, Scappaticci et al. found that bevacizumab and chemotherapy combination was associated with an increased risk for arterial thromboembolic events compared to chemotherapy alone (HR: 2.0, 95% CI: 1.05-3.75, p = 0.031) (57).





Cytotoxic agents

Cisplatin is associated with an increased risk of acute coronary syndrome (30). This risk is higher in older patients (over 65) and in those receiving concomitant radiotherapy (30, 58). In addition, cisplatin increases the risk of both venous and arterial thromboembolic events (30). Late complications in cancer survivors treated with cisplatin include hypertension, LV diastolic dysfunction, and ischemic heart disease (30, 59). Gemcitabine has been associated with thrombotic microangiopathy and hypertension (30).

A meta-analysis of RCTs comparing vinorelbine with other chemotherapies did not find a difference in the risk of cardiac events in patients receiving vinorelbine compared with other chemotherapeutic regimens (60). Pemetrexed, an antifolate cytotoxic agent, in conjunction with platinum therapy is a first-line treatment for non-squamous NSCLC (61). Cardiotoxicity occurs primarily when pemetrexed is used with other cytotoxic medications, such as cisplatin (30). Taxanes, especially in conjunction with trastuzumab, bevacizumab, or platinum therapy, have been associated with conduction abnormalities, such as bradycardia, asymptomatic left bundle branch block, or ventricular tachycardia (30, 62, 63).

Anthracycline chemotherapy has a limited role in the treatment of metastatic SCLC, and its use has a well-established link to cardiotoxicity (64). The diagnosis of anthracycline-induced cardiotoxicity (AICT) is typically made when there is new-onset clinical HF or asymptomatic LV dysfunction (65, 66). Studies using various definitions of AICT estimate the incidence rate to be 2.2-9% (65, 66). Patients who have received high-dose anthracyclines (cumulative doxorubicin ≥250 mg/m2 or epirubicin ≥600 mg/m2) are at a high risk of AICT (65, 66). Additional risk factors for AICT include history of underlying CVD, hypertension, DM, obesity, genetic susceptibility, and concomitant exposure to another cardiotoxic drug and/or radiation (65, 66). Less common side effects of anthracycline are arrhythmia and pericarditis (67).





Radiotherapy

In the treatment of lung cancer, radiotherapy (RT) can be used concurrently with chemotherapy, prior to or after surgical resection, or for palliative reasons (68). Due to the anatomic proximity of the heart to the lungs, cardiac tissue may be inadvertently irradiated. RT can lead to potential adverse CV toxicities, including coronary artery disease, conduction system abnormalities, valvular heart disease, pericardial disease, and non-ischemic cardiomyopathy (68, 69). Risk of developing CV toxicity after RT is closely linked to the mean heart dose (MHD), a reflection of cardiac radiation exposure, and also depends on dose distribution and exposure of specific cardiac substructures (70). Generally, >15 to 25 Gy MHD is considered high risk, and >25 Gy MHD confers very high risk (70). Additionally, underlying CV risk factors and concomitant exposure to doxorubicin impact the risk of developing radiation-induced heart disease (RIHD) (70). Baseline characteristics such as receiving radiation at a younger age, smoking, pre-existing CAD, hypertension, hyperlipidemia, and post-menopausal state are additional important risk factors (71).

The pathophysiology of RIHD has been extensively reviewed elsewhere (71–73). Via formation of toxic free radicals, mediastinal RT can lead to endothelial injury, inflammation, platelet aggregation, thrombosis, and atherosclerotic plaque development in coronary arteries (71, 74). Furthermore, RT can cause fibrosis, thickening, and calcification of cardiac valves, leading to regurgitation and/or stenosis (71–73). Inflammation and fibrosis can also affect the conduction system, myocardium, and pericardial tissue (71–73). Given the high prevalence of smoking, CAD, and other CV risk factors, the lung cancer population is likely more vulnerable to RIHD. More studies should be performed to better understand the prevalence, natural history, prevention, and treatment of RIHD in patients with lung cancer.






Cardiovascular risk factor modification in patients with lung cancer

Given the high prevalence of preexisting CVD and CV risk factors in patients with lung cancer, management of these patients is particularly challenging. Patients with underlying CV conditions should have them optimally managed prior to starting cancer treatment. Smoking cessation using a combination of behavioral interventions together with pharmacotherapy should be recommended (75). Underlying hypertension, DM, and hyperlipidemia should be optimally managed prior to, during, and after cancer treatment. Cancer survivors should continue to be screened for modifiable CV risk factors as these patients are more likely to be underdiagnosed and undertreated compared with the general population (76, 77). Patients with a history of cancer are less likely to receive cardioprotective therapies, especially antiplatelets and statins (77).

Management of BP is paramount because hypertension is highly prevalent in lung cancer patients and accounts for more ASCVD deaths than any other modifiable risk factor (10, 11, 75). The 2019 ACC/AHA guidelines recommend controlling BP to <130/80 for patients with hypertension and ASCVD or 10-year ASCVD risk ≥10% (75). These recommendations for BP targets are extrapolated from the general population and not well-studied in patients with cancer. Initial management of hypertension involves a low sodium diet and a minimum of 150 minutes of moderate-intensity, or 75 minutes of vigorous-intensity, aerobic exercise per week (75). The choice of antihypertensive regimen is dependent on patient characteristics and comorbidities similar to the general population (78). Patients with known diabetes, diabetic nephropathy, proteinuria, or chronic kidney disease (CKD) should be managed with an angiotensin converting enzyme inhibitors (ACE-I) or angiotensin II receptor blockers (ARB). Patients with CHF and LV systolic dysfunction should receive guideline-directed medical therapy, i.e. ACE-I/ARB/angiotensin receptor-neprolysin inhibitor (ARNI), sodium-glucose cotransporter-2 (SGLT2) inhibitor, beta blocker (BB), and mineralocorticoid receptor antagonist (MRA) as tolerated. For those with CAD, BB, ACE-I/ARB, and/or nitrates are considered (78). Certain classes of antihypertensive medications are preferred depending on the anticancer regimen used. For example, for VEGFI-induced hypertension, ACE-I/ARB, dihydropyridine calcium channel blocker (CCB), and/or thiazide/thiazide-like diuretic are first-line agents (78, 79).

The European Society of Medical Oncology (ESMO) 2020 guidelines suggest that patients receiving cardiotoxic anticancer therapies, e.g., anthracyclines and/or trastuzumab, are considered to have stage A HF and thus should be treated with ACE-I/ARB and/or beta blockers (e.g., carvedilol or nebivolol) to protect against cardiotoxicity (80). The 2022 ACC/AHA/HFSA guidelines recommend that patients with type 2 DM and history of ASCVD or high ASCVD risk receive SGLT2 inhibitors to prevent hospitalization for HF (81). Stage B HF patients with LVEF < 40% should be managed with ACE-I/ARB and beta blocker (81).

Hyperlipidemia is another highly prevalent CV risk factor among lung cancer patients (11). Similar to hypertension, the current recommendations for lipid screening and management are extrapolated from the general population due to lack of specific data in cancer patients. The 2018 ACC/AHA guidelines recommend routinely screening patients between the ages of 40-75 and consider it reasonable to screen patients aged 20-39 every 4 to 6 years. There are currently no guidelines to direct the timing of screening in patients with a history of cancer or those actively receiving cancer treatment. Initial steps for the management of hyperlipidemia include dietary and lifestyle changes (75). Statins are the cornerstone of pharmacotherapy management for dyslipidemia. Statin initiation is currently recommended in primary prevention for patients with an LDL-C ≥190 mg/dL, patients between 40 and 75 years of age with DM, and patients between 40 and 75 years of age and 10-year ASCVD risk ≥20% (75). High-intensity statin therapy is indicated for secondary prevention of ASCVD. Non-statin therapies, such as ezetimibe or proprotein convertase subtilisin/kexin type 9 serine protease (PCSK9) inhibitors, should be started in patients with established ASCVD on maximally tolerated statin therapy with an LDL-C ≥70 mg/dL (82). There is evidence that hyperlipidemia contributes to inflammation in cancer patients. ESMO 2020 guidelines recommend that patients be continued on treatment for hyperlipidemia while receiving chemotherapy and to consider initiation of statin in patients with concomitant CAD (80).





Cardiovascular disease screening and surveillance in patients with lung cancer

For patients with lung cancer who will receive cardiotoxic anticancer therapies, a multidisciplinary collaboration among cardiology, oncology, radiation oncology, PCP, and pharmacology is essential to minimize CV toxicity while allowing cancer treatment to proceed without interruption (65, 70, 80). For most lung cancer patients, it is recommended to perform a baseline CV risk assessment and evaluation, which includes physical examination, BP measurement, ECG, lipid panel and hemoglobin A1c (HbA1c), and smoking status assessment. Since patients with cancer undergo serial blood draws, lipid profile and HbA1c can be easily added for screening and monitoring. As discussed above, modifiable CV risk factors should be optimally controlled prior to initiation of anticancer therapy (65, 70, 80). Patients with lung cancer undergo non-gated chest CT scans for cancer staging and surveillance. Incidental detection of coronary artery calcification is prevalent and can be helpful in providing CAD risk stratification and guiding prevention strategies (83). BP measurements that are routinely performed at oncology visits should be assessed and followed for the screening and monitoring of hypertension (84). In addition, established CVD should be managed according to relevant ACC/AHA and ESC guidelines before, during, and after antineoplastic therapy (65, 70, 80).

For patients with lung cancer receiving ICI, strategies for outpatient monitoring of ICI myocarditis are not well-defined. Most cardio-oncology programs use a symptom-based approach and do not routinely check biomarkers and echocardiogram (echo) on all patients receiving ICI because of the relatively low incidence (0.04% to 1.14%) of ICI myocarditis (85, 86). Lee Chuy et al. monitored ECG and troponin levels in all patients treated with combination ICI therapy (87). Among 76 consecutive patients, no overt or subclinical myocarditis was detected (87). However, it is generally recommended to check a baseline ECG and measure biomarkers (BNP and cardiac troponin (cTn)) prior to ICI therapy initiation (70). Baseline echo can be considered in high-risk patients before starting ICI. Risk factors for developing ICI cardiotoxicity include treatment with dual ICI (e.g., anti–CTLA-4 plus anti–PD-1) or ICI in combination with another cardiotoxic agent, noncardiac immune-related adverse events, and prior history of CVD. Currently, there are international efforts to better understand the risk factors and the full clinical spectrum of ICI myocarditis (88). It is recommended to repeat CV assessment every 6-12 months in high-risk patients who require long-term ICI treatment (70).

For patients presenting with a clinical suspicion for ICI myocarditis, prompt initiation of workup, which includes ECG, troponin, BNP, CRP, echo, cardiac MRI, and consideration of endomyocardial biopsy, is important (80, 89). The presence of concomitant noncardiac immune-related adverse events, such as myositis or nephritis, in addition to cardiac symptoms raises the clinical suspicion of ICI myocarditis. While pursuing the diagnostic workup, it is generally recommended to start steroids (1000 mg IV methylprednisolone daily for 3 days) (89). In a case series of clinically suspected ICI myocarditis (n= 126), those patients who received corticosteroids within 24 hours of presentation regardless of dose showed the best outcome, while those who received corticosteroids after 72 hours showed the worst outcome (90). Additionally, high-dose corticosteroid administration was associated with a 73% lower risk of major adverse cardiac events (90). If the diagnostic workup reveals definite or probable myocarditis, steroids should be continued and tapered over at least 4-6 weeks depending on clinical and biomarker response (89).

Before starting VEGFI therapy, patients with lung cancer should be informed about the risk of developing new-onset or worsening hypertension so that they can participate in BP monitoring. BP measurement must be obtained in all patients at baseline and every subsequent clinical visit (54, 70, 78). This is necessary not only to detect an exaggerated hypertensive response with VEGFI, but also to identify patients with preexisting hypertension who could benefit from early BP management (54, 70, 78). In addition, regular home BP monitoring (HBPM) during the first cycle, after each increase of VEGFI dose, and every 2-3 weeks thereafter is recommended (70). In patients treated with VEGFI at elevated risk of QTc prolongation (e.g., vandetanib, sorafenib, and sunitinib), ECG should be performed monthly during the first 3 months and every 3-6 months thereafter (70). Baseline echo is recommended in high- and very high-risk patients treated with VEGFI to rule out underlying cardiomyopathy. Serial follow-up echos should be considered in moderate- and high-risk patients (70). The role of cardiac biomarkers in VEGFI cardiotoxicity detection is currently not well-defined.

Similar to other anticancer regimens above, lung cancer patients receiving ALK or EGFR inhibitor should undergo baseline CV risk assessment (70). Because osimertinib has the potential to cause clinical HF or asymptomatic LV dysfunction, baseline echo is recommended in all patients before starting osimertinib (70). Serial echo imaging every 3 months can be considered during therapy. For early detection of the hypertensive side effect, HBPM should be considered for patients treated with brigatinib, crizotinib, or lorlatinib (70). Since ALK inhibitor therapy is associated with QT prolongation and conduction disease, ECG should be considered 4 weeks after starting therapy and every 3-6 months during treatment (70). Guidelines for the prevention and monitoring of anthracycline induced cardiotoxicity have been extensively reviewed elsewhere in previous literature. Table 5 summarizes the key recommendations for the surveillance of cardiotoxicity during treatment for lung cancer.


Table 5 | Key recommendations for the screening and surveillance of cardiotoxicity during treatment for lung cancer (70).







Conclusion

In patients with lung cancer, concomitant CV comorbidities are exceedingly common due to overlapping risk factors: smoking, hypertension, DM, advanced age, and obesity. Coexistent CVD portends poor overall and oncologic prognosis in patients with lung cancer. This review highlights the complex interrelationship between CVD and lung cancer. Furthermore, many of the anticancer regimens used for the treatment of NSCLC and SCLC can potentially cause adverse CV effects. To improve the overall survival of lung cancer patients, it is critical to understand the cardiotoxicities associated with modern treatment regimens. More data are needed on how to prevent, surveil, and treat CV adverse effects due to novel anticancer therapies. A multidisciplinary collaboration among cardiology, oncology, radiation oncology, PCP, and pharmacology is critical to minimize CV toxicity while allowing cancer treatment to proceed without interruption.
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Background: There is mounting data supporting the use of drug-coated balloons (DCB) not only for treatment of in-stent restenosis (ISR), but also in native coronary artery disease. So far, paclitaxel-coated balloons represented the mainstay DCBs. The SeQuent® crystalline sirolimus-coated balloon (SCB) (B.Braun Medical Inc, Germany) represents a novel DCB, which allows a sustained release of the limus-drug. We evaluated its performance in an all-comer cohort, including complex coronary lesions.



Methods: Consecutive patients treated with the SeQuent® SCB were analyzed from the prospective SIROOP registry (NCT04988685). We assessed clinical outcomes, including major adverse cardiovascular events (MACE), target lesion revascularization (TLR), target vessel myocardial infarction (TV-MI) and cardiovascular death. Angiograms and outcomes were independently adjudicated.



Results: From March 2021 to March 2023, we enrolled 126 patients and lesions, of which 100 (79%) treated using a “DCB-only” strategy and 26 (21%) with a hybrid approach (DES + DCB). The mean age was 68 ± 10 years, 48 (38%) patients had an acute coronary syndrome. Regarding lesion characteristics, ISR was treated in 27 (21%), 11 (9%) underwent CTO-PCI and 59 (47%) of the vessels were moderate to severe calcified. Procedural success rate was 100%. At a median follow-up time of 12.7 (IQR 12; 14.2) months, MACE occurred in 5 patients (4.3%). No acute vessel closure was observed.



Conclusions: Our data indicates promising outcomes following treatment with this novel crystalline SCB in an all-comer cohort with complex coronary lesions. These results require further investigation with randomized trials.
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drug-coated balloons, sirolimus, paclitaxel, complex coronary lesions, percutaneous coronary intervention, drug eluting stent





Introduction

Drug-coated balloons (DCBs) constitute a rather novel treatment approach for coronary artery disease (CAD), which lately gained an increasing popularity following a series of landmark trials indicating their efficacy in treatment of in-stent restenosis (ISR) and native CAD (1–4). The lipophilic matrix of DCBs ensures a homogenous transfer of antiproliferative drugs into the vascular wall, which often permits omitting implantation of a drug eluting stent (DES) and thus leaving the vessel free of any permanent metallic implants (5).

Albeit a variety of DCB catheters and additives for drug transfer have been introduced over the last decade, paclitaxel, which reflects a potent antimitotic drug targeting tubulin, still is the drug of choice for most DCB manufacturers (5).

Following the successful introduction of limus-eluting stent platforms, there has been an ongoing interest to investigate limus-based drugs for the application in DCBs. However, this process has been rather challenging and several technical hurdles had to be overcome, since limus-based drugs, including sirolimus, show a low acute absorption and transfer rate due to the drugs rather low lipophilicity, in comparison to paclitaxel (6, 7).

The SeQuent® sirolimus-coated balloon (SCB) (B.Braun Medical Inc., Germany) represents a novel DCB comprising a crystalline sirolimus coating, which allows a slow and persistent release of the drug within the vessel wall up to 1 month after application (8). Early randomized studies including only selected patients indicated good results in ISR and native lesions following treatment with this SCB (9–11).

Since real-world data about the safety and performance of this crystalline SCB is lacking, we assessed real-world outcomes from an all-comer CAD cohort, including also complex characteristics such as chronic total occlusions (CTO) and ISR lesions, which has been treated with this novel DCB device.



Methods

We analyzed consecutive patients from the prospective SIROOP Registry (Prospective Registry Study to Evaluate the Outcomes of Coronary Artery Disease Patients Treated With SIROlimus Or Paclitaxel Eluting Balloon Catheters) (ClinicalTrials.gov identifier: NCT04988685), which was designed to assess the management and outcomes of patients with acute (ACS) and chronic coronary syndrome (CCS) undergoing percutaneous coronary interventions (PCI) with contemporary DCBs. For this study, we analyzed patients who have been treated with the SeQuent® SCB at the Heart Center of the Lucerne Cantonal Hospital (Lucerne, Switzerland), the tertiary cardiology facility for the central part of Switzerland. Figure 1 depicts the study flow chart.


[image: Figure 1]
FIGURE 1
Study flow chart.



The study device

The SeQuent® SCB´s coating consists of a crystalline sirolimus formulation (12). It uses butylated hydroxytoluene (BHT) as an excipient, which allows a sustained release of the drug as depicted in Figure 2 (5, 12). The sirolimus drug concentration is 4 μg/mm2 balloon surface (12). The system consists in hydrophilic coated surface and a low-tip profile semi-compliant coronary. Balloon sizes are available from 2.0 to 4.0 mm in diameter and 10–40 mm in length. The recommended inflation time is at least 30 s and a balloon length exceeding 2–3 mm (proximally and distally) the predilated segment is recommended.


[image: Figure 2]
FIGURE 2
Illustration depicting the specific characteristics of the crystalline seQuent® SCB (We used this illustration with friendly permission of braun medical Inc., Germany).




Study population

Consecutive patients with both ACS and CCS undergoing PCI with at least one SeQuent® SCB were analyzed from the SIROOP registry. Of note, we applied no angiographic exclusion criteria, meaning with also considered complexe coronary lesions (e.g., bifurcation, calcified and CTO and ISR) for this analysis.

From every study participant, demographic and procedural data were collected using a dedicated database (REDCap©, Version 10.6.28, established by the Vanderbilt University, Tennessee, U.S.A.). Follow-up was obtained by clinic visits or telephone interviews at 6 and 12 months following the procedure.



PCI procedure

PCI procedures were conducted in accordance with the international practice guideline recommendations (13–15). When using DCBs, our internal practice recommendations support the liberal utilization of intravascular imaging (intravascular ultrasound or optical coherence tomography) to plan lesion preparation and DCB sizing. All interventionalists involved in this study almost routinely use cutting balloons and/ or non-compliant (NC) for lesion preparation (16). This is conform to the 3rd DCB consensus paper (5). Following successful lesion preparation, and in the absence of major complications (e.g., >30% residual stenosis, flow limiting dissections or menacing abrupt vessel closure), at least one SeQuent® SCB was applied to the target lesion. The devices were used according to the manufactureŕs instructions for use. Whenever possible, we tried to inflate the SCB for at least 45 s, to allow optimal drug transfer to the treated vessel segments. In DCB cases, bailout stenting was defined as necessity to place a DES in order to ensure vessel patency and/or restore flow following treatment with the SCB. We defined as hybrid approach, lesions which needed direct implantation of DES following lesion preparation (e.g., due to recoil or deep dissections) and the rest of the vessel were treated with SCBs.



Antithrombotic treatment

Considering the applied antithrombotic regimens, we followed the current guidelines (5, 13, 14). Patients received aspirin prior to PCI and were then loaded with thienopyridines, at the discretion of the treating physician with either clopidogrel, ticagrelor or prasugrel, during or immediately after the PCI. Heparin was administered at a dosing of 70–100 units/kilogram body weight aiming for a target ACT >250 s during PCI. The duration of DAPT varied between 1 and 3 months in case of DCB-only treatment, which is in line with the Third Report of the International DCB Consensus Group and the patient's bleeding and thrombotic risk (5). In case a DES was implanted the suggested duration of DAPT ranged from 6 to 12 months, according to the latest guidelines (13). In patients with an indication for anticoagulation, we recommended the use of a direct oral anticoagulant in combination with aspirin for maximally 1 week in combination with clopidogrel for 1–12 months.



Angiographic analyses

Two independent physicians not involved in the procedure (MM and GMC) analyzed the angiograms with a dedicated software package (Intellispace cardiovascular, Phillips, Koninklijeke, Netherlands). The calcium was scored based on the three-tier classification system: Minimal or no calcification; calcium covering ≤50% of the circumference of the vessel is classified as moderate calcification; calcium covering 50%–100% of the circumference of the vessel is classified as severe calcification. Classification of dissections was performed according to the National Heart, Lung and Blood Institute (NHLBI) classification system for intimal tears, consisting of Type A through Type F (17).



Study outcomes

Clinical outcomes of interest included major adverse cardiovascular events (MACE), defined as composite of cardiac death, target vessel myocardial infarction (TV-MI) and target lesion revascularization (TLR). Other outcomes of interest included target vessel revascularization (TVR) and all-cause death. For definitions, we followed the criteria of the Academic Research Consortium (ARC) (18). We also collected detailed information on any periprocedural complications [e.g., coronary perforations, urgent coronary artery bypass grafting (CABG), bleedings and strokes]. Procedural success was defined as a residual stenosis of <30% remaining after PCI with a TIMI flow grade 3 at the end of the procedure and freedom from any major procedure-related complication. All outcomes were independently adjudicated by two experienced physicians not involved in the procedures (MM and GMC).



Statistical analysis

Categorical variables were presented as frequencies and percentages, while continuous variables were displayed as means (±standard deviations) or medians [interquartile ranges (IQR)], as appropriate. In our analyses of continuous variables, inspection of the distribution patterns was used to determine the appropriate statistical test. P-values were calculated using Fisher's exact test, t-test, and Wilcoxon rank-sum test, and were adjusted using the Benjamini and Hochberg method. For outcome variables, we employed Gray's test. Outcomes over time were plotted using Kaplan–Meier curves. A two-tailed p-value of <0.05 was considered statistically significant. Data analysis was conducted using R Statistical Software (v4.2.2; R Core Team, 2022).




Results


Patient and lesion characteristics

Overall, 126 patients were included, who have been treated with SeQuent® SCBs between March 2021 and March 2023 at our institution, as highlighted in Figure 1. Patients were mainly males, and approximately one third of patients presented with an ACS. Table 1 summarizes the details on baseline characteristics.


TABLE 1 Baseline characteristics of the study population.
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Totally, 126 lesions were treated with at least one SeQuent® SCB. Of these, 100 (79%) lesions were managed with a DCB only and 26 (21%) with a hybrid strategy. Most lesions involved the left anterior descending artery 51 (41%) and left circumflex artery 41 (32%). ISR was present in 27 (21%) patients, 11 (9%) had a CTO-PCI and 59 (47%) of the lesions were moderately to severely calcified.

Lesion preparation was predominately performed with super non-compliant balloons (88%) inflated at high-pressure (mean inflation pressure was 29 ± 9atm), whereas cutting balloons were used in a total of 88 lesions (70%). The mean SCB diameter was 2.9 ± 0.6 mm and mean inflation pressure was 6 ± 3atm. At index procedure, we encountered 3 (2.1%) relevant dissections (D-F). Of note, all dissections occurred after deployment of the DCB. In 10 (8%) cases, bailout stenting was necessary. Further procedural characteristics are reported in Table 2. Figure 3 depicts the percentage of DCB used according to their diameter. In Figure 4, we depicted an illustrative case of a patient presenting with NSTEMI, which has been successfully treated using a SeQuent® SCB.


TABLE 2 Lesion and procedural characteristics of the study population.
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FIGURE 3
Diagram depicting the frequency of each DCB used according to its diameter.



[image: Figure 4]
FIGURE 4
Central figure depicting an illustrative case of a patient treated with the crystalline seQuent® SCB. (A) Angiogram and optical coherence tomography (OCT) at index procedure showing stenosis of the mid right coronary artery; (B) Immediate post-PCI and (C) at 3 months follow-up.




Clinical outcomes

Clinical follow-up was obtained in 117 (93%) patients, with a median follow-up duration was 12.7 (IQR 12; 14.2) months. Within the first year, MACE occurred in 5 (4.3%) patients. Of them 3 patients required TLR for restenosis and 2 patients succumbed a cardiovascular death (1 patient suffered from acute heart failure and 1 patient presented with ACS complicated by cardiogenic shock).

The incidence of MACE was numerically, but not statistically significant higher in ISR lesions, with 2 events (8%), compared to de novo lesions, which had 3 events (3%). Further details can be found in Table 3, Figure 5 and Figure 6 depict the cumulative incidence curves for MACE across the entire population and within the de-novo and ISR subgroups treated with SCBs. Table 4 reports details about patients with a MACE. Of note, we encountered no clinically relevant bleeding events following index PCI and during follow-up.


TABLE 3 Clinical outcomes at 12 months follow-up.
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FIGURE 5
Cumulative incidence curve for major adverse cardiovascular events (MACE), of the whole population over 1 year. Of note, 7 patients were lost during follow-up, and 9 patients had follow-up between day 300–365.



[image: Figure 6]
FIGURE 6
Cumulative incidence curve for major adverse cardiovascular events (MACE), the two subgroups “de novo” and in-stent restenosis (ISR) over 1 year.



TABLE 4 Narratives of the patients presenting with major adverse cardiovascular events (MACE) during the follow-up period.
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Discussion

This is one first reports summarizing clinical outcomes of a real-world CAD population treated with the novel crystalline SeQuent® SCB. One needs to take into account, that DCBs for treatment of de novo, and furthermore complex coronary lesions (e.g., calcified and CTO lesions), have not been broadly embraced yet. The use of this novel SCB for treatment of CAD seems not only to be safe, but also related to a low 1-year MACE rate (<5%). In addition, the outcomes appear not to significantly differ between native and ISR lesions treated with this SCB.

So far, this crystalline SCB has been compared to an established paclitaxel-coated balloon (PCB), the SeQuent® Please NEO, in two randomized trials, which focused on angiographic outcomes (9, 11). In these two studies no significant differences were found in both ISR and de novo lesions (9, 11). Although these results seem encouraging, both trials were also rather small and enrolled only well selected patients and lesions, which may limit the translation of those results into current clinical practice.

In this context, our results may not only expand those, but also the results from earlier randomized trials and real-world registries, which generally studied the safety and performance of paclitaxel-coated balloons (4, 19). Of note, most of those studies included relatively simple coronary lesions or focused on treatment of small coronary vessels (<3 mm diameter) (4, 19). Moreover, a lot of data supporting DCBs derives from studies assessing their utility in ISR treatment (2). Contrastingly, we have applied this crystalline SCB for treatment of highly calcified lesions (43%), bifurcations (33%), CTOs (8%) as well as ISR lesions. Also, a relevant group of our study cohort (79%) underwent treatment of native coronary lesions involving large and/or main coronary vessel segments with SCBs, again such cases have generally been underrepresented in previous reports (20).

With regards to clinical outcomes, we observed a lower MACE rate than earlier studies. For instance, the pivotal randomized BASKET-SMALL II and PICCOLETTO-II trials comparing PCBs to DES reported MACE rates of 7.5% and 5.6%, respectively (4, 19). When considering real world evidence, a study by Wöhrle and colleagues showed a TLR rate of 5.2% at 9 month follow-up with the SeQuent® Please PCB (21). However, this study included a large portion of BMS-ISR cases and excluded complex lesions (severely calcified, CTOs lesions) (21). When focusing on SCBs, a new study by Cortese et al. highlighted a MACE rate of 9.9% at 12 months with a recently approved DCB, the MagicTouch™ (Concept Medical Inc., Florida, U.S.A.), which uses phospholipid-based nanocarriers for sirolimus transfer (20). Interestingly, this study reported a relatively high rate of MACE in ISR lesions (14.9% vs. 4.9% in de-novo lesions) (20). In addition, we have recently published our early experience with another SCB, the Selution SLR™ (MedAlliance SA, Switzerland), in an all-comer CAD population, which had similar characteristics the current study cohort (16). There, the MACE rate at 1 year was slightly higher (6.8%).

In the actual study cohort, after a median time of 56 (IQR 16; 123) days, 5 (4.3%) patients suffered a MACE. Those patients showing TLR presented with rapidly worsening chest pain (unstable angina) in one case, and silent ischemia in two cases. Restenosis, which was mainly imputable to lesion recoil, was found in all 3 patients requiring TLR. Anyways, no patients needed urgent revascularization and no case of acute vessel closure was encountered. This seems reassuring and may indicate that in the absence or presence of only short segments of newly implanted DES the risk for acute vessel closure or stent thrombosis may be negligible, if there is good flow after SCB usage.

When interpreting our results, one needs to consider that we aim for vigorous lesion preparation, including cutting and/or non-compliant balloons at high pressure, in the majority of DCB cases treated at our site (16, 22, 23). The importance of such a strategy in order to achieve good long-term outcomes following DCB treatment has been shown before (5, 16, 22, 23). We also liberally use intravascular imaging, namely OCT, in DCB cases, which not only facilitates PCI device selection and DCB sizing, but also the assessment of luminal gain as well as dissections at the end of DCB treatment (16).

To what extent the crystalline sirolimus coating had an impact on our studýs outcomes, remains somewhat uncertain and it will require more studies, including randomized head-to-head comparisons with other DCBs, to answer this question. Nonetheless, the crystalline sirolimus coating showed a distinguished drug transfer rate and metabolism in the vessel wall after application in experimental studies (8). Also, the studied crystalline SCB carries a higher drug-concentration than other available SCBs (4.0 μg/mm2 vs. <1.5 μg/mm2), which could be important to achieve a lasting cytostatic effect and thus meaningful inhibition of neointima hyperplasia (5).

Yet, it is not possible to draw any firm conclusions, as to whether sirolimus should become the mainstay for DCBs (11). Of note, there is an ongoing prospective multicenter single-arm trial (SCORE trial, NCT04470934) evaluating the safety and outcomes following treatment with the novel crystalline SCB SeQuent® (12). This trial plans to enroll more than 1,000 patients and will certainly provide more important insights about the performance of this DCB (12).

The concept of stent- or implant-free PCI represents an appealing and modern therapeutic option for a large portion of CAD patients undergoing PCI. Sirolimus, as a cytostatic limus-drug, may not only have greater therapeutic window, but it may provide several other advantageous effects on the vessels in comparison to the cytotoxic drug paclitaxel (7, 11, 12). In fact, paclitaxel has been shown to lead to cell necrosis, which can consequently leave the vessel wall permanently injured (24). With regards to the DES data, sirolimus and its derivates have a more pronounced anti-restenotic effect, including anti-inflammatory properties, which could become important on the long run (7, 11, 12).

Our study has several limitations. First, this is an observational single-center study, which may limit its generalizability. Also, we lack a comparator cohort. For those reasons, our data should be considered as hypothesis generating only. Second, our studýs sample size is relatively small, which limits statistical power. Also, we lost 7 (6%) patients during follow-up and follow-up rate was not possible for all patients at 1 year. This could have influenced the MACE rate. Third, follow-up assessment was only possible by phone calls in some cases enrolled in our study. However, we are well aware that routine clinical and moreover imaging follow-up would have provided more detailed insights about the performance of this crystalline SCB. Fourth, >80% of all individuals enrolled in this study were males. Thus, it remains somewhat uncertain, if our also translate to females managed with this SCB. Finally, it would be important to have extended follow-up data (beyond 2 years) to make conclusions about the long-term safety and outcomes of CAD treatment with this crystalline SCB.



Conclusion

Our data suggests promising outcomes following treatment using this novel SCB in all-comers. Our data showed a high rate of procedural success (e.g., no acute vessel closure), and a low rate of MACE at 1 year follow-up (<5%). Nonetheless, these results require further confirmation with dedicated randomized trials.
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Background: There are different types of transcatheter mitral valve repair (TMVr) currently in clinical use, including leaflet approximation, annular cinching, and restoration of the chordal apparatus of the mitral valve (MV). While the concomitant combination (COMBO) therapy of mitral transcatheter edge-to-edge repair (M-TEER) with another TMVr concept has been proven feasible, potentially offering patient-tailored treatment for severe mitral regurgitation (MR), a comparison with M-TEER alone has not been made.



Aims: To evaluate the procedural and clinical outcome of COMBO therapies compared with M-TEER alone.



Methods: We included consecutive patients undergoing COMBO and M-TEER between March 2015 and April 2018 at our Heart Valve Center, while excluding patients presenting a case of redo or with previous MV surgery. Procedural outcomes and all-cause mortality were compared between COMBO therapy vs. M-TEER alone.



Results: A total of 357 patients (mean age 78.9 ± 7.0 years, 53.2% male, M-TEER n = 322, COMBO n = 35; COMBO: MitraClip and the Carillon mitral contour system n = 26, MitraClip and Cardioband n = 5, and MitraClip and NeoChord n = 4) were analyzed. Patients with COMBO therapy had larger left chamber sizes, a lower left ventricular systolic ejection fraction (LVEF; COMBO: 37.4 ± 13.8%, M-TEER: 47.9 ± 14.3%, p < 0.001), and a more severe MR grade (p < 0.001). There were no significant differences in the prevalence of residual MR ≧2+. However, the need for re-intervention, always employing M-TEER, was more common in the COMBO group. During a mean 3.6-year long-term follow-up, there was no significant difference of all-cause mortality between both groups (Log rank p = 0.921).



Conclusions: COMBO therapy may still be a beneficial therapy option for patients with severe MR who already have a more dilated left ventricle (LV), a more severe MR, and a more pronounced LV systolic dysfunction. The higher need for re-intervention in the COMBO group may signal more complex anatomies and possibly underlines the necessity of treating significant MR earlier. Future research is required to establish the COMBO approach as a toolbox-like treatment option, thus offering a patient-tailored approach depending on the individual anatomy and pathology.
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Introduction

Mitral regurgitation (MR) is the most common among valvular heart diseases (VHDs) (1). It has been strongly associated with decreased quality of life, increased rate of heart failure (HF) hospitalization, and shortened survival (2, 3). Mitral regurgitation can be either primary or secondary in origin. Primary MR (PMR) is related to damage to any component of the MV apparatus, i.e., chordae, leaflets, and/or papillary muscles. Secondary MR (SMR) arises from annular dilatation and tethering of the leaflets caused by a dilated and dysfunctional left ventricle (LV; vSMR) or a dilated left atrium (LA, aSMR) (4–8).

Regarding the treatment for severe MR with high surgical risk, various types of transcatheter mitral valve repair (TMVr) targeting the mitral annulus, the mitral valve (MV) chordae, as well as the MV leaflets have become feasible and safe alternatives to medical therapy and cardiac surgery (9). Especially, successful mitral transcatheter edge-to-edge repair (M-TEER) has shown to reduce mortality and HF hospitalization (10, 11). The current European Society of Cardiology (ESC) guidelines on VHD recommend M-TEER as class IIa therapy in SMR and class IIb in PMR for symptomatic severe MR patients with surgical high risk (12). There is a paucity of data on the combination of two TMVr strategies for annular and leaflet repair in one procedure only (COMBO therapy) to target the different pathophysiological components of MR (13–15). However, we recently demonstrated that COMBO therapy of TMVr is feasible and may support reverse remodeling of left cardiac chambers during 1 year after the procedure in a cohort of patients at high risk (16).

In this study, we compared the mortality and the need for re-intervention, as well as procedural and clinical outcomes between COMBO therapy and M-TEER alone for the treatment of severe symptomatic MR.



Methods

COMBO therapy was defined as a combination of M-TEER using MitraClip NT (Abbott Laboratories, Abbott Vascular, Santa Clara, CA, USA) (17) with any other TMVr-strategy. These were a combination with either indirect annuloplasty using the Carillon mitral contour system (CMCS; Cardiac Dimensions, Kirkland, WA, USA) (18, 19) or direct annuloplasty with the Cardioband (Edwards Lifesciences, Irvine, CA, USA) (20), to improve the mitral annular dilation to control SMR, or chordal repair with the transapical NeoChord DS 1000 (NeoChord Inc., St. Louis Park, MN, USA), designed to repair PMR caused by prolapse with artificial chords (21, 22).


Study population

Symptomatic consecutive patients presenting with severe MR and indication for transcatheter repair who underwent TMVr as single or COMBO therapeutic approach from March 2015 to April 2018 at our comprehensive Heart Valve Center were included. Redo cases, however, including both previous transcatheter and surgical interventions, as a heterogenous group were excluded for this analysis. Moreover, those cases with no comprehensive baseline echocardiography or those lost to follow-up were excluded from the cohort.



Procedures of transcatheter mitral valve repair

The Heart Team decided to recommend the transcatheter approach over a medical or surgical pathway in each patient. The Heart Team consisted of a cardiac surgeon, an interventional cardiologist, an interventional echocardiographer, and a cardiac anesthesiologist. The COMBO therapy was discussed as an option during the Heart Team deliberation in cases where treatment of the pathology by the dedicated device was deemed difficult, e.g., large mitral valve annulus in cases that were selected for transcatheter annuloplasty, or extended prolapse in cases selected for NeoChord implantation. This option was mainly put to discussion by both the interventional team, i.e., the interventional cardiologist and the interventional echocardiographer after the patient was considered unsuitable for cardiac surgery. The decision to employ COMBO therapy was ultimately made during the procedure at the discretion of the treating interventional cardiologist. In detail, during the procedures in the COMBO therapy group, the first procedure was performed as either CMCS (Figures 1A–E, red box) or Cardioband (Figures 1F–I, blue box) in patients suffering from SMR, or NeoChord (Figures 1J–N, green box) in patients with PMR caused by Prolapse and/or flail. Each procedure was then followed by M-TEER in the same session. The technical details of each procedure have been reported previously (17–22). All procedures were performed under general anesthesia using fluoroscopy and 3D transesophageal echocardiography (TEE) guidance in all cases.


[image: Figure 1]
FIGURE 1
TEE and fluoroscopy (D, H, M) of the representative cases for each COMBO therapy using M-TEER (red arrow) with either the CMCS (white arrow) in SMR (A–E, red box), Cardioband (white double-arrow, blue box) in SMR (F–I), or NeoChord (white triangle, green box) in PMR due to posterior leaflet prolapse (J–N). (A) Tenting shows SMR. (B) Baseline MR. (C) 3D-echo imaging during procedure. (D) Fluoroscopic image during procedure. (E) Post-procedural MR. (F) Baseline MR in SMR. (G) 3D-echo imaging during procedure. (H) Fluoroscopic image during procedure. (I): Post-procedural MR. (J) Flail of posterior leaflet. (K) Baseline MR. (L) Grasping of posterior leaflet with NeoChord. (M) Fluoroscopic image during procedure. (N) Post-procedural image of MR with TEE.




Echocardiographic examinations

The ultrasound machines used were iE33 and Epiq7C (Philips, Andover, MA, USA), and GE Vivid E95 (GE Healthcare, Chicago, IL, USA). Images were acquired by the experienced senior cardiologists in the echocardiographic laboratory and were centrally evaluated by HY as external Corelab using IntelliSpace Cardiovascular and QLAB software (Philips). All echos analyzed were standard two-dimensional B-mode and Doppler TTE. All measurements were performed in accordance with the current recommendations of the American Society of Echocardiography (23, 24) and latest ESC VHD guidelines as well as MR and tricuspid regurgitation (TR) severity was graded according to current recommendations (12).



Study endpoint

The outcomes were compared between COMBO therapy and M-TEER. The primary outcome was defined as all-cause mortality, while the secondary outcome was defined as the composite events of all-cause mortality and re-intervention by surgery or transcatheter methods. All-cause mortality was ascertained from the entries in patients’ health records and a central data reconciliation with the bureau of vital statistics. The census date was 31 December 2021. Furthermore, we investigated the severity of residual MR, the pressure gradient (PG) of MV at discharge, and the prevalence of re-intervention during follow-up. The study fulfills the GCP (good clinical practice) and the Declaration of Helsinki requirements and was approved by the local ethics committee (Ref. 2019-14692).



Statistical analysis

All data endpoints were collected from records in our Heart Valve Center and the Rhineland-Palatinate bureau of vital statistics for outcome surveillance. Continuous as well as ordinally scaled variables are expressed as medians (Q1, Q3). Categorical variables are expressed as frequencies (%), using the χ2 test or Fisher's exact test to compare the groups. Kaplan–Meier analysis was performed using log rank test to compare the endpoint between both groups. Propensity score matching was based on age, left ventricular systolic ejection fraction (LVEF), and surgical risk as assessed by the EuroSCORE II score. A p-value of <0.05 was considered statistically significant. All statistical analyses were performed using IBM SPSS statistics version 27 (IBM Corp., Chicago, IL, USA) and EZR version 1.55 (Saitama Medical Center, Japan).




Results


Baseline patient characteristics and echocardiographic data

Between March 2015 and April 2018, 451 patients underwent M-TEER for severe MR. Of them, 38 patients with a redo case or previous surgical MV intervention, 53 patients without baseline echocardiographic parameters, and 3 patients who were lost to follow-up were excluded (Supplementary Figure S1). The remaining 357 patients (mean 78.9 ± 7.0 years, 53.2% male, M-TEER n = 322, COMBO therapy n = 35) were analyzed. Table 1 shows baseline characteristics. Patients receiving COMBO therapy were younger, had a higher weight, were less likely suffering from arterial hypertension, and had less likely already been treated with percutaneous coronary intervention (PCI). There were no differences in medication and laboratory data. The calculated surgical risk was elevated for the whole cohort [EuroSCORE II 4.9 (Q1–Q3: 3.4, 7.3)], and similar in-between groups [M-TEER 5.0 (3.5, 7.6) vs. COMBO 4.5 (3.2, 6.1), p = 0.305].


TABLE 1 Baseline characteristics.

[image: Table 1]

Baseline echocardiographic parameters are summarized in Table 2. Patients receiving COMBO therapy had a greater dilatation of the LA, as well as of the LV [LA volume (LAV)COMBO 118.6 ± 52.8 ml vs. LAVM−TEER 83.2 ± 60.0 ml (p = 0.001), LV end-systolic volume (LVESV)COMBO117.6 ± 80.9 ml vs. LVESVM−TEER 66.1 ± 43.9 ml (p < 0.001), LV end-diastolic volume (LVEDV)COMBO: 174.6 ± 95.8 ml vs. LVEDVM−TEER 118.8 ± 53.3 ml; p < 0.001]. Furthermore, LV dysfunction was also more severe in the COMBO group when compared with patients receiving M-TEER (LVEFCOMBO 37.4 ± 13.8% vs. LVEFM−TEER 47.9 ± 14.3%; p < 0.001). Moreover, patients in the COMBO therapy group had more severe MR grades [MR gradeCOMBO 3 (3, 4) vs. MR gradeM−TEER 3 (3, 3); distribution of MR grade 4+: COMBO 45.7% vs. M-TEER 18.0%; p = 0.001].


TABLE 2 Baseline echocardiographic parameters.
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Primary and secondary outcomes

Based on the census date of 31 December 2021, the mean long-term follow-up duration in our cohort was 1,310 ± 711 days (COMBO; 1,307 ± 707 days, M-TEER; 1,332 ± 761 days, p = 0.847). Figure 2 shows the Kaplan–Meier curves about the survival and the composite events of survival and re-intervention as a comparison between COMBO therapy and M-TEER. Survival rate in all patients was 94.3% [95% confidence interval (CI): 79.0–98.5] at 30 days, 82.9% (95% CI: 65.8–91.9) after 1 year, 71.4% (95% CI: 53.4–83.5) after 2 years, and 62.9% (95% CI: 44.8–76.5) after 3 years (Figure 2A). There was no significant difference of survival and the composite endpoint of survival and re-intervention between both the groups (Log rank p = 0.921 and 0.543, respectively) (Figures 2A,B). Finally when using propensity score matching, neither M-TEER nor COMBO showed a difference in all-cause mortality (Log rank p = 0.567, Figure 2C) or the combined endpoint (Log rank p = 0.361, Figure 2D). The re-intervention was always M-TEER.


[image: Figure 2]
FIGURE 2
Kaplan–Meier curves showing survival. (A) All-cause mortality as a comparison between COMBO therapy and M-TEER. (B) All-cause mortality and re-intervention as a comparison between COMBO therapy and M-TEER. (C) Propensity score matched all-cause mortality. (D) Propensity score matched combined endpoint of all-cause mortality and re-intervention.


Supplementary Figure S2 reveals the Kaplan–Meier curves about the survival and the composite events of survival and re-intervention according to the etiology of MR, comparing both groups, with no significant difference in-between groups (Log rank p = 0.74, Log rank p = 0.643, respectively). Patients with COMBO therapy also had no significant difference in all-cause mortality and the composite events of survival and re-intervention according to the etiology of MR (Log rank p = 0.652 and 0.082, respectively; Supplementary Figure S3). As the rate of re-intervention seemed to be higher in patients for PMR using COMBO therapy (Supplementary Figure 2B), we conducted a separate analysis of each etiology. Here, there was also no difference in mortality when comparing the outcome of PMR (p = 0.409) vs. SMR (p = 0.443) (Supplementary Figure S4).



Procedure characteristics and outcomes

The procedure characteristics and follow-up in all COMBO therapy patients are demonstrated in Supplementary Table S1. Patients were treated with MitraClip and CMCS, MitraClip and Cardioband, and MitraClip and NeoChord (n = 26, n = 5, and n = 4, respectively). Twenty-five patients in M-TEER received another concomitant transcatheter valve intervention (aortic valve or tricuspid valve) and 15 patients received iatrogenic atrial septal defect closure at the end of the procedure for residual significant right-to-left shunt with deoxygenation, while no patient in COMBO therapy receiving any of the two additional treatments. There was no difference in the number of MitraClip NT used between both the groups (COMBO; 1.6 ± 0.7, M-TEER; 1.6 ± 0.6, p = 0.945). Short-term safety also showed no significant differences between groups (Supplementary Table S2). In detail, there were 7 (2%) overall in-hospital deaths [M-TEER n = 6 (1.9%) vs. COMBO n = 1 (2.9%), p = 0.517], 1 (0.3%) cardiac tamponade, and 3 (0.8%) strokes, each in the M-TEER group (p = 0.999, each). The median time from procedure to discharge was 5 (4, 7) days in all patients [M-TEER 5 (4, 6) vs. COMBO 5 (4, 9), p = 0.359].

There was no difference in the post-interventional MV PG at discharge [COMBO 3.1 ± 1.5 mmHg (34/35), M-TEER 3.5 ± 1.6 mmHg (308/322), p = 0.250]. While not statistically significant, there was a trend toward higher prevalence of residual MR ≧2+ at discharge in the COMBO group [COMBO 34.3% (12/35) vs. M-TEER 20.6% (65/315), p = 0.083]. During follow-up, four patients were referred for redo M-TEER in the COMBO group, significantly more than in the M-TEER group (COMBO 11.4%, M-TEER 2.5%, p = 0.022).

Clinically, we observed a shift toward better New York Heart Association (NYHA) functional classes in each group. While the NYHA functional class was statistically not significant in-between groups at baseline, at 30-day follow-up (p = 0.004), as well as at 1-year follow-up or later (p = 0.056), the groups differed with an apparent greater gain for the COMBO group (Figure 3A). Similarly, all groups saw a decrease in MR over time, while the differences in baseline MR grade favoring the M-TEER group were sustained (Figure 3B).
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FIGURE 3
Clinical results during follow-ups. (A) Development of NYHA functional class between groups; (B) Development of residual MR between groups. FUP, follow-up.





Discussion

This study demonstrates that COMBO therapy appears as feasible in a patient collective more severely affected by MR grade, chamber dilatation, and systolic dysfunction as in patients treated with M-TEER alone: we found no significant difference in short-term safety parameters, in all-cause mortality, and in the composite events of all-cause mortality and re-intervention compared with M-TEER, independent of the etiology of MR. This is further highlighted by the long follow-up with a mean of 3.6 years.

There was a higher need for re-intervention in the COMBO group, and a tendency to higher residual MR grades. This comes as no surprise, as the baseline MR grades were higher in the COMBO therapy group, as well as the dimensions and volumes of the left-sided heart chambers. This suggests a disease stage in the COMBO treatment group less amendable to MV repair, as enlarged left-sided heart dimensions, as well as increased severity of MR grade, have been shown to be predictors of unsuccessful MV repair (25). This is further underlined by the finding that this difference in MR grade was sustained over time.

Also, general differences in baseline characteristics suggest a sicker patient population. Despite these differences, the survival rate was comparable between the groups. Aside from the obvious limitations of this study discussed in what follows, one reason might be that the population of the COMBO therapy group was younger, also having a lower likelihood of arterial hypertension and previous PCI. The LVEF was significantly lower by ≥10%, arising from more dilated LVs in systole and diastole. In HF populations, dilation of the LV has earlier been identified as an independent contributor to a poor prognosis in patients with or without myocardial infarction (26, 27). MV interventions for SMR may not lead to better outcomes in HF patients with enlarged LV dimensions (28, 29). In surgical annuloplasty for SMR, the outcome is poor when the baseline LV end-diastolic diameter exceeds 65 mm (28). Furthermore, not just LV dimensions but also the relationship between LV dimensions and MR severity should be considered. The relatively novel framework of proportionality in SMR patients was devised from the insights gained from the MitraFR and COAPT trials (11, 29, 30). In MitraFR, M-TEER did not lead to preferable clinical and functional outcomes with larger LV volumes and lesser MR grade [proportionate MR: LVEDV index 135 ± 35 ml/m2, effective regurgitant orifice area (EROA) 31 ± 10 mm2] (31). Conversely, in COAPT, with smaller LV volumes and more MR (disproportionate MR: LVEDV index 101 ± 34 ml/m2, EROA 41 ± 15 mm2), M-TEER had a significant effect on the clinical and survival outcomes starting at 1 year, and remaining stable up to 5 years (30). This indicates that treatment of SMR may not be effective when the left ventricle is too large (32). These anatomic and functional parameters can characterize the determinants of successful SMR treatment to help the decision-making in clinical practice (31, 33). In this context, COMBO therapy itself in our study may show the need for more intensive therapy in a population that “came in late” on a temporal and disease progression scale. Yet, if these patients would have had even less favorable results when treated with M-TEER only remains a speculation.

Three-quarters of the patients in the COMBO therapy group were treated with the CMCS combined with M-TEER. With respect to the CMCS, Anker et al. reported that even patients with severely enlarged LV diameters experienced LV reverse remodeling and reduced hospitalization rates for HF 1 year after the procedure (32). Hence, one might draw the clinical implication from our findings that COMBO therapy—especially with M-TEER and CMCS—might be effective in patients even with enlarged LV volumes not amenable for an M-TEER alone strategy. We cannot know whether these patients could have achieved similar results with one therapy alone, as Cardioband, CMCS, and NeoChord show improvements of MR, and there are vast data demonstrating effectiveness of M-TEER. However, since the baseline characteristics demonstrate that the COMBO group had larger LA and LV volumes, larger mitral annulus diameters, lower LVEF, and a more severe MR, all predictors of worse outcome, COMBO therapy shows effectiveness even in these difficult cases.

The M-TEER devices were those available during 2015–2018. Since then, newer iterations have been developed, with the MitraClip XTW of the fourth generation being larger and wider than the MitraClip NT that was used most often in this study. One might argue that fewer patients would therefore require COMBO therapy, with larger M-TEER devices possibly being more effective. Conversely, COMBO therapy could also be used in more patients that were considered not treatable before, and furthermore, COMBO therapy itself could be more effective using the larger M-TEER devices, especially since Cardioband and CMCS already offer a wide range of device sizes to fit different, i.e., larger anatomies, while a COMBO therapy with NeoChord and larger M-TEER devices in PMR could be used to address cases with especially pronounced leaflet redundancy.

The survival rate after M-TEER was 73.2% at 5 years in the operable EVEREST trial with PMR and SMR, 57.2% at 3 years in the COAPT trial with SMR only, and 66.1% at 2 years in the MitraFR trial with advanced progression SMR patients (10, 11, 29). Looking at the 5-year COAPT data, the initial result favoring treatment with M-TEER remained stable with all-cause mortality at 42.7% in the device group and 32.8% in the control group (30). The survival rate after CMCS implantation was 67.9% at 3 years (n = 74) (34). With respect to Cardioband, the survival rate was reported as being 87% at 1 year (n = 60) in SMR, and with respect to NeoChord, 94.0% at 3 years (n = 203, in pure PMR) (35, 36).

COMBO therapy can likely increase procedure risks in a surgical high-risk population. Our findings indicate that patients with COMBO therapy that had no direct procedure-related complications seem to have a favorable short-term and long-term mortality compared with the patients treated with M-TEER.

The gains over time in NYHA functional class were consistent throughout both groups, as can be expected with any therapy addressing symptomatic MR. The differences found between groups at the two follow-up intervals, apparently favoring the COMBO therapies, must be carefully interpreted. On the one hand, the patients in the COMBO group seemed sicker, as mentioned. Therefore, although there was no difference in NYHA functional class at baseline, this group might have had “more to gain” clinically, especially as MR seemed more severe in this group while almost all patients of both the groups were in NYHA functional class III or even IV, anyway. On the other hand, this interpretation is subject to the obvious limitations of this study.

Our study demonstrates that in patients with more enlarged LV, more profound systolic impairment, and more severe MR grades, COMBO therapy can provide meaningful results. Therefore, by paying attention to the functional and anatomic parameters of the individual patient characteristics, our treatment toolbox is enhanced.



Limitations

There are several limitations to this study: Its design is retrospective and observational from a single center, so hidden confounders could be present. Furthermore, the number of patients treated with COMBO therapy is small. Therefore, especially small differences between the study groups might have been missed. The procedures were carried out in a dedicated, large volume Heart Valve Center, making results possibly not generalizable. We excluded three foreign patients that were lost to follow-up, who were not listed in the bureau of vital statistics. This could possibly cause a selection bias, when the clinical outcome was death. Yet, because the patients were all from the M-TEER alone group, the impact would most likely be small.

Then, while the COMBO approach was suggested as an option during the Heart Team deliberations, the ultimate decision was made by the interventionalist during the procedure. This most likely caused a significant selection bias as was discussed previously: the patients in the COMBO group suffered from more pronounced disease, but other confounders might also be present.

The follow-up rate of 38% for M-TEER, and 45% for COMBO, at 1 year was only moderate, calling the validity of the data somewhat into question. Then, it might be argued that the effectiveness of the different strategies might be better analyzed using propensity matching based on anatomical parameters, such as mitral pathology, indices of left atrial and left ventricular size and function. However, with the limitations already mentioned, especially the retrospective design, only moderate follow-up rate and without a core lab to offer a uniform echocardiographic analysis, a propensity score matching would not be feasible. However, while this study is certainly not powered to detect fine significant differences in mortality, and performance of propensity score matching in small sample sizes shows reduced performance (37), the analysis based on age, LVEF, and surgical risk still adds information to demonstrate the feasibility of the COMBO approach in selected patients. Furthermore, since the data on mortality was gathered from census, this somewhat compensates for the only moderate follow-up adherence.

Changes of medical drug therapy treatment for heart failure after the procedure were not documented like in more rigorous randomized clinical trials. This could have an impact on the results of this study. Also, SGLT-2 inhibitors were not administered for HF in this group, because approval for this medication to treat patients suffering from heart failure with reduced ejection fraction (HFrEF) was granted in late 2020.

Because the field of interventions in structural heart disease is evolving quickly, extrapolation of our findings to the latest generation of devices, e.g., M-TEER (Edwards Pascal P5, or Abbott MitraClip fourth generation), or future generations, e.g., annuloplasty devices, may not be possible.

This is not a randomized study. The improvement in outcomes seen for patients with more severe MR and larger chamber sizes in the COMBO group shows that COMBO therapy seems effective and safe, but not superior to M-TEER. In fact, the insights of this study are intended as “proof of concept,” demonstrating that physicians may need to use a toolbox to individualize patient treatment, rather than to be confined to a “one size fits all” solution.

This study did not focus on PMR or SMR alone. Moreover, the COMBO therapy group consisted of three different devices combined with M-TEER for the sample volume leading to some heterogeneity. However, the patients with COMBO therapy with two devices other than M-TEER, for example the CMCS and NeoChord, were excluded from this study, and the human experience with the COMBO therapy so far is limited in registries or publications.

To fully appreciate the potential of COMBO therapy, and to make a deeper impact on clinical practice, prospective—and preferably randomized—clinical research is required in the future, each focusing on one COMBO approach. Since the patients included in this study showed severe comorbidities and challenging anatomies and/or pathologies, a reasonable choice could be to include symptomatic patients suffering from severe MR that show already significant dilatation of the mitral annulus. When investigating NeoChord, the patients suffering from PMR caused by extensive prolapse and flail of one leaflet would be considered, whereas in SMR, these patients, also showing significant dilatation of the LV and pronounced tethering of the leaflets, would most likely be logical choices for treatment with either CMCS or Cardioband.

We did not analyze the cost-effectiveness of the different treatment strategies. Therefore, COMBO therapy might not be as feasible as desired, especially when local reimbursement is limited or restricted.

In consequence, this study's findings should be interpreted with caution and as “hypothesis generating.”



Conclusions

This study showed that, compared with M-TEER alone, there were no significant differences in safety outcomes. Yet, patients treated with COMBO therapy suffered from more impaired LVEF, more severe MR, and larger ventricles at baseline. Although the re-intervention rate was higher in this higher-risk patient population, promising results could be obtained. This demonstrates that COMBO therapy is feasible and safe, possibly offering a toolbox to individualize patient treatment. The higher need for re-intervention in the COMBO group possibly underlines the need to treat severe MR earlier in smaller ventricles. However, future research is required to establish the COMBO approach as such a toolbox-like treatment option.



Impact on daily practice

Combination (COMBO) therapy, which refers to the therapeutic strategy with more than two TMVr devices, is rarely used as a treatment for patients with severe MR. However, we compared this procedure with M-TEER, which is now a most common TMVr for severe MR, and found that COMBO therapy might be beneficial even in patients who already had a more dilated LV and a more pronounce LV systolic dysfunction. Now various TMVr devices are available for the treatment of severe MR in clinical use, offering a toolbox with its uses determined by the background and the anatomy of the patient.
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Background: Preeclampsia (PE) is associated with subsequent higher risk of cardiovascular and kidney disease. Serum copeptin, as a proxy for vasopressin, and urinary uromodulin, were associated with PE physiopathology and kidney functional mass respectively. We describe concentrations of these proteins in the post-partum period and characterize their association with persistent hypertension (HTN) or albuminuria.



Methods: Patients with PE and healthy controls with uncomplicated pregnancy were prospectively included at two teaching hospitals in Switzerland. Clinical parameters along with serum copeptin and urinary uromodulin were measured at 6 weeks post-partum. PE patients were further characterized based on presence of HTN (defined as either systolic BP (SBP) ≥140 mmHg or diastolic (BP) ≥90 mmHg) or albuminuria [defined as urinary albumin to creatinine ratio (ACR) ≥3 mg/mmol].



Results: We included 226 patients with 35 controls, 120 (62.8%) PE with persistent HTN/albuminuria and 71 (37.1%) PE without persistent HTN/albuminuria. Median serum copeptin concentration was 4.27 (2.9–6.2) pmol/L without differences between study groups (p > 0.05). Higher copeptin levels were associated with higher SBP in controls (p = 0.039), but not in PE (p > 0.05). Median urinary uromodulin concentration was 17.5 (7.8–28.7) mg/g with lower levels in PE patients as compared to healthy controls (p < 0.001), but comparable levels between PE patients with or without HTN/albuminuria (p > 0.05). Higher uromodulin levels were associated with lower albuminuria in PE as well as control patients (p = 0.040).



Conclusion: Serum copeptin levels at 6 weeks post-partum are similar between PE patients and healthy controls and cannot distinguish between PE with or without residual kidney damage. This would argue against a significant pathophysiological role of the vasopressin pathway in mediating organ damage in the post-partum period. On the opposite, post-partum urinary uromodulin levels are markedly lower in PE patients as compared to healthy controls, potentially reflecting an increased susceptibility to vascular and kidney damage that could associate with adverse long-term cardiovascular and kidney outcomes.
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1 Introduction

Preeclampsia (PE) is defined as new onset hypertension (HTN) occurring after 20 weeks of gestation associated with damage to at least one organ (1). Overall, PE is thought to affect 5%–8% of all pregnancies. In most cases, resolution of organ damage is expected in the few weeks following delivery (2). However, some women have persistent HTN and albuminuria, as well as a subsequent higher risk of cardiovascular and kidney disease (3–5).

Vasopressin plays a central role in osmotic and blood pressure (BP) homeostasis. As vasopressin is subject to degradation by trophoblastic enzymes during pregnancy, serum copeptin is used as a surrogate for its secretion in this setting (6). While copeptin has been shown to increase throughout normal pregnancy, comparatively higher levels have been observed in patients who subsequently developed PE (7). Copeptin could thus improve PE prediction as early as 6 weeks into pregnancy (8). Moreover, several pathways linking vasopressin to PE pathophysiology have been proposed and chronic infusion of vasopressin could induce a PE phenotype in pregnant mice (8). Finally, aside from pregnancy, elevated copeptin levels have been associated with adverse cardiovascular and kidney outcomes in clinical as well as epidemiological studies (9–13).

Uromodulin, the most abundant protein in normal urine, is exclusively synthetized by epithelial cells of the thick ascending loop of Henle in renal tubules (14). Physiological functions of uromodulin include protection against kidney stones and urinary tract infections as well as regulation of tubular sodium handling and blood pressure (15–19). Beyond its biological functions, urinary uromodulin also serves as a biomarker of functional tubular mass and low levels have been associated with alteration as well as faster decline of kidney function (19–21).

Overall, the course and clinical implications of copeptin and uromodulin levels after PE are largely unknown. This question is of importance as it could shed light onto pathophysiological mechanisms of organ damage after PE as well as unveil potential therapeutic targets to mitigate the risk of developing long term kidney and cardiovascular diseases. As such, in this study, we wished to (i) compare concentrations of serum copeptin and urinary uromodulin at 6 weeks post-partum between PE and normal pregnancy as well as (ii) describe the association between these proteins and kidney function, BP as well as albuminuria.



2 Materials and methods


2.1 Participants, study design and procedures

We performed a retrospective cross-sectional analysis of a prospective cohort study including women with PE as well as healthy controls. The original study was conducted in two tertiary teaching hospitals: “Hôpitaux Universitaires de Genève” (HUG), Geneva, Switzerland and “Centre Hospitalier Universitaire Vaudois” (CHUV), Lausanne, Switzerland.

The present study thus included a PE and a control group. All participants were screened after delivery. Regarding the PE group, inclusion required a diagnosis of PE during pregnancy. Exclusion criteria were (i) unwilling to participate, (ii) use of anti-inflammatory drugs and (iii) any known cardiac, endocrine, or renal disease. The control group consisted of healthy women who had an uncomplicated normotensive pregnancy with delivery at term. Exclusion criteria were (i) history of PE during a prior pregnancy, (ii) history of HTN and (iii) proteinuria on dipstick.

If enrolled, participants were evaluated at 6 weeks post-partum with clinical as well as biological parameters. The timing of this visit was chosen to coincide with the gynecologic follow-up routinely performed after delivery and reimbursed by the insurances. Medical history and physical examination were recorded. Office BP was measured according to the European Society of Hypertension guidelines (22). After 5 min of rest, 2 BP measurements were done at 1 min interval on the same arm with a proper cuff size and a validated automated device (Omron HEM-907-E; British Hypertension Society Grade A/A). Arithmetic mean of the 2 values were calculated. Creatinine was measured using the IDMS-traceable Jaffe kinetic compensated method. Estimated glomerular filtration rate (eGFR) was calculated using the 2009 Chronic Kidney Disease-Epidemiology Collaboration (CKD-EPI) formula (23). The urinary albumin to creatinine ratio (ACR) was calculated as albumin/creatinine and expressed as mg/mmol. Serum copeptin (CT-proAVP pmol/L) was measured in batch at the single time point of 6 weeks post-partum on frozen −80° plasma-EDTA samples using a sandwich immunoluminometric assay in Aarau Hospital, Aarau, Switzerland, as previously described (Thermo Fischer Scientific, Brahms GmbH, Hennigsdorf, Germany) (24). Serum copeptin is expressed as pmol/L. Urinary uromodulin concentration was measured by ELISA as described previously (25). Urinary uromodulin was normalized to creatininuria and expressed as mg/g. Human uromodulin (stock solution 100 mg/ml; Millipore) was used for the standard curve. The uromodulin ELISA has a sensitivity of 2.8 ng/ml, a linearity of 1.0, an interassay variability of 3.3%, and an intra-assay variability of 5.5%.



2.2 Definitions

PE was defined according to the International Society for the Study of Hypertension in Pregnancy 2014, as new-onset hypertension after 20 weeks of gestation associated with at least one end-organ damage (1). Pre-gestational HTN as well as pre-gestational diabetes mellitus (DM) were defined based on associated medications or known medical history. At 6 weeks post-partum, HTN was defined as either SBP ≥ 140 mmHg or DBP ≥ 90 mmHg and albuminuria was defined as ACR ≥ 3 mg/mmol.



2.3 Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD) or median (interquartile range) according to distribution while categorical variables were expressed as number and relative frequencies. Normality of distribution was assessed graphically. Patient's characteristics were compared between groups using Student's T test or ANOVA for continuous variables as well as Chi2 for categorical variables. Linear regression models were used to describe associations with continuous dependent variables. Continuous variables were log-transformed when appropriate. Potential interactions between independent variables were tested using contrasts of marginal linear predictions. Sensitivity analyses were conducted with multivariate adjustment to account for potential confounders [PE status, age, ethnicity and body mass index (BMI)]. Data were considered missing completely at random and patients with any missing value were thus excluded from regression models. A two-sided p-value <0.05 was considered significant in descriptive analyses as well as regression models. Statistical analyses were conducted using STATA version 17 (StataCorp, 4905 Lakeway Drive, College Station, Texas 77845 USA).



2.4 Ethics

This study was approved by the local ethics committee “Commission cantonale d’éthique de la recherche” (CCER), Geneva, Switzerland and was performed according to the Declaration of Helsinki. Written informed consent was obtained from each participant.




3 Results

In total, 562 patients were evaluated at 6 weeks post-partum with 97 healthy controls and 465 PE patients (Figure 1). Among those, 62 control and 274 PE were excluded owing to missing data on serum copeptin and/or urinary uromodulin. Baseline characteristics of included and excluded patients according to PE status are given in Supplementary Table S1. Regarding healthy controls, characteristics of included and excluded women were similar between groups. Regarding PE patients, excluded patients had higher BMI and higher prevalence of gestational DM and prior PE. Other characteristics were similar between groups.


[image: Figure 1]
FIGURE 1
Study flowchart. PE, preeclampsia.


Eventually, 226 patients (191 PE and 35 controls) were included in the present study. Mean age was 32.6 ± 5.4 with 153 (67.7%) Caucasians. Among 191 patients with PE, 120 (62.8%) had persistent HTN or albuminuria at 6 weeks post-partum while 71 (37.1%) did not. Baseline characteristics according to PE status and the presence or absence of HTN/albuminuria are given in Table 1. As compared to healthy controls, patients with PE were less frequently Caucasians, had higher BMI, were more frequently smokers, had shorter gestational time and higher eGFR. As compared to PE patients without HTN/albuminuria as well as healthy controls, PE patients with HTN/albuminuria had higher SBP, DBP and ACR values. Median serum copeptin concentration was 4.27 (2.9–6.2) pmol/L without differences between study groups (Table 1; Figure 2). Median urinary uromodulin concentration was 17.5 (7.8–28.7) mg/g with lower levels in PE patients as compared to healthy controls, but comparable levels between PE patients with or without HTN/albuminuria (Table 1; Figure 3). After adjustment for age, ethnicity and BMI, urinary uromodulin concentration remained significantly lower in PE patients as compared to healthy controls (p = 0.001).


TABLE 1 Baseline characteristics at 6 weeks post-partum according to PE status and the presence or absence of persistent HTN or albuminuria.
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FIGURE 2
Serum copeptin concentration (pmol/L, log-transformed) at 6 weeks post-partum according to PE status and presence or absence of persistent HTN or albuminuria. Data are presented as median, 25th and 75th percentiles as well as upper and lower adjacent values. Comparison between control participants (N = 35) and PE patients as a whole (N = 191). T-test p value 0.247. Comparison between PE patients with (N = 120) and without (N = 71) HTN/albuminuria. T-test p value 0.614. PE, preeclampsia; HTN, hypertension.



[image: Figure 3]
FIGURE 3
Urinary uromodulin concentration (mg/g, log-transformed) at 6 weeks post-partum according to PE status and presence or absence of persistent HTN or albuminuria. Data are presented as median, 25th and 75th percentiles as well as upper and lower adjacent values. Comparison between control participants (N = 35) and PE patients as a whole (N = 191). T-test p value <0.001. Comparison between PE patients with (N = 120) and without (N = 71) HTN/albuminuria. T-test p value 0.109. PE, preeclampsia; HTN, hypertension.



3.1 Association of serum copeptin with BP, eGFR and ACR

In univariate analysis, copeptin levels were not associated with SBP, DBP, eGFR or ACR (p > 0.05 for all). In multivariate analysis accounting for PE status, age, ethnicity, and BMI, copeptin levels were not associated with SBP, DBP, eGFR or ACR (Table 2). However, a significant interaction was present between copeptin levels and PE status in association with SBP and eGFR (p = 0.017 and p = 0.045 for interaction terms respectively). In control participants, serum copeptin was positively associated with SBP. In PE patients, serum copeptin was not associated with SBP. The differential effect of copeptin levels on SBP according to PE status adjusted for confounders is represented in Figure 4A. In control participants as well as PE patients, serum copeptin was not associated with eGFR. The differential effect of copeptin levels on eGFR according to PE status adjusted for confounders is represented in Figure 4B. No significant interaction was present between copeptin levels and PE status in association with DBP or ACR (p > 0.05 for interaction terms).


TABLE 2 Association of serum copeptin and urinary uromodulin with SBP, DBP, eGFR and ACR at 6 weeks post-partum.
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FIGURE 4
Association of serum copeptin concentration (pmol/L, log-transformed) at 6 weeks post-partum with outcomes according to PE status. (A) Association with SBP. Interaction between serum copeptin and PE status is significant with p value of 0.017 (contrast of marginal linear predictions) confirming a modification effect. Consequently, sub-group associations for control participants (N = 32) and PE patients (N = 139) are presented separately with associated p values of 0.039 and 0.254 respectively (average marginal effects of multivariate linear regression). (B) Association with eGFR. Interaction between serum copeptin and PE status is significant with p value of 0.045 (contrast of marginal linear predictions) confirming a modification effect. Consequently, sub-group associations for control participants (N = 32) and PE patients (N = 186) are presented separately with associated p values of 0.123 and 0.131 respectively (average marginal effects of multivariate linear regression). PE, preeclampsia; SBP, systolic blood pressure; eGFR; estimated glomerular filtration rate.




3.2 Association of urinary uromodulin with BP, eGFR and ACR

In univariate analysis, uromodulin levels were negatively associated with ACR (β −0.2, 95%CI −0.4 to −0.0, p = 0.008) but not with SBP, DBP or eGFR (p > 0.05 for all). In multivariate analysis accounting for PE status, age, ethnicity and BMI, uromodulin levels were positively associated with eGFR and negatively with ACR (Table 2). On the opposite, uromodulin levels were not associated with SBP or DBP. The effect of uromodulin levels on eGFR and ACR is represented in Figures 5A,B respectively. No significant interaction was present between uromodulin levels and PE status in association with SBP, DBP, eGFR or ACR (p > 0.05 for interaction terms).


[image: Figure 5]
FIGURE 5
Association of urinary uromodulin concentration (mg/g, log-transformed) at 6 weeks post-partum with outcomes. (A) Association with eGFR (ml/min/1.73 m2). N = 218. P value of 0.020 (multivariate linear regression). (B) Association with ACR (mg/mmol creatinine, log-transformed). N = 218. P value of 0.040 (multivariate linear regression). PE, preeclampsia; eGFR, estimated glomerular filtration rate; ACR, urinary albumin to creatinine ratio.





4 Discussion

In this study, we show that serum copeptin levels at 6 weeks post-partum are similar between PE patients and healthy controls and cannot distinguish between PE patients with or without residual kidney damage. However, at this same time point, urinary uromodulin levels are markedly lower in PE patients as compared to healthy controls.

The use of serum copeptin/vasopressin during pregnancy has gained significant clinical interest in the past years. First, copeptin could serve as an early diagnostic biomarker to detect subsequent PE in pregnant women. In a pivotal study, Santillan et al. performed sequential copeptin measurements during pregnancy course and reported high predictive performances for the development of later PE as early as 6 weeks into pregnancy (8). A recent meta-analysis aggregating available observational studies reporting serum copeptin values among PE and healthy controls found increased copeptin levels prior to PE in all trimesters, irrespective of disease severity and onset (26). Second, beyond a potential diagnostic utility, evidence also indicates a pathogenic role of vasopressin in the development of PE. As such, infusion of vasopressin throughout gestation was demonstrated to induce PE phenotype in mice, including elevated SBP, proteinuria as well as glomerular endotheliosis (8). Subsequent experimental work showed that this was also the case in the absence of placental hypoxia (27). At the same time, it must be remembered that serum copeptin has consistently been associated with adverse clinical outcomes aside from pregnancy. Overall, in clinical observational studies, elevated copeptin was correlated to higher BP, lower eGFR and increased albuminuria (28, 29). Moreover, it was also associated with decline in eGFR over time as well as renal events, cardiovascular events and mortality (9, 13, 29–31). Altogether those data raise the question of a potential implication of vasopressin in mediating organ damage after an episode of PE. Specifically, persistently elevated copeptin levels in the post-partum period could theoretically be implicated in the sub-group of PE patients presenting with persistent renal and cardiovascular damage. Along with offering pathophysiological insights, such a hypothesis would also unveil a potentially attractive therapeutic target to mitigate the risk of long-term organ damage after PE. In the present study, we confirm that PE patients have higher SBP, DBP and ACR than healthy controls at 6 weeks post-partum. Those results are in line with prior evidence reporting an increased risk of HTN as well as subsequent kidney and cardiovascular disease after PE (32–34). We also observed that around two thirds of PE patients had persistent HTN or albuminuria at this time point. Interestingly however, we found that copeptin levels at 6 weeks post-partum were similar between patients with or without prior PE. We observed a median copeptin concentration of 4.27 pmol/L in the entire cohort. This is only slightly higher than what is described in healthy non-pregnant women with median values of 3.2 pmol/L ranging from 1.0 to 14.8 pmol/L (35). This suggests that copeptin levels rapidly decline in the few weeks following delivery in women with PE as well as those with uncomplicated pregnancy. Our results corroborate recent data reporting no difference in urinary copeptin levels at 1–4 years post-partum in patients with and without prior PE (36). Moreover, we show that copeptin levels at 6 weeks post-partum do not discriminate between PE patients with or without persistent organ damage at this time point. Overall, our results would suggest that vasopressin does not play a significant pathophysiological role in mediating organ damage during the post-partum period of PE. Consequently, exogenous manipulation of vasopressin activity via receptors antagonism would likely be vain at this stage of the disease. On a theoretical point of view, it is worth mentioning however that elevated copeptin levels during pregnancy might nevertheless be associated with subsequent post-partum organ damage. This could however not be tested in our cross-sectional study. Finally, while copeptin concentration itself was not associated with BP values, eGFR or ACR overall, we could observe that the occurrence of PE modified some of those associations. Specifically, while copeptin was not associated with SBP in patients with prior PE, we observed a positive association in healthy controls, in line with prior evidence aside from pregnancy (28). A similar modulating effect of PE was observed regarding the relationship between copeptin and eGFR, although clinical interpretation is rendered tedious by the glomerular hyperfiltration described in the post-partum period whether after PE or a healthy pregnancy (37, 38).

During the past decade, experimental as well as clinical evidence provided major insights into the potential roles of uromodulin. Besides physiological considerations, uromodulin can also be seen as a biomarker of tubular mass and function. In epidemiological studies, urinary uromodulin was associated with eGFR as well as kidney volume (21, 39). Moreover, 24 h urinary excretion of uromodulin correlated with known predictors of nephron mass (40). Serum uromodulin was also associated with kidney function in patients with CKD, with greater sensitivity than conventional biomarkers (creatinine, urea, cystatin C) to detect early disease (41, 42). In addition, serum uromodulin could represent an early marker of kidney fibrosis (43). In view of those data, uromodulin could be seen as a surrogate marker of nephron functional mass in heath as well as kidney disease. Interestingly, serum as well as urinary uromodulin also convey prognostic significance as low levels were associated with an increased risk of decline in kidney function and progression to end-stage kidney disease (ESKD) (20, 44). Finally, the role of uromodulin as a biomarker could extend beyond evaluation of kidney function as serum uromodulin could predict cardiovascular events as well as mortality even after adjusting for eGFR as well as cardiovascular risk factors (45). In view of those evidence and given the potential impact of PE on the subsequent renal and cardiovascular prognosis of affected patients, we wished to characterize urinary uromodulin levels in this setting. In the present study, we clearly found that urinary uromodulin levels at 6 weeks post-partum were significantly lower in patients with prior PE as compared to healthy controls. Consequently, a potential pathophysiological hypothesis would be that the lower uromodulin levels in patients suffering from PE reflected a pre-existing increased susceptibility to vascular and kidney damage. Conversely, higher uromodulin levels would reflect a better preserved structural and functional renal reserve (19). Such a protective effect of uromodulin on future events has been shown in type 1 diabetes, where patients with higher serum uromodulin levels were less likely to develop CKD (46). Our findings are also to be related to a prior study, where authors described a transient decrease in urinary uromodulin in hypertensive pregnant women that subsequently normalized in the early post-partum period (47). In view of those results as well as the potential implication of uromodulin in the IL-1β/NLRP3 inflammasome, a contribution of the immunological system in the development of PE could be postulated (48). Alternatively, a reverse causality can be postulated and the occurrence of PE itself could lead to a rapid decrease in uromodulin levels as a reflection of ongoing kidney damage. However, this second hypothesis seems less likely as we could not detect differences in uromodulin levels between PE patients with or without kidney damage. In any case, independently of the pathophysiological mechanism involved, it seems reasonable to hypothesize that the lower post-partum levels of uromodulin after PE could be associated with the adverse long-term cardiovascular and kidney outcomes of this population. Finally, we could also find a direct relationship between uromodulin levels and eGFR as well as ACR, independently of the presence or absence of prior PE. Higher urinary uromodulin concentration was indeed related to lower albuminuria and higher eGFR in our whole cohort, event after adjusting for potential confounders. This last finding is to be related to prior studies in healthy as well as diabetic participants, also describing lower albuminuria and higher eGFR with increasing uromodulin concentration (21, 49, 50).


4.1 Limitations

Several limitations apply to our findings. First and most importantly, copeptin and uromodulin were measured at a single time point in the post-partum period and longitudinal variations were not assessed. However, the evolution of copeptin levels during pregnancy is well characterized in prior reports and meaningful variations at later time points during the post-partum period are unlikely given our findings at 6 weeks after delivery. Likewise, BP measurements were also restricted to a single time point and evaluation of BP trajectories over time was not possible. Second, the rather limited number of control participants, while sufficient to test our main hypotheses given the statistically significant results, prevented us to conduct refined sub-group analyses in case of interacting effect. This underlines the difficulty in performing post-partum studies in healthy controls. Moreover, the exclusively Caucasian population of control participants might preclude generalizability of our findings in other settings. Third, BP evaluation relied on office BP measurement as 24 h ambulatory BP monitoring (ABPM) was unavailable in a majority of patients, illustrating difficulties in providing optimal follow-up in the post-partum period. Finally, interpretation of kidney function based on eGFR analysis is rendered difficult given the potentially persisting glomerular hyperfiltration in the post-partum period, especially in patients with prior PE.




5 Conclusions

In the present study, we confirm that PE patients have a higher prevalence of HTN and albuminuria than healthy controls at 6 weeks post-partum. Moreover, up to two thirds of PE patients have measurable kidney damage at that point. We also show that serum copeptin levels are similar between patients with or without prior PE and cannot distinguish between PE patients with or without residual kidney damage at this time point. This suggests that copeptin levels rapidly decline in the few weeks following delivery in women with PE as well as those with uncomplicated pregnancy. While not excluding delayed effects, those results would suggest that the vasopressin pathway does not play a significant pathophysiological role in mediating organ damages during the post-partum period following PE. We also found that urinary uromodulin levels at 6 weeks post-partum were significantly lower in patients with prior PE as compared to healthy controls. Consequently, lower uromodulin levels in PE could reflect an increased susceptibility to vascular and kidney damage that could associate with the adverse long-term cardiovascular and kidney outcomes of this population.
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Biomechanical forces, including vascular shear stress, cyclic stretching, and extracellular matrix stiffness, which influence mechanosensitive channels in the plasma membrane, determine cell function in atherosclerosis. Being highly associated with the formation of atherosclerotic plaques, endocytosis is the key point in molecule and macromolecule trafficking, which plays an important role in lipid transportation. The process of endocytosis relies on the mobility and tension of the plasma membrane, which is sensitive to biomechanical forces. Several studies have advanced the signal transduction between endocytosis and biomechanics to elaborate the developmental role of atherosclerosis. Meanwhile, increased plaque growth also results in changes in the structure, composition and morphology of the coronary artery that contribute to the alteration of arterial biomechanics. These cross-links of biomechanics and endocytosis in atherosclerotic plaques play an important role in cell function, such as cell phenotype switching, foam cell formation, and lipoprotein transportation. We propose that biomechanical force activates the endocytosis of vascular cells and plays an important role in the development of atherosclerosis.
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1 Introduction

Atherosclerosis, as the underlying mechanism of cardiovascular and cerebrovascular diseases, is caused by many complicated risk factors, such as lipid accumulation and abnormal biomechanics (1, 2). These disordered microenvironments in the vasculature result in vascular inflammation, excessive proliferation and migration, fibrosis, and extensive necrosis, which contribute to atherogenesis and the formation of vulnerable plaques (3). Biomechanics, as an emerging field of cell and developmental biology, is considered as a regulator of atherosclerosis through mechanosensitive channels. A recent study used the computed tomography angiography of human circumflex coronary artery to construct computational simulation model and revealed a causal link between low-density lipoprotein (LDL) transportation and wall shear stress in the coronary artery, in which flow patterns altered the influx and efflux of cholesterol (4). Moreover, endocytosis regulates the transportation and degradation of lipids and apoptotic cell debris in atherosclerotic plaques, which controls the interaction between cells and their microenvironment (5). Due to the important role of the mechanical environment and membrane trafficking in vascular dysfunction and atherosclerosis, it is important to investigate the changes in endocytosis induced by abnormal biomechanics.

Endocytosis-mediated intracellular transport and the positive regulation of signalling cascades are the key regulators of cholesterol homeostasis, which play a casual role in atherogenesis (6). Endocytosis and the subsequent intracellular itinerary are based on the encapsulation of the fluid plasma membrane, selective receptors and vesicle-associated proteins. This selective route allows endothelial cells (ECs) to act as a vascular barrier to regulate the transport of hydrophilic and hydrophobic substances in blood and prevent harmful substances in tissues (7, 8). Meanwhile, the influx and efflux of cholesterol are specifically controlled by endocytosis with lipoprotein receptors including low-density lipoprotein receptor family and scavenger receptor family (Table 1) (6, 9). Recent studies have revealed that the scavenger receptors-mediated transcytosis, which rely on caveolae-based intracellular vesicles, play an important role in the delivery and accumulation of LDL in artery (10, 11). The accumulation of LDL in the sub-endothelial area will further stimulate excessive uptake and exhausted metabolism of lipid in vascular smooth muscle cells (VSMCs) and macrophages, which will result in unexpected inflammation, polarization/phenotype transformation, autophagy and the formation of foam cells (12, 13).


TABLE 1 Lipoprotein-binding receptors during endocytosis in vascular cells.
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During the development of atherosclerosis, biomechanics, including shear stress, tensile force, and stiffness, play an important role in vascular inflammation, oxidative stress and lipid transportation (23, 24). Low shear stress (LSS) and oscillatory shear stress (OSS) generated by disturbed flow have been identified as hazard factors of atherosclerosis in hypercholesterolemic mini-pigs that correlate plaque growth with vulnerable features (25). These LSS and OSS will result in unexpected uptake of LDL and promote the development of atherosclerosis (26). Meanwhile, studies have also revealed that tensile force activation of stretch-related ion channels clinically contributes to arterial remodeling and relevant vascular dysfunction (27, 28). Moreover, recent research has also suggested that arterial stiffness is associated with artery atherosclerosis stroke in human with GWAS analysis that comprises 127,121 individuals of European ancestry (29). Thus, it is important to discuss the relationship between biomechanics and endocytosis in atherosclerosis.

In this review, we summarized the major types of endocytosis in atherosclerosis, including clathrin-mediated endocytosis, caveolae-mediated endocytosis, phagocytosis and micropinocytosis. We then focused on the role of endocytosis in responding to biomechanical forces and describe the signal transduction involved in lipid transportation in the biomechanical microenvironment. The integration of biomechanics and endocytosis might improve our understanding of the transportation of high-risk lipoprotein and contribute to a better understanding of the formation of atherosclerotic plaques.



2 General mechanisms of endocytosis in atherosclerosis

Endocytosis, as an important part of the cellular trafficking system, is a conserved channel for internalizing molecules and macromolecules through membrane deformation (30). The typical process of endocytosis contains four fundamental steps: (1) molecules specifically bind to receptors or the cell membrane; (2) coating proteins, cytoskeleton and membrane fusion proteins are rearranged to drive cell membrane-encapsulating molecules; (3) molecules are encapsulated in trafficking vesicles, such as endosomes and phagosomes; and (4) vesicles are transported to subcellular organelles (Figure 1). Due to the entry mechanism, endocytosis can be classified into pinocytosis and phagocytosis. The pinocytosis can further be classified into clathrin-mediated endocytosis and clathrin-independent endocytosis, such as caveolae-mediated endocytosis, caveolae- and clathrin- independent endocytosis and macropinocytosis, which can form differently sized vesicles (31) (Figure 1). Meanwhile, some specific inhibitors are also widely used to detect the influence of endocytosis to cell functions (Table 2). These engulfment processes drive lipid transportation and apoptotic cell clearance in the vasculature, which are inexorable events in atherosclerosis (37, 38). Here, we briefly discussed the role of different endocytosis mechanisms in atherosclerosis.


[image: Figure 1]
FIGURE 1
Mechanism of molecules and macromolecules trafficking through endocytosis. The putative endocytic portals in atherosclerosis mainly includes phagocytosis, micropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis. The phagocytosis and micropinocytosis are driven by the reorganization of cortical cytoskeleton with the formation of elaborate membrane protrusions. Clathrin-mediated endocytosis and caveolae-mediated endocytosis require the recruitment of clathrin and caveolin on plasma membrane to form “coated pit” and vesicle and internalize cargo. The trafficking cargo will transport to endosome and lysosome. Caveolae-mediated endocytosis also regulate transcytosis in ECs which is important for maintaining the barrier of vascular. MVB: multivesicular bodies. The schematic diagram was made by the authors using Adobe Illustrator 2021.



TABLE 2 Types and effects of endocytic inhibitors.
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2.1 Clathrin-mediated endocytosis

Clathrin-mediated endocytosis that molecules are packaged by a clathrin coat by clathrin triskelia based polymerization, can internalize and transport proteins, lipids, hormones and metabolites (39). The formation of clathrin-based vesicles requires the recruitment of adaptor proteins (APs) on the plasma membrane to initiate and construct clathrin-coated pits (40). Meanwhile, this binding process of APs is mediated by transporting receptors, plasma membrane-specific lipid phosphatidylinositol-4,5-bisphosphate, EGFR pathway substrate 15, and epsin proteins, which supports the assembly of clathrin-coated vesicles (41–44). Moreover, clathrin-coated pits are scissored via the enzyme dynamin recruited by BAR domain-containing proteins and form individual clathrin-coated vesicles (45, 46). Finally, the clathrin coat is disassembled and recycled from vesicles to allow the vesicle to fuse with endosomes (Figure 1) (47).

AP1 binds membranes enriched for phosphatidylinositol 4-phosphate, such as the trans Golgi network, while AP2 associates with phosphatidylinositol 4,5-bisphosphate of the plasma membrane. At their respective membranes, AP1 and AP2 bind the cytoplasmic tails of transmembrane protein cargo and clathrin triskelions, thereby coupling cargo recruitment to coat polymerization (48). Under physiological conditions, EGFR is internalized mostly by clathrin-mediated endocytosis. Growth factor binding to EGFR accelerates its internalization through clathrin-coated pits which is followed by the efficient lysosomal targeting of internalized receptors and results in receptor down-regulation. A recent study revealed that clathrin-mediated endocytosis was involved in the uptake of oxidized low-density lipoprotein (oxLDL) in macrophages through protease-activated receptor trafficking (49). Moreover, knockout of espins, which are important in clathrin-mediated endocytosis in myeloid cells, reduced the uptake of oxLDL through LRP1 and reduced the process of atherosclerosis (50). These results suggested that clathrin-mediated endocytosis, as an important cargo transporter, was involved in the progression of atherosclerosis.



2.2 Caveolae-mediated endocytosis

Caveolae, as the most abundant features in lipid rafts that invaginate to initialize bulb-shaped caveolar pit and form 60–80 nm specialized vesicles, are considered to participate in many biological functions, such as lipid regulation, material transportation, and signal transduction (51). The start and maintenance of caveolae-mediated endocytosis rely on caveolins, which are coated on the membrane surface of vesicles for structural formation (52). Generically, caveolin-1 (Cav1) and caveolin-2 are expressed in non-muscle cells, and caveolin-3 is expressed in some smooth muscle cells, which are anchored to the cell membrane and compose caveolae (53). Moreover, the caveolar structure contains approximately 144 molecules of caveolin that can bud off to construct endocytic caveolar vesicles and fuse with the caveosome and endosome, which can transport various cargo, such as lipid droplets and fatty acids (52, 54, 55). Recent studies have found that caveolae-based endocytosis is contributed to internalize LDL and VLDL in EC and macrophages. Silence the structural protein Cav1 of caveolae in Ldlr−/− mice will dramatically decrease the accumulation of lipids in the vasculature and reduce atherosclerotic plaque (56, 57). Cav1 is also responded shear stress and increases flow velocity in artery and reduces vascular inflammation and macrophage infiltration in disturbed flow area (56). Meanwhile, the loss of Cav1 in ECs reduces the endocytosis and transcytosis of LDL and disturbs autophagy. However, the relationship between autophagy and caveolae-mediated endocytosis is mutually regulated, and the loss of one of them will affect the functional process of the other (58, 59). Recent study has also revealed that LDL particles are colocalized with endothelial SR-B1 and cross endothelial cell barrier through caveolae-mediated endocytosis (11). These results suggested that caveolae-mediated endocytosis in vascular is closely related to the transport of LDL in ECs and accelerating atherosclerosis.



2.3 Phagocytosis

Phagocytosis, defined as the uptake of particles larger than 0.5 μm through plasma membrane encapsulation, is important in eliminating apoptotic cells, bacteria and other foreign materials in macrophages and other phagocytes (60). Typically, phagocytosis occurs in immune cells such as macrophages, monocytes, microglia and neutrophils and is activated by specific receptors in the cell membrane to recognize particles. Particles are then encapsulated by a cup-shaped membrane and transported in phagosomes, resulting in progressive degradation of cargo. Meanwhile, non-professional phagocytes (such as epithelial cells and ECs) also participate in the clearance of apoptotic cells and particles through phagocytosis and are associated with the recruiting role of macrophages (61, 62). The progression of atherosclerosis is associated with the excessive accumulation of apoptotic cells, including macrophages and VSMCs, and sufficient phagocytosis, resulting in the formation of a necrotic core and rupture plaque (63). Macrophages deactivate efferocytosis-related signalling such as ERK5, Rac2 that involve in cytoskeleton remodeling will lead to losing phagocytic capacity and accelerate atherosclerotic plaque formation (64, 65). Meanwhile, lack of phagocytosis will further promote the transition of VSMCs to macrophage-like cells through activating KLF4 and exacerbating the instability of atherosclerotic plaque (66). Yoko et al. found that blocking the “don’t eat me” molecule CD47, which is activated by TNF-α via NFKB1 and important for avoiding phagocytosis from phagocyte, can help macrophages to recognize foam or apoptotic cell and stimulate efferocytosis to promote phagocytic clearance and reduce atherosclerotic plaque (38). Furthermore, recent study has revealed that the enhancing phagocytosis of macrophages by CD47 relies on LRP1 to internalize during atherosclerosis. Loss LRP1 in macrophages will decrease the blocking effect of CD47 on efferocytosis and promote the formation of necrotic core in atherosclerotic plaque (67).



2.4 Macropinocytosis

Macropinocytosis is a non-selectively endocytic process for engulfing fluids and particles by forming vacuole-like extensions of the plasma membrane, which is an important route for the degradation of lipids, proteins in the extracellular matrix and dead cells (68). Macropincytosis, as an actin-dependent endocytic process, starts with ruffing across and encapsulating the plasma membrane, including protrusion, folding, and closure on the cell surface (69). In atherosclerosis, recent studies have revealed that macropinocytosis is responsible for engulfing LDL in macrophages and VSMCs and contributes to the formation of foam cells (36, 70). Meanwhile the engulfing enzyme-modified LDL but not acetylated or oxidized LDL through calcium dependent macropinocytosis is a potent role in forming VSMC derived foam cell (36). These lipid-overlapping foam cells in the vascular wall play an important role in the development of the necrotic core and late-stage atherosclerosis.




3 Shear stress on endocytosis

Shear stress is a blood flow-generating frictional force that is closely associated with vascular dysfunction and atherosclerosis. Several studies have demonstrated that atherosclerotic plaque usually emerge in near branches and bends of arteries that are exposed to disturbed flow, generating LSS or OSS (71, 72). These blood flow-induced vascular dysfunctions are linked to the changes of several signalling pathways, such as Klf2/4, Hippo–Yap–Taz, and Wnt/β-catenin, which participate in maintaining vascular integrity and tissue homeostasis (72–74). A recent study has revealed that shear stress not only mediates signal transduction but also increases LDL coverage on the endothelial glycocalyx, which controls the transportation of LDL across the vascular wall (75). Thus, it is essential to discuss the influence of shear stress on cell endocytosis during atherosclerosis (Figure 2).
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FIGURE 2
Flow regulation of lipoprotein uptake via endocytosis in ECs. Blood flow at branches and bends of arteries will be disturbed and generate LSS or OSS. The unexpected OSS in artery will result vascular inflammation, oxidative stress and so on. OSS also can stimulate Ca2+ channel and Nox family to promote Lipoprotein endocytosis in atheroprone area. Meanwhile the disturbed flow will down-regulate the expression of eNOS and further influence the transseptal manner of ECs such as Klf2/4, Smad, Hif1, YAP/TAZ, Wntβ/-catenin. ROS: reactive oxygen species. eNOS: endothelial nitric oxide synthase. The schematic diagram was made by the authors using Adobe Illustrator 2021.


ECs, as the barrier of vessel and blood flow, are equipped with various mechanosensitive channels that transfer biomechanical signals to modulate cellular function and behaviour, such as inflammation, endothelial-to-mesenchymal transition, and endocytosis (2). These shear stress-sensitive signals are mostly membrane receptors, cell‒cell junctional proteins and cell-matrix adhesion proteins (76). Moreover, Exposure of ECs on 10 dynes/cm2 shear stress will result an increased endocytosis and can be reduced by inhibiting reactive oxygen species (ROS) (77). Meanwhile, the accumulation of NO and ROS in LSS or OSS areas will result in the increased stabilization and expression of Cav1, which may enhance Cav1-mediated transcytosis (78). The surface density of caveolae in the cell membrane, which has been implicated in haemodynamic forces, is necessary for mechanotransduction and arterial remodelling (79). Ramírez et al. found that Cav1 is highly expressed in the “athero-prone” area and controls the transcytosis of LDL in atherosclerosis. Moreover, mice lacking Cav1 expression show less accumulation of lipids in athero-prone areas and atherosclerotic plaques (56). Our laboratory's recent study has revealed that LSS- and OSS-induced ROS can promote the internalization of extracellular vesicles in vascular ECs. We also observed that extracellular vesicles accumulated in the artery arch that underwent LSS and OSS (80). Abnormal shear stress can also activate multiple Ca2+ channels, including Piezo1, P2ry2, connexin and transient receptor potential (TRP) channels, which are considered mechanosensors and are significantly associated with inflammation in ECs during atherosclerosis (72, 81, 82). Meanwhile, Ca2+ influx can initiate activity-dependent bulk endocytosis and participate in the engulfment of LDL (83, 84).

Ongoing studies of OSS and LSS in ECs also report the role of mechano-transduction in endocytic receptors. Due to numerous researchers have performed transcriptome data under different shear stress, these analyses reveal that shear stress can mediate multiple transcriptional processes of endocytic receptors, such as Cd36 and Scarb1 (85). The overexpression of these lipoprotein receptors in arteries promotes the uptake of macromolecules into cells, which participates in the formation of atherosclerosis (6). Meanwhile, shear stress also plays an important role in the reorganization of Cdc42-dependent actin polymerization, which is important for LDL endocytosis (86, 87). Macrophage cortical F-actin depolymerization is required for actin polymerization to form a hydrolytic compartment-the lysosomal synapse, which digests aggregated LDL via Cdc42 Rho GTPase and GEF pathway. In summary, shear stress regulates multiple processes of endocytosis that control the accumulation of LDL and other macromolecules in the vasculature, thereby critically contributing to the development of atherosclerosis near branches and bends of arteries.



4 Stretch and tension force on endocytosis

ECs and VSMCs are sensitive to changes in physiological mechanical stretch and tension force that contain circumferential and axial stresses of approximately 100 kPa (1 × 106 dyne/cm2) from periodical distention and relaxation in arteries (88). Arteries under hypertension also inherit axial stress, which is associated with blood pressure and periodic distention and relaxation of arteries (89) (Figure 3). Meanwhile, VSMCs can be the engine of artery showing stronger contractile ability to generate and sustain stress on artery that is important in maintaining vessel tone and blood pressure (102). Elastic lamellae comprising elastin and collagens, which attaches and sandwiches VSMCs in the middle through focal adhesion complex, affects VSMCs contraction and relaxation (103, 104). Furthermore, ECs and VSMCs subjected to cyclic stretch display an elongated spindle morphology and show reorganization of the cytoskeleton. Studies have defined that 5%–10% strain is the physiological stretch, while excessive strain (15%–20%) is the pathological stretch in artery (105, 106). The unexpected stretch and tension force on vascular cells including ECs and VSMCs will activate multiple signalling and result excessive proliferation, migration and apoptosis (Figure 3) (107, 108). The VSMCs response to cycle stretch can express integrin αVβ3, which can inhibit ox-LDL-induced apoptosis although PINCH-1 in the progression of atherosclerosis (109, 110). Moreover, the cardiovascular cells response to cyclic stretch increase the accumulation and update of extracellular matrix (111). These studies suggest that normal physiological stretch and tension are important signals for cardiovascular function and contribute to the homeostasis and development of vessels.
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FIGURE 3
Schematic diagram of EC (left) and SMC (right) responding to the high strain/stretch and hypertension. (A) ECs are from the intima and VSMCs are form the media and adventitia. Blood pressure is perpendicular to the artery, which results in circumferential stretching and deformation of artery. Meanwhile, the physiological extension or arterial vasoconstriction derived from VSMCs also play an important role in the circumferential stretching of artery. (B) Biomechanics are sensed by varieties of membrane mechanoreceptors in artery such as PIEZO1 (28, 90), TRPC6 (90), GPCR (90), TNF-αR (91), TGF-βR (92), IGFR (93) and NOTCH3 (94). Meanwhile, ECs and VSCMC can connect with the extracellular matrix through focal adhesion complex to response and sustain stress (95). Focal adhesion complex contain integrin and FAK bind to ECM and is associated with multiple signaling transduction including ERK/MAPK (96–98), Hippo/YAP (99), RhoA (100) and so on (88). Furthermore, Ca2+ and other ionic signaling also participate in the mechano-transduction and involves in the transcriptional regulation (101). The schematic diagram was made by the authors using Adobe Illustrator 2021.


Pressure-derived stretch and tension force, which derived from the vascular deformation caused by blood pressure on the vessel wall, can influence the transportation of albumin and LDL. Studies have used 4 mm, 5 mm and 6 mm sleeves to restrict vessel from in New Zealand White rabbit and pressurized at 70, 120, or 160 mm Hg blood pressure, which control the deformation of vessel. The results showed that the accumulation of LDL in vessel was increased between 120 and 160 mm Hg with 5 mm sleeves, which explains the relationship between pressure-derived stretch and atherosclerosis (112). Stretch force also promotes the oxidation of LDL and accelerates the accumulation of ox-LDL in VSMCs (113). Meanwhile, cells stimulated with cyclical tensile stretch highly express the ox-LDL receptor Lox1, which is essential for internalizing ox-LDL (114). Moreover, membrane tension is also an important regulator of clathrin-mediated endocytosis through controlling the formation of clathrin-coated pits. Joseph et al. found that high tension interrupts the process of flat membrane-to-clathrin-coated structure transition by inhibiting the recruitment of epsin to the plasma membrane (44). Moreover, a recent study found that Torc2, a rapamycin-mediated protein kinase, can regulate plasma membrane tension to affect the reorganization of the actin cytoskeleton and vesicle fission to endocytosis sites (115). These results suggest that stretch and tension forces are essential for endocytic processes that regulate the transportation of multiple lipids and proteins in the vasculature (Figure 4).
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FIGURE 4
The biomechanical forces in atherosclerotic plaque. The alteration of biomechanical forces in atherosclerotic is important in plaque development and progression. The cyclic stretch and tension force will be induced by the changes of atherosclerotic plaque, which regulate multiple cell function. Meanwhile the changes in plaque composition and architecture also result the alteration of cell stiffness, making cell phenotype switching, inflammation and foam cell formation. The red rectangle is highlighted the biological process under hard or soft matrix and green rectangle is highlighted the biological process under tension force or cyclic stretch. The schematic diagram was made by the authors using Adobe Illustrator 2021.




5 Stiffness on endocytosis

Stiffness, also known as elasticity, is the mechanical force to resist deformation and is important for cell proliferation, migration and signal transduction. Arterial stiffness is closely associated with degenerative and remodelling changes in the extracellular matrix, resulting in vascular calcification, hypertension, and atherosclerosis (116). A recent Multi-Ethnic study with 6,814 men and women aged 45–84 years found that high load-dependent carotid artery stiffness is associated with a higher incidence of subclinical atherosclerosis and thus contributes to multiple cardiovascular events, such as stroke and hypertension (117). The stiffness of the artery is determined by their physiological conditions during atherosclerosis, such as the lipid core/necrotic core (1 kPa), fibrous plaque (35.5–54 kPa) and calcification (80–300 kPa), compared with normal artery (10–50 kPa) (118, 119). Meanwhile, the changing matrix stiffness also mediates the mechanical signal transduction and phenotypic transformation of vascular cells, which is closely related to cell fate and vascular function (118, 120). Recent studies have revealed that changing matrix stiffness in the vasculature promotes the adhesion of monocytes on ECs by enhancing the expression of miR-126 (targeting VCAM-1) and miR-222 (targeting ICAM-1) (121). Meanwhile, 1 kPa (soft) and 100 kPa (hard) substrate stiffnesses also increase cholesterol efflux in VSMCs and increase the expression of the macrophage marker CD68, suggesting that substrate stiffness can regulate the phenotypic switching of VSMCs (Figure 3) (122).

Endocytosis, as an important route of lipid metabolism, can also be regulated by cell and matrix stiffness. The surface topography of substrates regulates cell stiffness by activating mechanical signalling pathways. Li et al. found that a nanostructure stiff substrate can alter cell stiffness and behaviour to enhance clathrin-dependent endocytosis through its nano-topographical effect on integrin receptors. It has also been revealed that cells on a glass-based nanostructure stiff substrate respond similarly to 1 kPa soft hydrogels, which can reduce cell stiffness and membrane tension force (123). Furthermore, the cytoplasmic stiffness that influences deformability and membrane invagination can modulate the endocytic ability of cells. The high cortex stiffness of the subcellular structure will affect cell deformability, resulting in less phagocytic ability on macrophages (124). Because the stiffness of the necrotic core and lipid core in atherosclerotic plaques are nearly 1 kPa, we suspect that cells in atherosclerotic plaques will engulf more lipoprotein and apoptotic cells, resulting in the formation of foam cells.

A recent study revealed that macrophages prefer to take up native LDL and ox-LDL on 1 kPa soft substrates but with no difference in proliferative activity on soft and stiff substrates in an inflammatory microenvironment (125). However, Li et al. found that macrophages on soft 4 kPa PA hydrogels promote cell apoptosis and have less ox-LDL phagocytosis than those on 30 kPa substrates (126). Moreover, TRPV4 calcium-permeable channels that respond to matrix stiffness promote the transmembrane transport of Ca2+ and regulate the endocytosis of ox-LDL although CD36 (127). They also found that TRPV4, known as a mechano-sensor, plays an important role in regulating macrophage foam cell formation (127). Furthermore, Cav1 as the important part of caveolae will stimulate by soft substrates to modulate YAP activity through controlling actin polymerization and mediate caveolae internalization (128). These mechanotransducting property of Cav1 is also associated with cell stiffness and caveolae-based endocytosis. Le et al. discovered that disturber flow will increase the elastic modulus of ECs by increasing the expression of Cav1, which is positive correlation with the uptake of oxLDL (129). Recent studies have also revealed that the membrane tension force is important for Cav1-based vesicular trafficking, which is regulated by the stiffness of the extracellular matrix and depends on the mechano-transduction of the integrin/RhoA axis to stimulate a Cav1-dependent manner (130). These studies suggest that matrix and cell stiffness may regulate the transportation of lipids and proteins, which may contribute to the progression of atherosclerosis (Table 3).


TABLE 3 The influence of biomechanics on endocytosis.
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6 Endocytosis for nanomedicine in atherosclerosis

Nanomedicine have widely applied in detecting and treating atherosclerosis with designing multiple responded or targeting molecule. Whereas, there are few researches focusing on the transporting route of nanoparticles into cells during treatment. Researchers have considered that nanoparticles firstly will closely contact with targeted cells and induce cell membrane to generate forces. Then, cell membrane will further encapsule nanoparticles through endocytic route and internalize nanoparticles (131). Thus, according to the endocytic route, we can design engineered nanoparticles to target diseased cells or even loading nano-drugs into living cells to assist drug delivery (132). Hu et al. design a tetrapod needle-like PdH nanozyme that can be internalized and storage into macrophages. By using the inflammatory response property, macrophages as the vesicles can deliver the nanozyme to atherosclerotic area and inhibit ROS (133). Furthermore, the biomechanics also can influence the endocytic process. Qin et al. have found that disturbed flow in artery will accelerate the internalized process of nano-sized extracellular vesicles through activating ROS in ECs (80). Due to the important role in avoiding the phagocytosis from immunity, researchers have used macrophages-membrane to encapsule nanoparticles and can efficiently and safely inhibit the progression of atherosclerosis (134). Thus it is important to develop nanomedicine based on the mechanism of intracellular endocytosis.



7 Discussion

The mechano-environments of atherosclerotic plaques are complex and involve multiple factors for vascular homeostasis that control cell transcription and biological function. Endocytosis is a fundamental process in which vascular cells internalize nutrients, lipids and other molecules. However, the unexpected endocytosis of lipids and inflammatory molecules accelerates atherosclerosis via lipid accumulation and the formation of foam cells (56, 135). It is urgent to fully elucidate the interactions between biomechanical force and vascular endocytosis. Recent studies of the single-cell transcriptome and functional screening of membrane receptors have already revealed the role of biomechanics in vascular cell endocytosis in atherosclerosis. They presented a comprehensive single-cell atlas of all cells in the carotid artery under d-flow, identified previously unrecognized cell subpopulations and gene expression signatures. Long-term exposure of ECs to low laminar shear stress leads to enhanced Endoglin expression and endocytosis of Endoglin in Cav1-positive early endosomes, highlighting Cav-1 vesicles as a SMAD signaling compartment in cells exposed to low atheroprone laminar shear stress (85, 136). However, a challenge remains regarding how the signal transduction of biomechanical force to endocytosis in atherosclerosis is regulated via different pathways, responsive molecules and endocytosis-related proteins. Nevertheless, some researchers have explored whether biomechanical force regulates multiple pathways that are associated with mechanosensitive transcription factors that typically participate in the transcription of lipoprotein-transported proteins (137, 138). Moreover, cells are prefer to engulfing stiff nanoparticles which can easily achieve full wrapping (131). The size and stiffness of LDL also will decrease in acidic condition or oxidation which suggests cells may hard to engulf LDL particles (139, 140). Therefore, it is important to identify novel mechanosensitive pathways and dynamic processes of endocytosis in arteries.

The material transported by endocytosis is also essential for nanomedicine, which provides a targeted route for nanoparticles to enter and deliver cargo in cells. Due to the intracellular delivery of nanoparticles relying on vascular physiology, microenvironment and cell phenotype, it is important to select and design suitable nanomaterials to deliver drugs. Several studies of nanomedicine have found that the accumulation of nanoparticles in cells is influenced by the biomechanical environment in the vasculature. The engulfment of nanoparticles is associated with the shear stress of the vessels, and physiological changes in ECs under disturbed flow increase the accumulation of nanoparticles (141). Meanwhile, disturbed flow inducing oxidative stress can also promote the uptake of nanoscale materials (80). This flow-dependent accumulation is important for drug delivery during atherosclerosis, which is usually present at the vascular branch and downstream of curved regions. Researchers have also found that physiological cyclic stretch promotes the internalization of silica nanoparticles, which is related to cell stress and exocytotic events (142). Moreover, the changes in plasma membrane morphology by cyclic stretch will affect the distribution of actin and reduce the internalization of nanoparticles in VSMCs (143). Thus, understanding the role of nanoscale materials in endocytosis is important for investigating intracellular delivery and providing more targeted points for nanomedicine.

Overall, biomechanical force is an essential feature to regulate endocytosis that accommodates molecule and macromolecule trafficking and lipid metabolism in atherosclerosis. Endocytosis is not only important for nutrient uptake but also a primary route by which lipid particles enter cells. Here, we summarized the main endocytic process in atherosclerosis and described the interaction role of biomechanics and endocytosis in atherosclerosis. A consistent conclusion from these studies is that the changing biomechanics of the vasculature will result in disordered endocytosis, which is typically associated with lipoprotein transportation. Therefore, further analysis of pathophysiological endocytosis under biomechanical force will improve our understanding of the development of atherosclerosis and lead to the discovery of new therapeutic drugs and targets in atherosclerosis.



Author contributions

JW: Writing – original draft, Writing – review & editing, Investigation, Methodology. JX: Writing – original draft, Writing – review & editing, Investigation, Methodology. TL: Investigation, Project administration, Writing – review & editing. CY: Resources, Supervision, Writing – review & editing. FX: Investigation, Project administration, Writing – review & editing. GW: Resources, Writing – review & editing. SL: Methodology, Resources, Writing – review & editing. XD: Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article.

This work was supported by the China Postdoctoral Science Foundation (2023MD734198) to JW, the National Natural Science Foundation of China (82170420), Project of Central Guiding Local Scientific and Technological Development in Sichuan (2023ZYD0058) and Disciplinary Construction Innovation Team Foundation of Chengdu Medical College (CMCXK-2101) to XD, the Foundation of Chengdu Medical College and Chengdu Seventh Hospital Clinical Science Research innovation team (2022LHTD-04) to SL.



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. Libby P. The changing landscape of atherosclerosis. Nature. (2021) 592(7855):524–33. doi: 10.1038/s41586-021-03392-8

2. Souilhol C, Serbanovic-Canic J, Fragiadaki M, Chico TJ, Ridger V, Roddie H, et al. Endothelial responses to shear stress in atherosclerosis: a novel role for developmental genes. Nat Rev Cardiol. (2020) 17(1):52–63. doi: 10.1038/s41569-019-0239-5

3. Wu MY, Li CJ, Hou MF, Chu PY. New insights into the role of inflammation in the pathogenesis of atherosclerosis. Int J Mol Sci. (2017) 18(10):2034. doi: 10.3390/ijms18102034

4. Kenjereš S, van der Krieke JP, Li C. Endothelium resolving simulations of wall shear-stress dependent mass transfer of LDL in diseased coronary arteries. Comput Biol Med. (2019) 114:103453. doi: 10.1016/j.compbiomed.2019.103453

5. Manta CP, Leibing T, Friedrich M, Nolte H, Adrian M, Schledzewski K, et al. Targeting of scavenger receptors stabilin-1 and stabilin-2 ameliorates atherosclerosis by a plasma proteome switch mediating monocyte/macrophage suppression. Circulation. (2022) 146(23):1783–99. doi: 10.1161/CIRCULATIONAHA.121.058615

6. Mineo C. Lipoprotein receptor signalling in atherosclerosis. Cardiovasc Res. (2020) 116(7):1254–74. doi: 10.1093/cvr/cvz338

7. Andreone BJ, Chow BW, Tata A, Lacoste B, Ben-Zvi A, Bullock K, et al. Blood-brain barrier permeability is regulated by lipid transport-dependent suppression of caveolae-mediated transcytosis. Neuron. (2017) 94(3):581–94.e5. doi: 10.1016/j.neuron.2017.03.043

8. Doherty GJ, McMahon HT. Mechanisms of endocytosis. Annu Rev Biochem. (2009) 78:857–902. doi: 10.1146/annurev.biochem.78.081307.110540

9. Zanoni P, Velagapudi S, Yalcinkaya M, Rohrer L, von Eckardstein A. Endocytosis of lipoproteins. Atherosclerosis. (2018) 275:273–95. doi: 10.1016/j.atherosclerosis.2018.06.881

10. Apostolov EO, Shah SV, Ray D, Basnakian AG. Scavenger receptors of endothelial cells mediate the uptake and cellular proatherogenic effects of carbamylated LDL. Arterioscler Thromb Vasc Biol. (2009) 29(10):1622–30. doi: 10.1161/ATVBAHA.109.189795

11. Huang L, Chambliss KL, Gao X, Yuhanna IS, Behling-Kelly E, Bergaya S, et al. SR-B1 drives endothelial cell LDL transcytosis via DOCK4 to promote atherosclerosis. Nature. (2019) 569(7757):565–9. doi: 10.1038/s41586-019-1140-4

12. Grootaert MOJ, Moulis M, Roth L, Martinet W, Vindis C, Bennett MR, et al. Vascular smooth muscle cell death, autophagy and senescence in atherosclerosis. Cardiovasc Res. (2018) 114(4):622–34. doi: 10.1093/cvr/cvy007

13. Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell. (2011) 145(3):341–55. doi: 10.1016/j.cell.2011.04.005

14. Abifadel M, Varret M, Rabès JP, Allard D, Ouguerram K, Devillers M, et al. Mutations in PCSK9 cause autosomal dominant hypercholesterolemia. Nat Genet. (2003) 34(2):154–6. doi: 10.1038/ng1161

15. Llorente-Cortés V, Royo T, Otero-Viñas M, Berrozpe M, Badimon L. Sterol regulatory element binding proteins downregulate LDL receptor-related protein (LRP1) expression and LRP1-mediated aggregated LDL uptake by human macrophages. Cardiovasc Res. (2007) 74(3):526–36. doi: 10.1016/j.cardiores.2007.02.020

16. Badimon L, Luquero A, Crespo J, Peña E, Borrell-Pages M. PCSK9 and LRP5 in macrophage lipid internalization and inflammation. Cardiovasc Res. (2021) 117(9):2054–67. doi: 10.1093/cvr/cvaa254

17. Tacken PJ, de Beer F, van Vark LC, Havekes LM, Hofker MH, van Dijk KW. Very-low-density lipoprotein binding to the apolipoprotein E receptor 2 is enhanced by lipoprotein lipase, and does not require apolipoprotein E. Biochem J. (2000) 347:357–61. doi: 10.1042/bj3470357

18. Qu S, Feng N, Liu Z, Zhou H, Deng Y, Feng Z. The binding ability analysis of the normal VLDL receptor and its mutant. J Tongji Med Univ. (2001) 21(3):177–80. doi: 10.1007/BF02886422

19. Calvo D, Gómez-Coronado D, Suárez Y, Lasunción MA, Vega MA. Human CD36 is a high affinity receptor for the native lipoproteins HDL, LDL, and VLDL. J Lipid Res. (1998) 39(4):777–88. doi: 10.1016/S0022-2275(20)32566-9

20. Han J, Hajjar DP, Febbraio M, Nicholson AC. Native and modified low density lipoproteins increase the functional expression of the macrophage class B scavenger receptor, CD36. J Biol Chem. (1997) 272(34):21654–9. doi: 10.1074/jbc.272.34.21654

21. Zhou X, Chen X, Zhang L, Yuan J, Lin H, Zhu M, et al. Mannose-binding lectin reduces oxidized low-density lipoprotein induced vascular endothelial cells injury by inhibiting LOX1-ox-LDL binding and modulating autophagy. Biomedicines. (2023) 11(6):1743. doi: 10.3390/biomedicines11061743

22. Gan C, Wang K, Tang Q, Chen Y. Comparative investigation on the sizes and scavenger receptor binding of human native and modified lipoprotein particles with atomic force microscopy. J Nanobiotechnology. (2018) 16(1):25. doi: 10.1186/s12951-018-0352-3

23. Mahmoud MM, Kim HR, Xing R, Hsiao S, Mammoto A, Chen J, et al. TWIST1 integrates endothelial responses to flow in vascular dysfunction and atherosclerosis. Circ Res. (2016) 119(3):450–62. doi: 10.1161/CIRCRESAHA.116.308870

24. Pyle AL, Young PP. Atheromas feel the pressure: biomechanical stress and atherosclerosis. Am J Pathol. (2010) 177(1):4–9. doi: 10.2353/ajpath.2010.090615

25. Pedrigi RM, Poulsen CB, Mehta VV, Ramsing Holm N, Pareek N, Post AL, et al. Inducing persistent flow disturbances accelerates atherogenesis and promotes thin cap fibroatheroma development in D374Y-PCSK9 hypercholesterolemic minipigs. Circulation. (2015) 132(11):1003–12. doi: 10.1161/CIRCULATIONAHA.115.016270

26. Zhang K, Chen Y, Zhang T, Huang L, Wang Y, Yin T, et al. A novel role of Id1 in regulating oscillatory shear stress-mediated lipid uptake in endothelial cells. Ann Biomed Eng. (2018) 46(6):849–63. doi: 10.1007/s10439-018-2000-3

27. Douguet D, Patel A, Xu A, Vanhoutte PM, Honoré E. Piezo ion channels in cardiovascular mechanobiology. Trends Pharmacol Sci. (2019) 40(12):956–70. doi: 10.1016/j.tips.2019.10.002

28. Retailleau K, Duprat F, Arhatte M, Ranade SS, Peyronnet R, Martins JR, et al. Piezo1 in smooth muscle cells is involved in hypertension-dependent arterial remodeling. Cell Rep. (2015) 13(6):1161–71. doi: 10.1016/j.celrep.2015.09.072

29. Liu W, Zhang L, Gao Y, Liu K, Li Y, Liu C, et al. The association of arterial stiffness index with cerebrovascular and cardiometabolic disease: a Mendelian randomization study. Int J Stroke. (2022) 17(10):1145–50. doi: 10.1177/17474930211066432

30. Baranov MV, Olea RA, van den Bogaart G. Chasing uptake: super-resolution microscopy in endocytosis and phagocytosis. Trends Cell Biol. (2019) 29(9):727–39. doi: 10.1016/j.tcb.2019.05.006

31. Sahay G, Alakhova DY, Kabanov AV. Endocytosis of nanomedicines. J Control Release. (2010) 145(3):182–95. doi: 10.1016/j.jconrel.2010.01.036

32. McCluskey A, Daniel JA, Hadzic G, Chau N, Clayton EL, Mariana A, et al. Building a better dynasore: the dyngo compounds potently inhibit dynamin and endocytosis. Traffic. (2013) 14(12):1272–89. doi: 10.1111/tra.12119

33. Wang X, Yang Y, Zhang G, Tang CY, Law WC, Yu C, et al. NIR-cleavable and pH-responsive polymeric yolk-shell nanoparticles for controlled drug release. Biomacromolecules. (2023) 24(5):2009–21. doi: 10.1021/acs.biomac.2c01404

34. Huang JL, Jiang G, Song QX, Gu X, Hu M, Wang XL, et al. Lipoprotein-biomimetic nanostructure enables efficient targeting delivery of siRNA to ras-activated glioblastoma cells via macropinocytosis. Nat Commun. (2017) 8:15144. doi: 10.1038/ncomms15144

35. Smith CM, Haucke V, McCluskey A, Robinson PJ, Chircop M. Inhibition of clathrin by pitstop 2 activates the spindle assembly checkpoint and induces cell death in dividing HeLa cancer cells. Mol Cancer. (2013) 12:4. doi: 10.1186/1476-4598-12-4

36. Chellan B, Reardon CA, Getz GS, Hofmann Bowman MA. Enzymatically modified low-density lipoprotein promotes foam cell formation in smooth muscle cells via macropinocytosis and enhances receptor-mediated uptake of oxidized low-density lipoprotein. Arterioscler Thromb Vasc Biol. (2016) 36(6):1101–13. doi: 10.1161/ATVBAHA.116.307306

37. Tsimikas S. A test in context: lipoprotein(a): diagnosis, prognosis, controversies, and emerging therapies. J Am Coll Cardiol. (2017) 69(6):692–711. doi: 10.1016/j.jacc.2016.11.042

38. Kojima Y, Volkmer JP, McKenna K, Civelek M, Lusis AJ, Miller CL, et al. CD47-blocking antibodies restore phagocytosis and prevent atherosclerosis. Nature. (2016) 536(7614):86–90. doi: 10.1038/nature18935

39. McMahon HT, Boucrot E. Molecular mechanism and physiological functions of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol. (2011) 12(8):517–33. doi: 10.1038/nrm3151

40. Brodsky FM, Chen CY, Knuehl C, Towler MC, Wakeham DE. Biological basket weaving: formation and function of clathrin-coated vesicles. Annu Rev Cell Dev Biol. (2001) 17:517–68. doi: 10.1146/annurev.cellbio.17.1.517

41. Höning S, Ricotta D, Krauss M, Späte K, Spolaore B, Motley A, et al. Phosphatidylinositol-(4,5)-bisphosphate regulates sorting signal recognition by the clathrin-associated adaptor complex AP2. Mol Cell. (2005) 18(5):519–31. doi: 10.1016/j.molcel.2005.04.019

42. Zhao Z, Pompey S, Dong H, Weng J, Garuti R, Michaely P. S-nitrosylation of ARH is required for LDL uptake by the LDL receptor. J Lipid Res. (2013) 54(6):1550–9. doi: 10.1194/jlr.M033167

43. Tebar F, Sorkina T, Sorkin A, Ericsson M, Kirchhausen T. Eps15 is a component of clathrin-coated pits and vesicles and is located at the rim of coated pits. J Biol Chem. (1996) 271(46):28727–30. doi: 10.1074/jbc.271.46.28727

44. Joseph JG, Osorio C, Yee V, Agrawal A, Liu AP. Complimentary action of structured and unstructured domains of epsin supports clathrin-mediated endocytosis at high tension. Commun Biol. (2020) 3(1):743. doi: 10.1038/s42003-020-01471-6

45. van der Bliek AM, Redelmeier TE, Damke H, Tisdale EJ, Meyerowitz EM, Schmid SL. Mutations in human dynamin block an intermediate stage in coated vesicle formation. J Cell Biol. (1993) 122(3):553–63. doi: 10.1083/jcb.122.3.553

46. Sathe M, Muthukrishnan G, Rae J, Disanza A, Thattai M, Scita G, et al. Small GTPases and BAR domain proteins regulate branched actin polymerisation for clathrin and dynamin-independent endocytosis. Nat Commun. (2018) 9(1):1835. doi: 10.1038/s41467-018-03955-w

47. Wu M, Wu X. A kinetic view of clathrin assembly and endocytic cargo sorting. Curr Opin Cell Biol. (2021) 71:130–8. doi: 10.1016/j.ceb.2021.02.010

48. Beacham GM, Partlow EA, Hollopeter G. Conformational regulation of AP1 and AP2 clathrin adaptor complexes. Traffic. (2019) 20(10):741–51. doi: 10.1111/tra.12677

49. Izem L, Bialkowska K, Pluskota E, Das M, Das R, Nieman MT, et al. Plasminogen-induced foam cell formation by macrophages occurs through a histone 2B (H2B)-PAR1 pathway and requires integrity of clathrin-coated pits. J Thromb Haemost. (2021) 19(4):941–53. doi: 10.1111/jth.15253

50. Brophy ML, Dong Y, Tao H, Yancey PG, Song K, Zhang K, et al. Myeloid-specific deletion of epsins 1 and 2 reduces atherosclerosis by preventing LRP-1 downregulation. Circ Res. (2019) 124(4):e6–19. doi: 10.1161/CIRCRESAHA.118.313028

51. Potje SR, Paula TD, Paulo M, Bendhack LM. The role of glycocalyx and caveolae in vascular homeostasis and diseases. Front Physiol. (2020) 11:620840. doi: 10.3389/fphys.2020.620840

52. Pelkmans L, Zerial M. Kinase-regulated quantal assemblies and kiss-and-run recycling of caveolae. Nature. (2005) 436(7047):128–33. doi: 10.1038/nature03866

53. Parton RG, Simons K. The multiple faces of caveolae. Nat Rev Mol Cell Biol. (2007) 8(3):185–94. doi: 10.1038/nrm2122

54. Hao JW, Wang J, Guo H, Zhao YY, Sun HH, Li YF, et al. CD36 facilitates fatty acid uptake by dynamic palmitoylation-regulated endocytosis. Nat Commun. (2020) 11(1):4765. doi: 10.1038/s41467-020-18565-8

55. Hubert M, Larsson E, Vegesna NVG, Ahnlund M, Johansson AI, Moodie LW, et al. Lipid accumulation controls the balance between surface connection and scission of caveolae. Elife. (2020) 9:e55038. doi: 10.7554/eLife.55038

56. Ramírez CM, Zhang X, Bandyopadhyay C, Rotllan N, Sugiyama MG, Aryal B, et al. Caveolin-1 regulates atherogenesis by attenuating low-density lipoprotein transcytosis and vascular inflammation independently of endothelial nitric oxide synthase activation. Circulation. (2019) 140(3):225–39. doi: 10.1161/CIRCULATIONAHA.118.038571

57. Deng L, Vrieling F, Stienstra R, Hooiveld GJ, Feitsma AL, Kersten S. Macrophages take up VLDL-sized emulsion particles through caveolae-mediated endocytosis and excrete part of the internalized triglycerides as fatty acids. PLoS Biol. (2022) 20(8):e3001516. doi: 10.1371/journal.pbio.3001516

58. Bai X, Yang X, Jia X, Rong Y, Chen L, Zeng T, et al. CAV1-CAVIN1-LC3B-mediated autophagy regulates high glucose-stimulated LDL transcytosis. Autophagy. (2020) 16(6):1111–29. doi: 10.1080/15548627.2019.1659613

59. Zhang X, Ramírez CM, Aryal B, Madrigal-Matute J, Liu X, Diaz A, et al. Cav-1 (caveolin-1) deficiency increases autophagy in the endothelium and attenuates vascular inflammation and atherosclerosis. Arterioscler Thromb Vasc Biol. (2020) 40(6):1510–22. doi: 10.1161/ATVBAHA.120.314291

60. Gordon S. Phagocytosis: an immunobiologic process. Immunity. (2016) 44(3):463–75. doi: 10.1016/j.immuni.2016.02.026

61. Han CZ, Juncadella IJ, Kinchen JM, Buckley MW, Klibanov AL, Dryden K, et al. Macrophages redirect phagocytosis by non-professional phagocytes and influence inflammation. Nature. (2016) 539(7630):570–4. doi: 10.1038/nature20141

62. Zhou T, Zheng Y, Sun L, Badea SR, Jin Y, Liu Y, et al. Microvascular endothelial cells engulf myelin debris and promote macrophage recruitment and fibrosis after neural injury. Nat Neurosci. (2019) 22(3):421–35. doi: 10.1038/s41593-018-0324-9

63. Van Vré EA, Ait-Oufella H, Tedgui A, Mallat Z. Apoptotic cell death and efferocytosis in atherosclerosis. Arterioscler Thromb Vasc Biol. (2012) 32(4):887–93. doi: 10.1161/ATVBAHA.111.224873

64. Heo KS, Cushman HJ, Akaike M, Woo CH, Wang X, Qiu X, et al. ERK5 activation in macrophages promotes efferocytosis and inhibits atherosclerosis. Circulation. (2014) 130(2):180–91. doi: 10.1161/CIRCULATIONAHA.113.005991

65. Zhang J, Zhao X, Guo Y, Liu Z, Wei S, Yuan Q, et al. Macrophage ALDH2 (aldehyde dehydrogenase 2) stabilizing Rac2 is required for efferocytosis internalization and reduction of atherosclerosis development. Arterioscler Thromb Vasc Biol. (2022) 42(6):700–16. doi: 10.1161/ATVBAHA.121.317204

66. Shankman LS, Gomez D, Cherepanova OA, Salmon M, Alencar GF, Haskins RM, et al. KLF4-dependent phenotypic modulation of smooth muscle cells has a key role in atherosclerotic plaque pathogenesis. Nat Med. (2015) 21(6):628–37. doi: 10.1038/nm.3866

67. Mueller PA, Kojima Y, Huynh KT, Maldonado RA, Ye J, Tavori H, et al. Macrophage LRP1 (low-density lipoprotein receptor-related protein 1) is required for the effect of CD47 blockade on efferocytosis and atherogenesis-brief report. Arterioscler Thromb Vasc Biol. (2022) 42(1):e1–9. doi: 10.1161/ATVBAHA.121.316854

68. Stow JL, Hung Y, Wall AA. Macropinocytosis: insights from immunology and cancer. Curr Opin Cell Biol. (2020) 65:131–40. doi: 10.1016/j.ceb.2020.06.005

69. Mercer J, Helenius A. Virus entry by macropinocytosis. Nat Cell Biol. (2009) 11(5):510–20. doi: 10.1038/ncb0509-510

70. Chaves LD, Abyad S, Honan AM, Bryniarski MA, McSkimming DI, Stahura CM, et al. Unconjugated p-cresol activates macrophage macropinocytosis leading to increased LDL uptake. JCI Insight. (2021) 6(11):e144410. doi: 10.1172/jci.insight.144410

71. Malik J, Novakova L, Valerianova A, Chytilova E, Lejsek V, Buryskova Salajova K, et al. Wall shear stress alteration: a local risk factor of atherosclerosis. Curr Atheroscler Rep. (2022) 24(3):143–51. doi: 10.1007/s11883-022-00993-0

72. Albarrán-Juárez J, Iring A, Wang S, Joseph S, Grimm M, Strilic B, et al. Piezo1 and G(q)/G(11) promote endothelial inflammation depending on flow pattern and integrin activation. J Exp Med. (2018) 215(10):2655–72. doi: 10.1084/jem.20180483

73. Sangwung P, Zhou G, Nayak L, Chan ER, Kumar S, Kang DW, et al. KLF2 and KLF4 control endothelial identity and vascular integrity. JCI Insight. (2017) 2(4):e91700. doi: 10.1172/jci.insight.91700

74. Wang KC, Yeh YT, Nguyen P, Limqueco E, Lopez J, Thorossian S, et al. Flow-dependent YAP/TAZ activities regulate endothelial phenotypes and atherosclerosis. Proc Natl Acad Sci U S A. (2016) 113(41):11525–30. doi: 10.1073/pnas.1613121113

75. Kang H, Yang J, Zhang W, Lu J, Ma X, Sun A, et al. Effect of endothelial glycocalyx on water and LDL transport through the rat abdominal aorta. Am J Physiol Heart Circ Physiol. (2021) 320(4):H1724–37. doi: 10.1152/ajpheart.00861.2020

76. He L, Zhang CL, Chen Q, Wang L, Huang Y. Endothelial shear stress signal transduction and atherogenesis: from mechanisms to therapeutics. Pharmacol Ther. (2022) 235:108152. doi: 10.1016/j.pharmthera.2022.108152

77. Niwa K, Sakai J, Karino T, Aonuma H, Watanabe T, Ohyama T, et al. Reactive oxygen species mediate shear stress-induced fluid-phase endocytosis in vascular endothelial cells. Free Radic Res. (2006) 40(2):167–74. doi: 10.1080/10715760500474287

78. Chen X, Xia Q, Sun N, Zhou H, Xu Z, Yang X, et al. Shear stress enhances anoikis resistance of cancer cells through ROS and NO suppressed degeneration of caveolin-1. Free Radic Biol Med. (2022) 193(Pt 1):95–107. doi: 10.1016/j.freeradbiomed.2022.10.271

79. Yu J, Bergaya S, Murata T, Alp IF, Bauer MP, Lin MI, et al. Direct evidence for the role of caveolin-1 and caveolae in mechanotransduction and remodeling of blood vessels. J Clin Invest. (2006) 116(5):1284–91. doi: 10.1172/JCI27100

80. Qin X, Zhang K, Qiu J, Wang N, Qu K, Cui Y, et al. Uptake of oxidative stress-mediated extracellular vesicles by vascular endothelial cells under low magnitude shear stress. Bioact Mater. (2022) 9:397–410. doi: 10.1016/j.bioactmat.2021.10.038

81. Pfenniger A, Meens MJ, Pedrigi RM, Foglia B, Sutter E, Pelli G, et al. Shear stress-induced atherosclerotic plaque composition in ApoE(-/-) mice is modulated by connexin37. Atherosclerosis. (2015) 243(1):1–10. doi: 10.1016/j.atherosclerosis.2015.08.029

82. Thilo F, Vorderwülbecke BJ, Marki A, Krueger K, Liu Y, Baumunk D, et al. Pulsatile atheroprone shear stress affects the expression of transient receptor potential channels in human endothelial cells. Hypertension. (2012) 59(6):1232–40. doi: 10.1161/HYPERTENSIONAHA.111.183608

83. Liang SJ, Zeng DY, Mai XY, Shang JY, Wu QQ, Yuan JN, et al. Inhibition of orai1 store-operated calcium channel prevents foam cell formation and atherosclerosis. Arterioscler Thromb Vasc Biol. (2016) 36(4):618–28. doi: 10.1161/ATVBAHA.116.307344

84. Yao CK, Liu YT, Lee IC, Wang YT, Wu PY. A Ca2+ channel differentially regulates clathrin-mediated and activity-dependent bulk endocytosis. PLoS Biol. (2017) 15(4):e2000931. doi: 10.1371/journal.pbio.2000931

85. Li FC, Yan KM, Wu LL, Zheng Z, Du Y, Liu ZT, et al. Single-cell RNA-seq reveals cellular heterogeneity of mouse carotid artery under disturbed flow. Cell Death Discov. (2021) 7(1):180. doi: 10.1038/s41420-021-00567-0

86. Singh RK, Haka AS, Bhardwaj P, Zha X, Maxfield FR. Dynamic actin reorganization and vav/Cdc42-dependent actin polymerization promote macrophage aggregated LDL (low-density lipoprotein) uptake and catabolism. Arterioscler Thromb Vasc Biol. (2019) 39(2):137–49. doi: 10.1161/ATVBAHA.118.312087

87. Tzima E. Role of small GTPases in endothelial cytoskeletal dynamics and the shear stress response. Circ Res. (2006) 98(2):176–85. doi: 10.1161/01.RES.0000200162.94463.d7

88. Yamashiro Y, Yanagisawa H. The molecular mechanism of mechanotransduction in vascular homeostasis and disease. Clin Sci (Lond). (2020) 134(17):2399–418. doi: 10.1042/CS20190488

89. Le VP, Knutsen RH, Mecham RP, Wagenseil JE. Decreased aortic diameter and compliance precedes blood pressure increases in postnatal development of elastin-insufficient mice. Am J Physiol Heart Circ Physiol. (2011) 301(1):H221–9. doi: 10.1152/ajpheart.00119.2011

90. Zhao T, Parmisano S, Soroureddin Z, Zhao M, Yung L, Thistlethwaite PA, et al. Mechanosensitive cation currents through TRPC6 and Piezo1 channels in human pulmonary arterial endothelial cells. Am J Physiol Cell Physiol. (2022) 323(4):C959–73. doi: 10.1152/ajpcell.00313.2022

91. Wang BW, Chang H, Lin S, Kuan P, Shyu KG. Induction of matrix metalloproteinases-14 and -2 by cyclical mechanical stretch is mediated by tumor necrosis factor-alpha in cultured human umbilical vein endothelial cells. Cardiovasc Res. (2003) 59(2):460–9. doi: 10.1016/S0008-6363(03)00428-0

92. Vorisek C, Weixler V, Dominguez M, Axt-Fliedner R, Hammer PE, Lin RZ, et al. Mechanical strain triggers endothelial-to-mesenchymal transition of the endocardium in the immature heart. Pediatr Res. (2022) 92(3):721–8. doi: 10.1038/s41390-021-01843-6

93. Liu G, Hitomi H, Hosomi N, Lei B, Nakano D, Deguchi K, et al. Mechanical stretch augments insulin-induced vascular smooth muscle cell proliferation by insulin-like growth factor-1 receptor. Exp Cell Res. (2011) 317(17):2420–8. doi: 10.1016/j.yexcr.2011.07.016

94. Morrow D, Sweeney C, Birney YA, Cummins PM, Walls D, Redmond EM, et al. Cyclic strain inhibits notch receptor signaling in vascular smooth muscle cells in vitro. Circ Res. (2005) 96(5):567–75. doi: 10.1161/01.RES.0000159182.98874.43

95. Sen U, Moshal KS, Singh M, Tyagi N, Tyagi SC. Homocysteine-induced biochemical stress predisposes to cytoskeletal remodeling in stretched endothelial cells. Mol Cell Biochem. (2007) 302(1–2):133–43. doi: 10.1007/s11010-007-9435-4

96. Wung BS, Cheng JJ, Chao YJ, Hsieh HJ, Wang DL. Modulation of ras/raf/extracellular signal-regulated kinase pathway by reactive oxygen species is involved in cyclic strain-induced early growth response-1 gene expression in endothelial cells. Circ Res. (1999) 84(7):804–12. doi: 10.1161/01.RES.84.7.804

97. Zampetaki A, Zhang Z, Hu Y, Xu Q. Biomechanical stress induces IL-6 expression in smooth muscle cells via ras/Rac1-p38 MAPK-NF-kappaB signaling pathways. Am J Physiol Heart Circ Physiol. (2005) 288(6):H2946–54. doi: 10.1152/ajpheart.00919.2004

98. Tang X, Liu Y, Xiao Q, Yao Q, Allen M, Wang Y, et al. Pathological cyclic strain promotes proliferation of vascular smooth muscle cells via the ACTH/ERK/STAT3 pathway. J Cell Biochem. (2018) 119(10):8260–70. doi: 10.1002/jcb.26839

99. Daoud F, Arévalo Martinez M, Holmberg J, Alajbegovic A, Ali N, Rippe C, et al. YAP and TAZ in vascular smooth muscle confer protection against hypertensive vasculopathy. Arterioscler Thromb Vasc Biol. (2022) 42(4):428–43. doi: 10.1161/ATVBAHA.121.317365

100. Abiko H, Fujiwara S, Ohashi K, Hiatari R, Mashiko T, Sakamoto N, et al. Rho guanine nucleotide exchange factors involved in cyclic-stretch-induced reorientation of vascular endothelial cells. J Cell Sci. (2015) 128(9):1683–95. doi: 10.1242/jcs.157503

101. Martinac B, Poole K. Mechanically activated ion channels. Int J Biochem Cell Biol. (2018) 97:104–7. doi: 10.1016/j.biocel.2018.02.011

102. Ratz PH. Mechanics of vascular smooth muscle. Compr Physiol. (2015) 6(1):111–68. doi: 10.1002/cphy.c140072

103. Ribeiro-Silva JC, Miyakawa AA, Krieger JE. Focal adhesion signaling: vascular smooth muscle cell contractility beyond calcium mechanisms. Clin Sci (Lond). (2021) 135(9):1189–207. doi: 10.1042/CS20201528

104. Steucke KE, Tracy PV, Hald ES, Hall JL, Alford PW. Vascular smooth muscle cell functional contractility depends on extracellular mechanical properties. J Biomech. (2015) 48(12):3044–51. doi: 10.1016/j.jbiomech.2015.07.029

105. Zheng TF, Liu XL, Li X, Wang QQ, Zhao YC, Li X, et al. Dickkopf-1 promotes vascular smooth muscle cell proliferation and migration through upregulating UHRF1 during cyclic stretch application. Int J Biol Sci. (2021) 17(5):1234–49. doi: 10.7150/ijbs.56247

106. Zhong HY, Yuan C, Liu XL, Wang QQ, Li X, Zhao YC, et al. Mechanical stretch aggravates vascular smooth muscle cell apoptosis and vascular remodeling by downregulating EZH2. Int J Biochem Cell Biol. (2022) 151:106278. doi: 10.1016/j.biocel.2022.106278

107. James BD, Allen JB. Vascular endothelial cell behavior in complex mechanical microenvironments. ACS Biomater Sci Eng. (2018) 4(11):3818–42. doi: 10.1021/acsbiomaterials.8b00628

108. Lacolley P, Regnault V, Segers P, Laurent S. Vascular smooth muscle cells and arterial stiffening: relevance in development, aging, and disease. Physiol Rev. (2017) 97(4):1555–617. doi: 10.1152/physrev.00003.2017

109. Dartsch PC, Betz E. Response of cultured endothelial cells to mechanical stimulation. Basic Res Cardiol. (1989) 84(3):268–81. doi: 10.1007/BF01907974

110. Cheng J, Zhang J, Merched A, Zhang L, Zhang P, Truong L, et al. Mechanical stretch inhibits oxidized low density lipoprotein-induced apoptosis in vascular smooth muscle cells by up-regulating integrin alphavbeta3 and stablization of PINCH-1. J Biol Chem. (2007) 282(47):34268–75. doi: 10.1074/jbc.M703115200

111. Gupta V, Grande-Allen KJ. Effects of static and cyclic loading in regulating extracellular matrix synthesis by cardiovascular cells. Cardiovasc Res. (2006) 72(3):375–83. doi: 10.1016/j.cardiores.2006.08.017

112. Meyer G, Merval R, Tedgui A. Effects of pressure-induced stretch and convection on low-density lipoprotein and albumin uptake in the rabbit aortic wall. Circ Res. (1996) 79(3):532–40. doi: 10.1161/01.RES.79.3.532

113. Inoue N, Kawashima S, Hirata KI, Rikitake Y, Takeshita S, Yamochi W, et al. Stretch force on vascular smooth muscle cells enhances oxidation of LDL via superoxide production. Am J Physiol. (1998) 274(6):H1928–32. doi: 10.1152/ajpheart.1998.274.6.H1928

114. Akagi M, Nishimura S, Yoshida K, Kakinuma T, Sawamura T, Munakata H, et al. Cyclic tensile stretch load and oxidized low density lipoprotein synergistically induce lectin-like oxidized ldl receptor-1 in cultured bovine chondrocytes, resulting in decreased cell viability and proteoglycan synthesis. J Orthop Res. (2006) 24(8):1782–90. doi: 10.1002/jor.20211

115. Riggi M, Bourgoint C, Macchione M, Matile S, Loewith R, Roux A. TORC2 controls endocytosis through plasma membrane tension. J Cell Biol. (2019) 218(7):2265–76. doi: 10.1083/jcb.201901096

116. Palombo C, Kozakova M. Arterial stiffness, atherosclerosis and cardiovascular risk: pathophysiologic mechanisms and emerging clinical indications. Vascul Pharmacol. (2016) 77:1–7. doi: 10.1016/j.vph.2015.11.083

117. Pewowaruk RJ, Korcarz C, Tedla Y, Burke G, Greenland P, Wu C, et al. Carotid artery stiffness mechanisms associated with cardiovascular disease events and incident hypertension: the multi-ethnic study of atherosclerosis (MESA). Hypertension. (2022) 79(3):659–66. doi: 10.1161/HYPERTENSIONAHA.121.18772

118. Wang Y, Shi R, Zhai R, Yang S, Peng T, Zheng F, et al. Matrix stiffness regulates macrophage polarization in atherosclerosis. Pharmacol Res. (2022) 179:106236. doi: 10.1016/j.phrs.2022.106236

119. Kucherenko MM, Sang P, Yao J, Gransar T, Dhital S, Grune J, et al. Elastin stabilization prevents impaired biomechanics in human pulmonary arteries and pulmonary hypertension in rats with left heart disease. Nat Commun. (2023) 14(1):4416. doi: 10.1038/s41467-023-39934-z

120. Durham AL, Speer MY, Scatena M, Giachelli CM, Shanahan CM. Role of smooth muscle cells in vascular calcification: implications in atherosclerosis and arterial stiffness. Cardiovasc Res. (2018) 114(4):590–600. doi: 10.1093/cvr/cvy010

121. Chen W, Tian B, Liang J, Yu S, Zhou Y, Li S. Matrix stiffness regulates the interactions between endothelial cells and monocytes. Biomaterials. (2019) 221:119362. doi: 10.1016/j.biomaterials.2019.119362

122. Mao X, Tan Y, Wang H, Li S, Zhou Y. Substrate stiffness regulates cholesterol efflux in smooth muscle cells. Front Cell Dev Biol. (2021) 9:648715. doi: 10.3389/fcell.2021.648715

123. Li X, Klausen LH, Zhang W, Jahed Z, Tsai CT, Li TL, et al. Nanoscale surface topography reduces focal adhesions and cell stiffness by enhancing integrin endocytosis. Nano Lett. (2021) 21(19):8518–26. doi: 10.1021/acs.nanolett.1c01934

124. Agarwal M, Biswas P, Bhattacharya A, Sinha DK. Reactive oxygen species-mediated cytoplasmic stiffening impairs the phagocytic ability of the macrophage. J Cell Sci. (2020) 133(5):jcs236471. doi: 10.1242/jcs.236471

125. Ammanamanchi M, Maurer M, Hayenga HN. Inflammation drives stiffness mediated uptake of lipoproteins in primary human macrophages and foam cell proliferation. Ann Biomed Eng. (2021) 49(12):3425–37. doi: 10.1007/s10439-021-02881-1

126. Li J, Wang S, Li Y, Zhang N, Gribskov M, Zhang X, et al. miRNA-mediated macrophage behaviors responding to matrix stiffness and ox-LDL. J Cell Physiol. (2020) 235(9):6139–53. doi: 10.1002/jcp.29543

127. Goswami R, Merth M, Sharma S, Alharbi MO, Aranda-Espinoza H, Zhu X, et al. TRPV4 calcium-permeable channel is a novel regulator of oxidized LDL-induced macrophage foam cell formation. Free Radic Biol Med. (2017) 110:142–50. doi: 10.1016/j.freeradbiomed.2017.06.004

128. Moreno-Vicente R, Pavón DM, Martín-Padura I, Català-Montoro M, Díez-Sánchez A, Quílez-Álvarez A, et al. Caveolin-1 modulates mechanotransduction responses to substrate stiffness through actin-dependent control of YAP. Cell Rep. (2018) 25(6):1622–35.e6. doi: 10.1016/j.celrep.2018.10.024

129. Le Master E, Paul A, Lazarko D, Aguilar V, Ahn SJ, Lee JC, et al. Caveolin-1 is a primary determinant of endothelial stiffening associated with dyslipidemia, disturbed flow, and ageing. Sci Rep. (2022) 12(1):17822. doi: 10.1038/s41598-022-20713-7

130. Lachowski D, Matellan C, Gopal S, Cortes E, Robinson BK, Saiani A, et al. Substrate stiffness-driven membrane tension modulates vesicular trafficking via caveolin-1. ACS Nano. (2022) 16(3):4322–37. doi: 10.1021/acsnano.1c10534

131. Zhang S, Gao H, Bao G. Physical principles of nanoparticle cellular endocytosis. ACS Nano. (2015) 9(9):8655–71. doi: 10.1021/acsnano.5b03184

132. Xu J, Wang J, Chen Y, Hou Y, Hu J, Wang G. Recent advances of natural and bioengineered extracellular vesicles and their application in vascular regeneration. Regen Biomater. (2022) 9:rbac064. doi: 10.1093/rb/rbac064

133. Hu R, Dai C, Dong C, Ding L, Huang H, Chen Y, et al. Living macrophage-delivered tetrapod PdH nanoenzyme for targeted atherosclerosis management by ROS scavenging, hydrogen anti-inflammation, and autophagy activation. ACS Nano. (2022) 16(10):15959–76. doi: 10.1021/acsnano.2c03422

134. Wang Y, Zhang K, Li T, Maruf A, Qin X, Luo L, et al. Macrophage membrane functionalized biomimetic nanoparticles for targeted anti-atherosclerosis applications. Theranostics. (2021) 11(1):164–80. doi: 10.7150/thno.47841

135. Patel KM, Strong A, Tohyama J, Jin X, Morales CR, Billheimer J, et al. Macrophage sortilin promotes LDL uptake, foam cell formation, and atherosclerosis. Circ Res. (2015) 116(5):789–96. doi: 10.1161/CIRCRESAHA.116.305811

136. Mendez PL, Obendorf L, Jatzlau J, Burdzinski W, Reichenbach M, Nageswaran V, et al. Atheroprone fluid shear stress-regulated ALK1-endoglin-SMAD signaling originates from early endosomes. BMC Biol. (2022) 20(1):210. doi: 10.1186/s12915-022-01396-y

137. Chen JL, Lu XJ, Zou KL, Ye K. Krüppel-like factor 2 promotes liver steatosis through upregulation of CD36. J Lipid Res. (2014) 55(1):32–40. doi: 10.1194/jlr.M039453

138. Mwaikambo BR, Yang C, Chemtob S, Hardy P. Hypoxia up-regulates CD36 expression and function via hypoxia-inducible factor-1- and phosphatidylinositol 3-kinase-dependent mechanisms. J Biol Chem. (2009) 284(39):26695–707. doi: 10.1074/jbc.M109.033480

139. Wang K, Li Y, Luo C, Chen Y. Dynamic AFM detection of the oxidation-induced changes in size, stiffness, and stickiness of low-density lipoprotein. J Nanobiotechnology. (2020) 18(1):167. doi: 10.1186/s12951-020-00727-x

140. Wang K, Gan C, Wang H, Ao M, Fan Y, Chen Y. AFM detects the effects of acidic condition on the size and biomechanical properties of native/oxidized low-density lipoprotein. Colloids Surf B Biointerfaces. (2021) 208:112053. doi: 10.1016/j.colsurfb.2021.112053

141. Gomez-Garcia MJ, Doiron AL, Steele RRM, Labouta HI, Vafadar B, Shepherd RD, et al. Nanoparticle localization in blood vessels: dependence on fluid shear stress, flow disturbances, and flow-induced changes in endothelial physiology. Nanoscale. (2018) 10(32):15249–61. doi: 10.1039/C8NR03440K

142. Freese C, Schreiner D, Anspach L, Bantz C, Maskos M, Unger RE, et al. In vitro investigation of silica nanoparticle uptake into human endothelial cells under physiological cyclic stretch. Part Fibre Toxicol. (2014) 11:68. doi: 10.1186/s12989-014-0068-y

143. Tsai CL, Huang CY, Lu YC, Pai LM, Horák D, Ma YH. Cyclic strain mitigates nanoparticle internalization by vascular smooth muscle cells. Int J Nanomedicine. (2022) 17:969–81. doi: 10.2147/IJN.S337942












	
	TYPE Systematic Review

PUBLISHED 29 April 2024
DOI 10.3389/fcvm.2024.1332925






[image: image2]

Automatic assessment of atherosclerotic plaque features by intracoronary imaging: a scoping review

Flavio Giuseppe Biccirè, Dominik Mannhart, Ryota Kakizaki, Stephan Windecker, Lorenz Räber and George C. M. Siontis*

Department of Cardiology, Bern University Hospital, University of Bern, Bern, Switzerland

EDITED BY
Tommaso Gori, Johannes Gutenberg University Mainz, Germany

REVIEWED BY
Edouard Gerbaud, Université de Bordeaux, France
Anastasios Apostolos, National and Kapodistrian University of Athens, Greece

*CORRESPONDENCE George C. M. Siontis georgios.siontis@insel.ch

RECEIVED 03 November 2023
ACCEPTED 01 April 2024
PUBLISHED 29 April 2024

CITATION Biccirè FG, Mannhart D, Kakizaki R, Windecker S, Räber L and Siontis GCM (2024) Automatic assessment of atherosclerotic plaque features by intracoronary imaging: a scoping review.
Front. Cardiovasc. Med. 11:1332925.
doi: 10.3389/fcvm.2024.1332925

COPYRIGHT © 2024 Biccirè, Mannhart, Kakizaki, Windecker, Räber and Siontis. 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 diagnostic performance and clinical validity of automatic intracoronary imaging (ICI) tools for atherosclerotic plaque assessment have not been systematically investigated so far.



Methods: We performed a scoping review including studies on automatic tools for automatic plaque components assessment by means of optical coherence tomography (OCT) or intravascular imaging (IVUS). We summarized study characteristics and reported the specifics and diagnostic performance of developed tools.



Results: Overall, 42 OCT and 26 IVUS studies fulfilling the eligibility criteria were found, with the majority published in the last 5 years (86% of the OCT and 73% of the IVUS studies). A convolutional neural network deep-learning method was applied in 71% of OCT- and 34% of IVUS-studies. Calcium was the most frequent plaque feature analyzed (26/42 of OCT and 12/26 of IVUS studies), and both modalities showed high discriminatory performance in testing sets [range of area under the curve (AUC): 0.91–0.99 for OCT and 0.89–0.98 for IVUS]. Lipid component was investigated only in OCT studies (n = 26, AUC: 0.82–0.86). Fibrous cap thickness or thin-cap fibroatheroma were mainly investigated in OCT studies (n = 8, AUC: 0.82–0.94). Plaque burden was mainly assessed in IVUS studies (n = 15, testing set AUC reported in one study: 0.70).



Conclusion: A limited number of automatic machine learning-derived tools for ICI analysis is currently available. The majority have been developed for calcium detection for either OCT or IVUS images. The reporting of the development and validation process of automated intracoronary imaging analyses is heterogeneous and lacks critical information.



Systematic Review Registration: Open Science Framework (OSF), https://osf.io/nps2b/.
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Introduction

Since its advent in the early 1990s, intracoronary imaging (ICI) has become a mainstay clinical and research tool able to expand luminal information derived from conventional invasive coronary angiography to the description of the vascular wall components (1, 2). The two most commonly used ICI modalities, namely intravascular ultrasound (IVUS) and optical coherence tomography (OCT), are able to provide detailed intracoronary images, allowing adequate characterization of plaque components, which has been shown to be critical in percutaneous coronary interventions (2–6). Accordingly, the most recent international guidelines have upgraded their endorsement for ICI use during clinical practice (7), especially in specific settings such as left main disease and bifurcations (8, 9).

The use of ICI has also been applied to identify coronary lesions with high-risk plaque features related to future coronary events: a large plaque burden, an extensive lipid component and a thin fibrous cap (10–12).

Past studies conducted in a core laboratory setting have shown a high inter- and intra-observer reproducibility for IVUS and OCT image assessment (13–17). However, the interpretation of coronary plaque features by means of ICI in routine clinical practice remains challenging, and the use of a central core laboratory analysis has been suggested to achieve more reproducible ICI evaluation (2, 18–20). To overcome these limitations, substantial efforts have been made to develop innovative ICI build-in software able to provide an automatic assessment of coronary plaque features and guide clinical decisions. The application of automatic IC imaging analysis tools is constantly increasing (21–23). However, a lot of uncertainties persist, and, to date, the availability and diagnostic performance of these novel technologies has not been systematically investigated. Against this background, we systematically summarized the available tools for automatic evaluation of ICI modalities, compared the diagnostic accuracy, and mapped the development and validation process of those tools.



Methods

This study is reported according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Extension for Scoping Reviews (PRISMA-ScR) (24) and synthesis without meta-analysis (SWiM) (25) statements. Patients and the public were not involved in the design, conduct, reporting, or dissemination plans of this study. Ethical approval was not required for this scoping review as primary data were not collected. The study was conducted based on a prespecified protocol, and was registered in the Open Science Framework (OSF) (https://osf.io/nps2b/).


Diagnostic imaging modalities of interest

We included studies reporting automatic OCT or IVUS assessment as these are the most broadly used ICI modalities in daily clinical practice. The OCT technique is increasingly used and, thanks to its 10–20 microns axial resolution, enables precise visualization of the coronary wall and atherosclerotic plaque components such as calcium burden, lipid accumulation, fibrous tissue and macrophage accumulation (2). The IVUS technique offers grayscale images with an axial resolution of 80–120 μm and a penetration depth of 4–8 mm. Deep penetration allows the acquisition of tomographic images of the entire coronary vessel wall, especially plaque burden (the percentage of plaque area within the entire vessel area) and calcification (2).



Literature search strategies

We conducted a systematic review of the literature searching MEDLINE via PubMed and Embase database using a combination of the following keywords: “optical coherence tomography”, “intravascular ultrasound”, “artificial”, “intelligence”, “machine”, “learning”, “neural network”, “deep”, “learning”, “lipid*”, “calci*”, “fibrot*” or “hierarchical”. Detailed search algorithms are provided in the Supplementary Appendix Section 1. As very recent topic with most of the automatic tools only developed in the last few years, the research strategy, performed according to PRISMA guidelines, included only recent literature on the topic and limited inclusion to studies published after January 1, 2010.



Study selection process

The study selection was performed in sequential phases. In the first phase, relevant studies in title and abstract level were obtained by combined searches of electronic databases using the above-mentioned keywords. In the second phase, potentially eligible studies were reviewed to assess the appropriateness with the study question in full text. In February 2023, two investigators (FGB and DM) independently screened titles and abstracts of identified manuscripts through the online database searches for eligibility. The same reviewers reviewed the potentially eligible studies for appropriateness and completeness in full text. The reviewers scrutinized the eligible manuscripts and extracted the required data independently. Disagreements were resolved in consensus with a third investigator (GCMS).



Inclusion and exclusion criteria in study level

We included studies reporting development or validation of an automatic tool assessment of IVUS or OCT images. We considered eligible studies that recruited patients with coronary artery disease undergoing coronary artery wall/plaque evaluation by means of OCT or IVUS of native coronaries arteries. We included in-vivo and ex-vivo studies reporting validation and clinical application of OCT/IVUS software able to obtain an automatic assessment of native coronary wall tissue and plaque components. We included studies of any design, prospective/retrospective diagnostic studies and post-hoc analysis reporting validation of automatic ICI software compared to manual assessment, core laboratory evaluation or pathological findings (specimen). We did not consider studies that evaluated the diagnostic performance of automatic tools on stent evaluation. We also excluded studies of non-original design and experimental studies.



Imaging features of interest

Imaging features of interest were defined as coronary wall and plaque components considered relevant in clinical practice and research. Appropriate recognition and evaluation of such features in ICI images is mandatory to succeed precision and appropriate guide the treatment strategy in patient level (2). More specific, we focused on the following features: calcium, lipid, fibrotic tissue, plaque burden, fibrous cap thickness, pathological intimal thickening, neovascularization, macrophage infiltration, calcified nodules, cholesterol crystals and microchannels. Automatic evaluation of coronary lesion with the proposed automatic tools may result in reproducible and faster ICI assessment.



Data extraction and charting

From the main report and any accompanied material of each eligible study, we extracted the following information: first author, year of publication, recruitment period, study design (retrospective vs. prospective), funding source(s), previously published study protocol, dataset (ad hoc enrollment or sub-analysis of previous datasets), clinical setting, sample size, number of coronary segments evaluated), the specific imaging methods with details on imaging acquirement (OCT: domain [time vs. frequency], manufacturer, pullback speed; IVUS: imaging system, manufacturer, transducer frequency [MHz], pullback speed, applied technique to assess wall composition [i.e., grey scale or virtual histology)], applied machine learning methods for automated tool development (training), testing/validation methods (testing/external), imaging features considered (calcium, lipid, fibrotic tissue, plaque burden, fibrous cap thickness, pathological intimal thickening, neovascularization, macrophage infiltration, calcified nodules, cholesterol crystals and microchannels), FDA/EC/EMA approval of the automatic tool. We captured how the definition/diagnosis of the imaging feature(s) of interest was justified (i.e., independent evaluators). The following quantitative discriminatory metrics were extracted: sensitivity, specificity, and diagnostic accuracy (AUC).



Data analysis and qualitative synthesis

We summarized descriptive characteristics of the studies in separate for IVUS and OCT automatic tools. We provided an overview of the available automatic tools, their characteristics and reported diagnostic performance for identification of the ICI features of interest. We evaluated the changes in diagnostic performance between the development (training and testing data set) and validation process of the automatic tools, when available. Values were considered to refer to the testing set only if clearly specified.




Results


Study selection process

The study selection flow-chart is provided in Figure 1. The literature search resulted in 9,649 citations. After screening in title and abstract level, we identified 318 potentially eligible reports, which were further evaluated in full text. Seventy-five study reports were deemed eligible. Of those, 7 reports were further excluded because of overlapping cohort populations. Finally, 68 reports were included in the scoping review (42 and 26 reports on OCT and IVUS automatic tools respectively) (Supplementary Appendix Section 2 and 3).
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FIGURE 1
Study selection flow-chart.




Study and automatic ICI tools characteristics

Table 1 summarizes study level characteristics of studies reporting automatic evaluation of images acquired by either OCT or IVUS. Detailed characteristics for each study are provided in the Supplementary Appendix Section 2 (Supplementary Tables 1, 2).


TABLE 1 Study level characteristics of studies reporting on tools of automatic evaluation of images acquired by OCT or IVUS.
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OCT studies

Among the 42 OCT studies, the majority were published during the period 2017 to 2022 (36 studies), with only 7 studies published between 2010 and 2016 (Table 1, Supplementary Table S1). The distribution of corresponding publications over time is illustrated in the Central Illustration. All but one study had a retrospective design, and a total of 3,959 subjects (median [IQR] of 42 [18–68]) were examined (total number of coronary segments 4,662 [49 (28–83)]. Thirty-six studies reported non-industry funding. Study protocols were available in one third of the studies. None of the automatic algorithms was accepted for clinical use at the time of the study publication. Eight studies used pathological validation to develop the automated tool. The most common machine learning method to develop the imaging analysis algorithms was the CCN method (71%). A testing dataset was available in 38 out of 42 studies.



IVUS studies

Of the 26 IVUS studies, 19 were published during the period 2017 to 2022 (Table 1, Central Illustration). Study level characteristics are reported in Supplementary Table S2. All had a retrospective design. Information on approval for clinical use was not provided for any of the newly developed tools. Only one study used histology as the reference method for validation, and approval for clinical use was not reported in any manuscript. A study protocol was missing for the vast majority of the studies. The median (IQR) study sample size was 18 (10–42), with median (IQR) number of assessed coronary segments of 350 (132–557). Among IVUS studies, the preferred machine learning method for developing the automatic imaging tool was other than CNN. Only in 34% of the studies, CNN was primarily applied for algorithm development. The algorithm was evaluated in a testing set in 24 out of 26 studies.




Imaging characteristics assessed with automated ICI tools

As summarized in Table 2, calcium was the most commonly studied plaque feature (26 out of 42 OCT studies and 12 out of 26 IVUS studies). The other three plaque features examined by both OCT and IVUS modalities were plaque burden (4 and 15, respectively), fibrotic tissue (13 and 1, respectively) and fibrous cap thickness/thin cap fibroatheroma (TCFA) (7 and 2, respectively). OCT studies also reported automated tools for the assessment of lipid components (26 studies), pathologic intimal thickening (4 studies), neovascularization (3 studies), macrophages (3 studies), calcified nodules (1 study), cholesterol crystals (1 study), and microchannels (1 study).


TABLE 2 Intracoronary imaging features evaluated in individual studies.

[image: Table 2]



Diagnostic performance of the automatic ICI tools

The diagnostic performance in training and testing datasets of the automated ICI tools to detect plaque components is shown in Supplementary Tables S3, S4 for OCT and IVUS, respectively.


Calcium

Among 26 OCT studies investigating automated calcium analysis, 10 (38%) reported diagnostic accuracy in the training set and 5 (19%) in the testing set. The discriminatory accuracy was consistently high in both sets, ranging from 0.72 to 0.98 in the training set and 0.91–0.99 in the testing set. Similarly, diagnostic accuracy in the training set (ranging from 0.90 to 0.91, 2 studies) and diagnostic accuracy in the testing set (ranging from 0.89 to 0.98, 3 studies) were consistently high in IVUS studies, although fewer studies described accuracy values. In both OCT and IVUS studies the specificity of automatic tools for automated calcium detection was higher than sensitivity (Supplementary Tables S3, S4, respectively).



Lipids

Of 26 studies investigating automatic tools to detect lipid content on OCT images, 9 reported the diagnostic accuracy in the training set (ranging from 0.79 to 0.99) and only 2 described the diagnostic accuracy in the testing set (0.82 and 0.86) (Supplementary Table S3). IVUS studies reporting automatic tools for lipid evaluation were not found.



Fibrotic tissue

Overall, 5 out of 13 OCT studies investigating automatic fibrotic tissue detection reported the diagnostic accuracy in the training set (ranging from 0.85 to 0.96), and one with testing set (0.96). Only one IVUS study explored automatic fibrotic tissue detection, without reporting the accuracy achieved by the method.



Plaque burden

Plaque burden was investigated in 4 OCT studies. Among them, only one reported diagnostic accuracy in the training set (0.92), and no one in the testing set. The number of IVUS studies describing automatic tools for plaque burden was higher (n = 15). However, the diagnostic accuracy was reported only in one study (testing set 0.70).



Fibrous cap thickness

Among 8 OCT studies investigating automatic assessment of fibrous cap thickness or TCFA, 3 (38%) reported diagnostic accuracy in the training set and 4 (50%) in the testing set. The discriminatory ability was consistently high in both sets, ranging from 0.81 to 0.93 in the training sets and 0.82–0.94 in the testing set. Two IVUS studies described the diagnostic accuracy for TCFA in the training set and one in a testing set. Bae et al. (26) used a 200 µm threshold (due to the IVUS resolution) and trained IVUS against OCT images, reporting a diagnostic accuracy of 0.80 in the training set and 0.82 in the testing set for IVUS to detect TCFA <200 µm. Jun et al. (27) used OCT and IVUS images in a common pre-processing to train IVUS images in recognized OCT-detected TCFA <65 µm. By training the CNN classifier with an augmented IVUS image, the tool increased considerably the discriminatory accuracy to 0.91.



Other features

Other plaque features were investigated only in OCT studies: one study reported diagnostic accuracy for pathological intimal thickening (0.85 in the testing set), 1 study reported diagnostic accuracy for neovascularization in training set (0.90) and 2 in testing set (0.90 and 0.99), 1 study reported diagnostic accuracy for macrophage detection (0.88 in the training set) and 1 study reported diagnostic accuracy for calcified nodules (0.91 in both training and testing set).





Discussion


Summary of evidence

Tools for automatic real-time imaging analysis acquired by ICI imaging methods are increasingly applied to improve the diagnostic performance. Although such machine learning-based tools have been introduced with high expectations, their clinical applications are still limited. Our evaluation showed that:


	-A limited number of automatic machine learning-based tools for ICI analysis is currently available, without proven clinical validity.

	-The majority have been developed for calcium detection for either OCT or IVUS images, for assessment of lipid and FCT/TFA content on OCT images, and plaque burden on IVUS images.

	-The reporting of development and clinical validation process of these tools is lacking critical information.



Appropriate interpretation of medical images can be challenging, time-consuming and is associated with high inter-observer variability (28). Against this background, researchers and physicians have recently started benefiting from computer-assisted imaging evaluations (29). In our scoping review, we found that studies investigating automatic ICI tools have considerably increased over time, but still the number of available tools are limited with no proven clinical validity. In addition, the vast majority of them are non-industry funded and investigator-initiated, reflecting the clinical need and interest of clinicians to get access to such tools in routine clinical practice.


Development of automatic tools ICI analysis

Plaque tissue characterization involves the identification and classification of different tissue layers. Automation of the tissue characterization process requires a machine learning-based software tool to provide a real-time analysis able to help physicians in routine clinical practice. Generally, machine learning-based algorithms require the use of a gold standard as prior information, and based on these prior labels (classes) (supervised approaches), training coefficients are estimated using the training image dataset. Among machine learning techniques, convolutional neural networks (CNNs), a deep learning-based technique, has gained a lot of attention in medical imaging mainly due to the ability to extract more high-level features (29). We found that CNN was the most commonly used method to develop the imaging analysis algorithm in OCT (71%) but not in IVUS studies (34%). This is probably related to the increasing number of automated OCT automatic tools in the recent years, while most IVUS tools were developed more than 5 years ago. When considering IVUS studies published in the last 3 years, most of them applied CCNs.



Imaging characteristics assessed with automated ICI tools

In our study, we found an increasing use of automated OCT tools, especially for calcium (62%), lipids (62%), fibrous tissue (31%) and fibrous cap thickness (19%). Conversely, IVUS studies have increased less in recent years, and focused more on the automatic assessment of plaque burden (58%), and on calcium (46%) (Graphical Abstract).

Previous data have shown that the detection of plaque calcium burden can identify vessels at higher risk of suboptimal stent implantation in which more aggressive debulking techniques can be of benefit (3). As the presence of calcium can be detected with good accuracy at both OCT and IVUS manual assessment, it is not surprising that the vast majority of both OCT and IVUS studies developed algorithms to automatically detect calcium. The accuracy described with both techniques was high and consistent (0.72–0.98 with OCT and 0.89–0.98 with IVUS), although OCT studies reported more frequently accuracy metrics than IVUS (Figure 2). Of note, the accuracy shown by IVUS techniques was not dependent on the frequency of image acquisition (30). Collectively, these data suggest that automated calcium assessment stands out as a tool suitable for early integration into clinical practice.
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FIGURE 2
Distribution of discriminatory performance (area under the curve) of automatic tools in training and testing datasets for OCT and IVUS.


A large lipid core and a TCFA are well-described characteristic of plaque vulnerability and represent important information during PCI to achieve adequate lesion coverage and safe landing zones (12, 31). Nonetheless, routine manual assessment of lipid components and fibrous cap thickness remains challenging and study investigating the inter-observer variability showed controversial results (19, 20). In our study, lipid and fibrous cap thickness automatic measurements represented the second and third most frequent OCT features under investigation, respectively. A cap thickness of 65 μm was used to differentiate TCFA and fibroatheroma in OCT studies (32–34). OCT software showed high accuracy >0.80–0.85 for both lipid and FCT/TCFA automatic evaluation. However, only two studies described the accuracy for automatic lipid detection and four for automatic cap thickness quantification (22, 32–36). No IVUS software was developed to detect intra-plaque lipid accumulation. It is well acknowledged that greyscale IVUS is affected by a low accuracy in recognizing hypoechogenic tissues like lipids. This limitation has been overcome with the introduction of the combination catheter IVUS-near-infrared spectroscopy (IVUS-NIRS), a modality that can recognize intraplaque cholesterol accumulation with chemograms (37). A few studies investigated tools to automatically detect FCT/TCFA on IVUS images. However, despite good accuracy, the cut-off of 65 μm could not be applied in IVUS studies due to the lower resolution of this technique. The 200 µm IVUS threshold used by Bae et al. (26) to identify IVUS-derived TCFA has not been clinically validated for clinical outcomes and is far from the plaque vulnerability thresholds shown by pathologic studies (38). A higher number of studies investigated the automatic quantification of plaque burden at IVUS images. Even though this could be the most valuable application of machine learning-based tools in IVUS images, only one reported the diagnostic performance in the testing dataset, which was moderate (diagnostic accuracy of 0.70) (26).



Clinical application and future considerations

Distinct steps of development (training and testing), validation and clinical evaluation of machine learning-based algorithms for diagnosis or prediction purposes have been established (39–42). In the case of machine learning-derived tools either as standalone medical device software or embedded within an intracoronary imaging modality, there are additional challenges to be considered (43). A few studies have already reported effective applications of automatic ICI evaluation in a clinical context. In 103 patients undergoing high-intensity statin therapy, Blanco et al. showed similar results between manual annotation and machine learning-based evaluation in detecting favorable changes in percent of atheroma volume (44). The potential usefulness of a machine learning-based approach for the study of plaque vulnerability was recently shown in a CLIMA substudy investigating an OCT-derived lipid core burden index (OCT-LCBI). A large lipid accumulation detected by a CNN algorithm (maximum OCT-LCBI in 4 mm segment ≥400) was significantly associated with a thin fibrous cap <75 µm and future cardiac events (45). Similarly, Niioka et al. reported that an OCT-derived TCFA, diagnosed by a CNN-based algorithm, was independently associated with clinical events (36). Recently, integrated dual-modality imaging systems combining OCT with NIRS or near-infrared fluorescence have been explored in ex-vivo and experimental studies to implement chemogram-based lipid detection in OCT catheters (46–48). However, definitive data and clinical application of these techniques are lacking to date (49, 50).





Limitations

Our study has several limitations. First, we investigated only diagnostic accuracy, without reporting other metrics such as calibration and correlation coefficients. However, the included studies were characterized by inadequate and considerably heterogeneous reporting, which did not allow us to summarize other quantitative metrics of interest. This also suggests that the specific field requires the establishment of standardized approaches on how to develop and report such machine learning-derived algorithms for ICI evaluation. Second, due to the heterogeneous reporting in diagnostic performance metrics, we were not able to derive any conclusions about the comparative performance among these newly developed machine learning-based tools and across the distinct steps of training/testing. Third, we included only machine learning-based tools described in peer-reviewed publications. This approach may have excluded tools which are described only on companies' websites or preprint platforms.



Conclusions

A limited number of automatic machine learning-derived tools for ICI analysis is currently available, without proven clinical validity. The majority have been developed for calcium detection for either OCT or IVUS images. The reporting of the development and validation process of automated intracoronary imaging analyses is heterogeneous and lacks critical detail.
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Background: Anthracycline-mediated adverse cardiovascular events are among the leading causes of morbidity and mortality in patients with cancer. Sodium-glucose cotransporter 2 inhibitors (SGLT2i) exert multiple cardiometabolic benefits in patients with/without type 2 diabetes, chronic kidney disease, and heart failure with reduced and preserved ejection fraction. We hypothesized that the SGLT2i dapagliflozin administered before and during doxorubicin (DOXO) therapy could prevent cardiac dysfunction and reduce pro-inflammatory pathways in preclinical models.



Methods: Cardiomyocytes were exposed to DOXO alone or combined with dapagliflozin (DAPA) at 10 and 100 nM for 24 h; cell viability, iATP, and Ca++ were quantified; lipid peroxidation products (malondialdehyde and 4-hydroxy 2-hexenal), NLRP3, MyD88, and cytokines were also analyzed through selective colorimetric and enzyme-linked immunosorbent assay (ELISA) methods. Female C57Bl/6 mice were treated for 10 days with a saline solution or DOXO (2.17 mg/kg), DAPA (10 mg/kg), or DOXO combined with DAPA. Systemic levels of ferroptosis-related biomarkers, galectin-3, high-sensitivity C-reactive protein (hs-CRP), and pro-inflammatory chemokines (IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL17-α, IL-18, IFN-γ, TNF-α, G-CSF, and GM-CSF) were quantified. After treatments, immunohistochemical staining of myocardial and renal p65/NF-kB was performed.



Results: DAPA exerts cytoprotective, antioxidant, and anti-inflammatory properties in human cardiomyocytes exposed to DOXO by reducing iATP and iCa++ levels, lipid peroxidation, NLRP-3, and MyD88 expression. Pro-inflammatory intracellular cytokines were also reduced. In preclinical models, DAPA prevented the reduction of radial and longitudinal strain and ejection fraction after 10 days of treatment with DOXO. A reduced myocardial expression of NLRP-3 and MyD-88 was seen in the DOXO-DAPA group compared to DOXO mice. Systemic levels of IL-1β, IL-6, TNF-α, G-CSF, and GM-CSF were significantly reduced after treatment with DAPA. Serum levels of galectine-3 and hs-CRP were strongly enhanced in the DOXO group; on the other hand, their expression was reduced in the DAPA-DOXO group. Troponin-T, B-type natriuretic peptide (BNP), and N-Terminal Pro-BNP (NT-pro-BNP) were strongly reduced in the DOXO-DAPA group, revealing cardioprotective properties of SGLT2i. Mice treated with DOXO and DAPA exhibited reduced myocardial and renal NF-kB expression.



Conclusion: The overall picture of the study encourages the use of DAPA in the primary prevention of cardiomyopathies induced by anthracyclines in patients with cancer.
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1 Introduction

Anthracyclines are associated with dose-dependent cardiotoxicity (1). Cancer patients treated with anthracyclines at 400 and 700 mg/m2 are exposed to a 5% and 48% risk of congestive heart failure, respectively (2). Mechanisms of acute and chronic anthracycline-mediated adverse events involve ferroptosis, endothelial damages, apoptosis, fibrosis, and myocardial inflammation mediated by overexpression of NF-kB mediated pathways (3, 4). Notably, short-term-induced myocardial damages of doxorubicin (DOXO) are well reported in clinical scenarios, resulting in the need for cardioprotective strategies in primary prevention in patients with cancer (5). A wide spectrum of cardioprotective drugs is proposed, including sacubitril/valsartan, beta blockers, and nutraceuticals; however, no effective risk reductions were seen in these patients (6).

Sodium-glucose cotransporter type 2 inhibitors (SGLT2i) have beneficial properties, including the improvement of systolic and diastolic functions (7), increase in calcium homeostasis, reduction of afterload and oxidative stress, improvement of mitochondrial functions in cardiomyocytes, and increase in ketone bodies, resulting in improved energy metabolism of cardiac cells, reduction of insulin and uric acid levels as well as of epicardial and visceral fat (8, 9). The most studied SGLT2is are empagliflozin (EMPA), dapagliflozin (DAPA), canagliflozin (CANA), and ertugliflozin (ERTU), which differ in their SGLT2 binding avidity, resulting in different clinical outcomes (10).

DAPA is a selective SGLT2i with multiple beneficial properties in patients with cardiovascular diseases (CVD) (10). In the DECLARE-TIMI trial, DAPA reduced cardiovascular death and hospitalization for heart failure in patients with type 2 diabetes mellitus (T2DM) (11). In the DAPA-HF TRIAL, DAPA reduced heart failure and death from cardiovascular causes in patients with heart failure and reduced ejection fraction in patients with and without T2DM (12). In the DEFINE-trial, DAPA improved heart failure-related health status and reduced natriuretic peptides in patients with heart failure with reduced ejection fraction (13). In the DELIVER trial, in patients with heart failure and preserved ejection fraction, DAPA significantly reduced cardiovascular death and urgent heart failure visits in patients with T2DM (14). A very recent trial of cancer patients with T2DM treated with anthracyclines and gliflozins reduced heart failure admissions, new cardiomyopathies, arrhythmias, and heat failure incidence (15).

The aim of the present study was to test, for the first time, whether DAPA could affect the myocardial and renal NF-κB expression, systemic levels of 12 cytokines, growth factors, troponin, and B-type natriuretic peptide NT-pro-BNP in preclinical models of short-term doxorubicin cardiotoxicity, preventing ejection fraction reduction.



2 Materials and methods


2.1 Cardioprotective properties of DAPA in human cardiomyocytes

To evaluate the cytoprotective effects of DAPA in human cardiomyocytes (AC16 adult human cells; Sigma Aldrich, Milan, Italy), mitochondrial dehydrogenase activity was quantified through a modified MTT [3-(4,5-dimethyldiazol-2-yl)-2,5-diphenyl tetrazolium bromide] method, known as MTS assay, according to the manufacturer's instructions (Dojindo Molecular Technologies Inc., Rockville, MD, USA). Briefly, AC16 cells were cultured in Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12 Ham (DME/F-12) supplemented with 10% fetal bovine serum (FBS; 10,000 cells/well) at 37°C in a humidified 5% CO2 atmosphere. After 24 h of appropriate growth, cells were unexposed (control) or exposed to DOXO (range 0.1–50 µM) or DAPA (10 or 100 nM) or both in combination for 24 h, in line with the literature (16). Notably, cellular DAPA doses were chosen according to the literature (close to the plasma levels of DAPA after oral administration in adults) (17–20). After treatment, cells were then washed three times with phosphate buffered solution (PBS) at pH 7.4 and then incubated with 100 μl of an MTT solution (0.5 mg/ml in cell culture medium) for 4 h at 37°C. Absorbance readings were acquired at a wavelength of 450 nm with the Tecan Infinite M200 plate-reader (Tecan Life Sciences Home, Männedorf, Switzerland) using I-control software (Tecan). Relative cell viability (%) was calculated with the following formula = [A]test/[A]control × 100, where “[A]test” is the absorbance of the test sample, and “[A]control” is the absorbance of the control cells incubated solely in culture medium (21).



2.2 Intracellular Ca++ levels and ATP levels

DOXO-mediated cardiovascular injuries involve high intracellular calcium levels induced by intracellular Reactive Oxygen Species (iROS) (22). Intracellular Ca2+ in AC16 cells was quantified through the fluorescence dye Fluo-3 AM, according to the manufacturer's protocol. Cardiomyocytes were untreated (control) or treated with DOXO at 0.5 µM alone or combined with DAPA (10 or 100 nM) for 12 h. Notably, the DOXO concentration used in these experiments (0.5 μM) was chosen since the plasma concentration of anthracyclines in cancer patients has been reported to fluctuate in the range of 0.3–1 μM during infusion (23–25). After incubation, the cells were loaded with 5 µM Fluo-3 AM at 37°C for 30 min in the dark, and then washed three times with PBS (pH 7.4) to remove the excess dye. Fluo-3 chelated with Ca++ induces fluorescence detected by a spectrofluorometer (excitation/emission wavelengths 488 and 525 nm, respectively). Instead, intracellular adenosine-5'-triphosphate (ATP) levels were quantified through ENLITEN® ATP Assay System (Promega Italia S.r.l, Milan, Italy) according to the literature (26). Briefly, cardiomyocytes were untreated (control) or treated for 24 h, as described previously; after treatments, 100 μl of lysis/assay solution provided by the manufacturer was added to confluent cell cultures in 96-well plates. After the plates were shaken for 1 min and incubated for 10 min at 23°C, luminescence was measured in a microplate luminometer (Thermo Fisher, Milan, Italy). Data were expressed as relative units (r.u.) according to the literature (27).



2.3 Lipid peroxidation products (MDA and 4-HNA)

Anthracyclines exert cardiotoxic effects through the induction of ferroptosis, a cell death induced by lipid peroxidation (28). AC16 cells were grown as described above; subsequently, 5,000 cells/well were seeded in a 24-well plate and allowed to grow for 24 h and exposed to DOXO (0.5 µM) or DAPA (10 or 100 nM). After centrifugation at 800 × g for 5 min, malondialdehyde (MDA) and 4-hydroxy 2-hexenal (4-HNA) were quantified though commercial kits with a spectrophotometer according to the manufacturer's protocols (Sigma Aldrich, Milan, Italy).



2.4 NLRP-3 and MyD-88 expression

Cardiomyocytes were treated as described in Section 2.2; after treatment, the cells were harvested and lysed in complete lyses buffer (50 mM Tris–HCl, pH 7.4, 1 mM EDTA, 100 mM NaCl, 20 mM NaF, 3 mM Na3 VO4, 1 mM PMSF, and protease inhibitor cocktail). After centrifugation, supernatants were collected and treated to the quantification of MyD88 [Human MyD88 ELISA Kit (ab171341); Abcam, Milan, Italy] and NLRP3 [Human NLRP3 ELISA Kit (OKEH03368); Aviva Systems Biology, San Diego, CA, USA]. For the human MyD88 ELISA, the sensitivity was <10 pg/ml and the range of detection was 156–10,000 pg/ml; for the human NLRP3 ELISA assay, the sensitivity was <0.078 ng/ml and the range of detection was 0.156–10 ng/ml (29).



2.5 Intracellular pro-inflammatory cytokines assay

The expression of pro-inflammatory cytokines, such as IL-6, IL-8, and IL-1β, was performed through enzyme-linked immunosorbent assay (ELISA) methods, in line with the literature (30). Briefly, AC16 cells were treated as described in Section 2.2 for 12 h; after treatment, the cells were lysed as described in Section 2.4 and quantification of IL-1β, IL-6, and IL-8 was performed through selective ELISA kits according to the manufacturer's instructions (Sigma Aldrich, Milan, Italy).



2.6 Morphological changes and mitochondrial activity of cardiomyocytes exposed to anthracyclines and DAPA through a Confocal Laser Scanning Microscope

Morphological changes and mitochondrial activity of human cardiac cells were studied through a Confocal Laser Scanning Microscope (EZ-C1-Nikon). Briefly, human cardiac cells were untreated (control) or treated with DOXO alone or combined with DAPA for 24 h. After incubation, cardiomyocytes were fixed in 4% formaldehyde (10 min) and then incubated in 1% BSA/10% normal goat serum/0.3 M glycine in 0.1% PBS-Tween20 for 1 h to permeabilize the cells and block non-specific protein–protein interactions. The cardiomyocytes were then incubated with an anti-Mitochondria antibody (113-1)—BSA and Azide free (Abcam ab92824, Milan, Italy) 5 µg/ml overnight at ±4°C. As a secondary antibody (green), a DyLight® 488 goat anti-mouse IgG (H ± L) (ab96879, Abcam, Milan, Italy) was used at a dilution of 1/250 for 1 h. Membrane staining was obtained using Concanavalin A Tetramethylrhodamine Conjugate (Invitrogen, Life Technology, Milan, Italy) at a final concentration of 100 µg/ml. Through a confocal microscope (C1-Nikon) equipped with EZ-C1 software for data acquisition and 60× oil immersion objective, intracellular mitochondria were imaged through excitation/emission at 488/518 nm and cell membrane through excitation/emission at 555/580 nm (31).



2.7 Preclinical model of short-term doxorubicin cardiotoxicity

In total, 24 female C57Bl/6 mice (aged 6–7 weeks) were purchased from ENVIGO, San Pietro al Natisone (Italy). The mice were housed six per cage and maintained on a 12-h light/dark cycle (lights on at 7.00 a.m.) in a temperature-controlled room (22°C ± 2°C) and with food and water ad libitum. Preclinical experimental protocols were in accordance with EU Directive 2010/63/EU for animal experiments, and Italian D.L.vo 26/2014 law, were approved by the Ministry of Health (authorization number 1,467/17-PR of the 13-02-2017) and the institutional ethics committees: by Organismo preposto al benessere degli animali (OPBA). After 1 week of growth, the mice were randomized for weight-adjusted treatment. The mice were divided into four experimental groups (n = 6/group): (i) 100 μl saline solution (Saline); (ii) DOXO at 2.17 mg/kg/day through intraperitoneal administration (i.p.); (iii) DAPA 10 mg/kg/day through oral gavage; and (iv) DOXO/DAPA in combination (at the same concentration of each drug tested alone). Treatments were performed according to recently published studies with the aim of assessing the cardioprotective effects of ranolazine (32) and empagliflozin (33) against DOXO-induced cardiotoxicity for 10 days (34). Low doses of anthracyclines in preclinical models were used in line with other cardioprotective outcome studies (35, 36). Moreover, this is a short-term doxorubicin treatment study that is able to detect echocardiographic changes and systemic and myocardial inflammation (33, 37) due to acute pro-inflammatory and cardiotoxicity phenomena induced by DOXO, in line with other studies by Tocchetti et al. (38) and similar studies of preclinical models of cardiotoxicity (39–41). The chosen dose of DAPA (10 mg/kg/day through oral gavage) was assessed according to several preclinical studies available in the literature (18, 42–45) as well as other preclinical studies with other SGLT2is in cardio-oncology, such as empagliflozin (34).



2.8 Transthoracic echocardiography and blood analysis

A non-invasive transthoracic echocardiography through a Vevo 2,100 high-resolution imaging system (40-MHz transducer; Visualsonics, Toronto, ON, Canada) was performed in line with the literature (32, 34, 46). The mice were anesthetized with tiletamine (0.09 mg/g), zolazepam (0.09 mg/g), and 0.01% atropine (0.04 ml/g). Later, the animals were sedated and placed in a supine position on a temperature-controller surgical table to maintain a rectal temperature of 37°C and continual ECG monitoring was obtained via limb electrodes. Cardiac function was evaluated at basal conditions and at 2 and 10 days of treatment. Left ventricular echocardiography was assessed in parasternal long-axis views at a frame rate of 233 Hz. Notably, we measured the strain in parasternal views because the apical view is difficult to perform in small animals (39); this method was in line with other studies for speck tracking echocardiography (STE) analyses that were performed on parasternal long-axis B-mode loops using a VisualSonics Vevo 2100 system (VisualSonics) (47, 48). Image depth, width, and gain settings were optimized to improve image quality. End-systole and end-diastole dimensions were defined as the phases corresponding to the ECG T wave, and to the R wave, respectively. M-mode LV internal dimensions, diastolic (LVID,d) and LV internal dimensions, and systolic (LVID,s) dimensions were averaged from 3–5 beats. LVID,d and LVID,s were measured from the LV M-mode at the mid-papillary muscle level. Fractional shortening percentage (% FS) was calculated as [(LVID,d − LVID,s)/LVID,d] × 100, and ejection fraction percentage (% EF) was calculated as [(EDvol − ESvol)/EDvol] × 100. The strain was expressed as percentage. The analysis started with acquired B-mode loops and were imported into the Vevo Strain software. Three consecutive cardiac cycles were selected, and the endocardium traced. Upon adequate tracing of the endocardium, an epicardial trace was added. The ST-based strain allowed for the assessment of strains specific to six myocardial segments per LV view. Internally, 10 or more points were measured for each of the six segments, resulting in a total of 48 data points. Strain and strain rate (SR) are useful in the detection of regional myocardial function. The strain was also evaluated on long-axis views as radial and longitudinal. Radial strain (RS), defined as the percent change in myocardial wall thickness, is a positive curve reflecting increasing myocardial thickness during systole and diminishing wall thickness during diastole and represents myocardial deformation toward the center of the LV cavity. Longitudinal strain (LS) detects the percent change in the length of the ventricle, typically measured from the endocardial wall in the long-axis view. The myocardial deformation rate, expressed in 1/s, was also calculated. Importantly, during echocardiography, the heart rate of the mice was carefully monitored and was similar among all experimental groups, i.e., approximately 500 bmp (range 490–510 bmp), according to the literature (49). Echocardiographic analyses were performed following the “Small Animal Echocardiography using the Vevo® 2100 Imaging System” guidelines as well as other previous studies in models of preclinical cardio-oncology (34, 50–52). The mice analyzed through echocardiography after 10 days of treatment with DOXO to measure left ventricular systolic function, heart rate, and cardiac output were previously described (34, 38, 46) and in accordance with the recommendations of the American Society of Echocardiography (53). Blood glucose determination was performed by puncture of the tail vein before and after treatments using a glucometer (Model NC).



2.9 Myocardial NLRP-3 and MyD-88 expression

After treatment, the hearts were fully weighed. Subsequently, a left ventricular sample was cut, fixed, and embedded in paraffin for histological studies (on left ventricular histological effects, as described in Section 2.6). The remaining heart tissue was homogenized and lysed for quantitative analyses of NLRP-3 and Myd-88. In detail, the tissue was snap-frozen in dry ice until tissue homogenization was performed in a proper lysis buffer (0.1 M PBS, pH 7.4 + 1% Triton X-100 + protease inhibitor cocktail) and processed using a high-intensity ultrasonic liquid processor (54, 55). The homogenates were centrifuged at 4°C and supernatants were used for the NLRP-3 and Myd-88 analyses through NLRP3 (Mouse NLRP3 ELISA Kit, OKEH05486; Aviva Systems Biology) and MyD88 (Mouse MyD88 ELISA Kit, OKEH03397; Aviva Systems Biology).


2.9.1 Systemic troponin-T, BNP, NT-Pro-BNP, galectin-3, and high-sensitivity C-reactive protein levels

At the end of the treatment, blood sampling via cardiac puncture was performed to quantify the biomarkers of cardiotoxicity [Troponin-T, BNP, N-Terminal Pro-Brain Natriuretic Peptide (NT-Pro-BNP)] and the biomarkers of systemic inflammation [galectin-3 and high-sensitivity C-reactive protein (hs-CRP)]. Briefly, mouse troponin-T, BNP, and NT-Pro-BNP were quantified through the Mouse Troponin-T, cardiac muscle (TNNT2) ELISA kit (CusaBio, Houston, TX, USA), Mouse BNP ELISA Kit (A77763, Antibodies Stockholm, Sweden), and Mouse NT-Pro-BNP ELISA Kit (Abbexa, Cambridge, UK). Galectin-3 was quantified through the Galectin 3 Mouse ELISA Kit (Thermo Scientific, Milan, Italy) and hs-CRP was determined through the Mouse hs-CRP ELISA Kit (Elabscience Biotechnology Co., USA) (55).



2.9.2 Systemic levels of ferroptosis biomarkers and cytokines

At the end of the treatment, blood sampling via cardiac puncture was performed to quantify two biomarkers of ferroptosis, products of lipid peroxidation, MDA, and 4-HNA using commercial kits with a spectrophotometer according to the manufacturer's protocols (39) [MAK085, Sigma Aldrich, Milan, Italy, for MDA; Lipid Peroxidation (4-HNE) Assay Kit, ab238538, AbCam, Italy]. In total, 12 cytokines and growth factors (IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12, IL17-α, IFN-γ, TNF-α, G-CSF, GM-CSF) were quantified through a mouse cytokine Multiplex Assay kit (pg/ml; Qiagen, USA) (56).



2.9.3 IHC staining of NF-kB in left ventricular heart samples and kidney tissue

Left ventricular heart samples and kidney tissue were fixed in 4% paraformaldehyde for 1 h and then kept at 4°C until paraffin embedding. Cardiac and kidney paraffin sections (with a thickness of 4 μm) were hydrated, microwaved for 8–15 min in 10 mM sodium citrate (pH 6.0) for antigen retrieval, and then probed with a rabbit antibody against murine p65/NF-kB (1:100, ab16502; Ab Cam, Milan, Italy). Immunolabeled sections were then incubated with goat anti-rabbit second antibody conjugated to horseradish peroxidase and treated with the EnVision + diaminobenzidine kit (DAB; Dako, Glostrup, Denmark) using standard protocols (57). The stained sections were analyzed by two independent observers, at least five different areas for each specimen were evaluated, and the mean was assessed. NF-kB IHC was categorized as positive or negative, as well as an overall proportion of cells (10%) with positive nuclear staining in the studied field at a magnification ×100. IHC scoring was based on the nuclear staining intensity according to the literature as follows: score 0, no nuclear staining; score 1, weak staining; score 2, moderate staining; and score 3, strong staining (58–60).



2.9.4 Statistical analyses

Continuous data were expressed as mean ± SD. Non-parametric tests were used both for paired and unpaired comparisons. A repeated measures ANOVA was used for all baseline to end-of-study comparisons. A p-value <0.05 was considered significant.





3 Results


3.1 Cytoprotective and anti-inflammatory effects of DAPA in cardiomyocytes exposed to anthracyclines

As described in the literature, anthracyclines exert cardiotoxic effects through lipid peroxidation, high intracellular Ca++ levels, mitochondrial damage, and myocardial inflammation mediated by NLRP-3/MyD-88/cytokine pathways (61). In line with the literature, DAPA showed cytoprotective properties in cardiomyocytes exposed to DOXO for 24 h (Figure 1A), increasing significantly their cell viability [i.e., of 20% and 38% for DAPA 10 and 100 nM, respectively, compared to only DOXO (50 µM) treated cells; p < 0.001]. Cardiac cells exposed to DOXO drastically reduced intracellular ATP levels compared to untreated cells (−64% vs. control; p < 0.001) (Figure 1B); instead, DAPA increased their content by 11% and 52% compared to DOXO groups (p < 0.001 for both). Intracellular Ca++ were significantly increased in cardiac cells exposed to DOXO (3,244.4 ± 203.3 vs. 367.6 ± 153.8 a.u.; p < 0.001) (Figure 1C); co-incubation with DAPA at 10 and 100 nM drastically reduced iCa++ levels compared to DOXO (2,123.5 ± 155.5 and 927.8 ± 234.4 vs. 3,244.4 ± 203.3 a.u., respectively; p < 0.001). Lipid peroxidation products MDA and 4-HNA (Figures 1D,E) were significantly increased in cardiomyocytes exposed to DOXO (3.35–2.96 nmol/ml vs. 0.5 nmol/ml; p < 0.001); co-incubation with DAPA reduced their intracellular levels in a concentration-dependent manner, demonstrating antioxidant properties (p < 0.001 vs. DOXO groups). Intracellular levels of NLRP-3 and Myd-88, were also drastically increased after exposure to DOXO (Figures 1F,G) (∼5.3 and 4.1 times compared to untreated cells; p < 0.001 for both). Notably, co-incubation with DAPA significantly reduced their levels (NLRP-3 levels in DAPA 100 nM were comparable to untreated cells; p < 0.001), indicating anti-inflammatory effects. Intracellular cytokine levels also changed significantly between groups (Figure 1H); in detail, IL-1β levels in DAPA 10 and 100 nM compared to the DOXO only group were 121.1 ± 17.7 and 72.2 ± 14.4 pg/mg of protein versus 177.3 ± 12.2, respectively (p < 0.001 for both); instead, IL-6 levels in DAPA 10 and 100 nM compared to the DOXO only group were 71.1 ± 13.2 and 48.8 ± 11.8 pg/mg of protein versus 103.3 ± 8.6, respectively (p < 0.001 for both); IL-8 levels in DAPA 10 and 100 nM, compared to the DOXO only group were 85.5 ± 14.3 and 42.7 ± 17.2 pg/mg of protein versus 115.2 ± 8.3, respectively (p < 0.001 for both). These results are in line with other studies on SGLT2i cardioprotective properties and indicate cytoprotective, antioxidant, and anti-inflammatory properties of DAPA in human cardiomyocytes. Confocal images clearly showed morphological changes in human cardiomyocytes exposed to DOXO (Figure 1K), with an initial loss of cell–cell interactions and lower fluorescent signal related to the cell membrane (red signals) compared to untreated cells (Figure 1I), characteristic of cellular atrophy induced by anthracyclines. Furthermore, mitochondrial staining (green signals) was significantly reduced in the DOXO group compared to the DAPA group (Figure 1J), indicating a loss of the number and functionality of mitochondria. Notably, co-incubation with DOXO and DAPA prevents the loss of cardiomyocyte morphology (Figure 1L) and prevents the reduction of mitochondrial staining, showing a high and significant green fluorescence compared to only DOXO exposed cells.
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FIGURE 1
DAPA exerts cardioprotective properties in human cardiomyocytes exposed to DOXO. (A) Cell viability (% of control) of cardiomyocytes exposed to DOXO (0.1, 1, and 10 µM) alone or combined to DAPA (10 or 100 nM) for 24 h. ATP levels (B) (relative units), intracellular Ca++ content (C) (fluorescence intensity), MDA (D) and 4-HNA (E) (nmol/ml), NLRP-3 (F) and MyD-88 (G) (fold of control) in human cardiomyocytes unexposed (control) or exposed for 24 h to DOXO (0.5 µM) alone or combined to DAPA (10 or 100 nM). Pro-inflammatory cytokines (H) (IL-1, IL6, and IL-8, pg of cytokine/mg of protein) in human cardiomyocytes unexposed (control) or exposed for 24 h to DOXO (0.5 µM) alone or combined to DAPA (10 or 100 nM). One-way ANOVA. Values are expressed as ±SD. ***P < 0.001; **p < 0.01; *p < 0.05; ns: not significant. Confocal scanning laser microscope (I–L) of human cardiomyocytes unexposed (I) or exposed to DAPA (J) or DOXO (K) or DOXO-DAPA (L) for 24 h. Green signals: mitochondrial staining; Red signals: cell membrane. Scale bar: 50 μM.




3.2 DAPA did not affect serum glucose in non-diabetic mice exposed to anthracyclines

As reported in other studies, gliflozins did not affect serum glucose in non-diabetic mice but were able to reduce oxidative-related products both systemically and in heart tissue (62–64). In brief, DAPA-treated mice had a blood glucose of 187.6 ± 29.3 mg/dl vs. 192.8  ± 37.1 mg/dl in untreated mice (no differences were seen between groups; p = 0.71). No differences in blood glucose were seen between the DOXO and DOXO-DAPA groups (213.47 ± 41.3 mg/dl vs. 198.6 ± 32.2 mg/dl, respectively; p = 0.43) These results are in line with those of other studies (8, 65) confirming that DAPA did not significantly change blood glucose in non-diabetic mice.



3.3 DAPA improves cardiac function in DOXO-induced cardiotoxicity

The cardiac function analysis clearly shows the cardiotoxicity of DOXO even after 10 days of treatment (Table 1). Specifically, significant reductions in EF (%), FS (%), radial strain (Pk%), and longitudinal strain (Pk%) were seen compared to the controls (DOXO vs. Saline; p < 0.001). In addition, a slight but not significant increase in LV mass was seen (Table 1). Instead, the DAPA group showed preservation of cardiac function compared to the Saline group, confirming the cardiac benefits in preclinical models. On the other hand, the DOXO-DAPA group showed a significant improvement in EF (%), FS (%), radial strain (Pk%), and longitudinal strain (Pk%) versus DOXO (DOXO-DAPA vs. DOXO; p < 0.001). The representative M-mode of long-axis echocardiographic images (Figure 2) for measurements of the intraventricular septum thickness in diastole (IVSd) (mm), the thickness of the rear wall of the left ventricle (LVPWd) (mm), LVIDd (mm), and LVIDs (mm) of mice clearly indicates that DAPA (Figure 2D) improves cardiac functions during DOXO therapy compared to the DOXO only group (Figure 2B). Hearts weighed after necropsy showed a slight increase in heart weight in the DOXO groups than the Saline and DOXO groups, probably due to high inflammation and hypertrophy induced by anthracycline therapy. Notably, DAPA did not significantly reduce heart weight compared to DOXO alone.


TABLE 1 Cardiovascular parameters of study groups, such as (saline), DOXO 2.17 mg/kg/day, DAPA 10 mg/kg/day, and DOXO-DAPA in association (n = 6 for each group).
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FIGURE 2
DAPA attenuated DOXO-induced impairment of cardiac systolic function. Echocardiography was performed on all the mice after 10 days of DOXO injection. Representative M-mode of long-axis echocardiographic images for measurements of the IVSd (mm), LVPWd (mm), LVIDd (mm), and LVIDs (mm) of Saline (A), DOXO (B), DAPA (C), and DOXO-DAPA (D) mice.




3.4 DAPA reduces NF-kB expression in myocardial and kidney tissue during DOXO therapy

Histological analyses were performed to evaluate the anti-inflammatory effects of DAPA in preclinical models of DOXO cardiotoxicity (Figure 3). In line with the literature (4, 65), DOXO induces tissue overexpression of p65/NF-kB. It is very interesting to note that DAPA totally changed the renal and cardiac inflammatory picture, strikingly reducing the expression of p65/NF-kB, preserving the tissue microstructure of cardiomyocytes and kidney (Figure 3). In more detail, from a histological point of view, the administration of DOXO/DAPA did not show morphological alterations detectable with hematoxylin and eosin staining (Figure 3A). Cellular morphology remained essentially unchanged in terms of nucleus/cytoplasm ratio and volume of individual sarcomeres. The likely reason could be attributed to the short duration of anthracycline administration; thus further studies will be needed to assess any morphological changes upon long-term administration (as specified in the Discussion section). Instead, quantitative NF-kB staining indicates a high score (±3) of nuclear NF-kB staining in myocardial tissue in the DOXO group, indicating a pro-inflammatory effect induced by anthracycline therapy (Figure 3B); notably, the DOXO-DAPA group showed a significant reduction of nuclear NF-kB staining score compared to the DOXO group with no high score (±3) and only weak (±1) and moderate (±2) staining seen, confirming DAPA-related myocardial anti-inflammatory properties in these preclinical models (Figure 3B). A renal tissue analysis was performed as an internal control, considering that SGLT2is have mainly been used as antidiabetic drugs acting on the proximal convoluted tubule of the kidney (expressing SGLT-2), where they block the reabsorption of glucose and sodium, favoring the urinary excretion of glucose (7, 8), Subsequent studies have also demonstrated the expression of SGLT2 in cardiac tissues, broadening their clinical spectrum of action in the prevention of cardiovascular diseases (33, 34).
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FIGURE 3
(A) Myocardial (up) and kidney (down) p65/NF-kB expression in mice treated with saline solution (saline), DAPA 10 mg/kg/day, DOXO 2.17 mg/kg/day. or DAPA associated to DOXO (n = 6 for each group). Scale bar: 5 µm; (B) Absolute frequencies of NF-KB IHC nuclear intensity in myocardial and renal tissues of mice treated with saline solution (Saline), DAPA 10 mg/kg/day, DOXO 2.17 mg/kg/day, or DAPA associated to DOXO. NF-kB IHC was categorized as positive or negative, as well as an overall proportion of cells (10%) with positive nuclear staining in the studied field at ×100 magnification. IHC scoring was based on the nuclear staining intensity, as follows: score 0, no nuclear staining; score 1, weak staining; score 2, moderate staining; score 3, strong staining.




3.5 DAPA attenuates systemic inflammation induced by DOXO

DOXO induces systemic inflammation in cancer patients (66, 67). We investigated the systemic anti-inflammatory effects of DAPA during DOXO therapy. In line with literature, DOXO increased serum Galectin-3, IL-1, and hs-CRP levels compared to the Saline group. DAPA is able to reduce hs-CRP, IL-1, and Galectin-3 significantly, indicating systemic anti-inflammatory effects (Figure 4).
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FIGURE 4
DAPA reduced systemic levels of galectin-3 (ng/ml), hs-CRP (pg/ml), and IL-1 (pg/ml) during treatment with DOXO. Mice were treated with saline solution (control), DOXO 2.17 mg/kg/day, DAPA 10 mg/kg/day, and DOXO-DAPA in association (n = 6 for each group). One-way ANOVA. Values are expressed as mean ±SD. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant.




3.6 DAPA reduces troponin-T, BNP, and NT-pro-BNP during DOXO therapy

In preclinical models, it has been observed that DOXO treatment can lead to an increase in troponin and BNP, Troponin-T, and NT-pro-BNP levels (68–70). In line with the literature, short-term DOXO therapy increased the systemic levels of cardiotoxicity biomarkers compared to saline (Table 2). DAPA treatment did not significantly change the troponin and natriuretic peptide levels compared to saline, confirming no cardiac adverse events. Interestingly, in the DOXO-DAPA group, a significant reduction in Troponin-T (0.21 ± 0.05 vs. 0.46 ± 0.06; p < 0.001); BNP (128.6 ± 16.4 vs. 182.3 ± 42.1; p < 0.001); and NT-pro-BNP (1,112.7 ± 68.3 vs. 1,432.3 ± 72.1; p < 0.001) was seen, showing the cardioprotective properties of DAPA.


TABLE 2 Biomarkers of cardiotoxicity, troponin-T (ng/ml), BNP (pg/ml), NT-pro-BNP (pg/ml) quantified after 10 days of treatment with saline solution (control) DOXO 2.17 mg/kg/day, DAPA 10 mg/kg/day, and DOXO-DAPA in association (n = 6 for each group).
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3.7 DAPA attenuates myocardial NLRP3 and MyD-88 expression in DOXO-induced cardiotoxicity

In recent years, there has been growing interest in understanding the involvement of NLRP3 inflammasome and MyD-88 activation in various pathological conditions, including cardiotoxicity induced by DOXO (71, 72). In line with the literature, DOXO therapy increased the myocardial levels of NLRP3 and MyD-88 compared to saline (Figure 5). A significant reduction of NLRP3 and MyD-88 were seen in the DOXO-DAPA group versus the DOXO group, demonstrating the anti-inflammatory effects of DAPA during DOXO therapy.
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FIGURE 5
NLRP3 and MyD-88 expression (pg/mg of protein) in myocardial tissues of mice treated with saline solution (control), DOXO 2.17 mg/kg/day, DAPA 10 mg/kg/day, and DOXO-DAPA in association (n = 6 for each group). One-way ANOVA. Values are expressed as mean ±SD. ***p < 0.001; **p < 0.01; *p < 0.05; ns, not significant.




3.8 DAPA reduces myocardial ferroptosis and pro-inflammatory cytokines and chemokines in mice exposed to anthracyclines

Emerging evidence suggests that NLRP3 inflammasome activation can induce or contribute to ferroptosis in preclinical models through the induction of cytokines able to damage mitochondria (73, 74). Lipid peroxidation products (MDA and 4-HNA) can serve as markers of ferroptosis (75, 76). During ferroptosis, the peroxidation of polyunsaturated fatty acids (PUFAs) in cellular membranes generates reactive lipid species, such as MDA and 4-HNA (77). As shown in Figure 5, myocardial levels of MDA and 4-HNA were strongly enhanced in the DOXO group compared to saline (p < 0.001). DAPA significantly reduced lipid peroxidation without DOXO and combined with DOXO, demonstrating the antioxidant and preventive properties of ferroptosis in myocardial tissues. Moreover, a pro-inflammatory cytokine profile was seen in the DOXO group (Figure 5). Instead, DAPA totally reversed the inflammatory picture induced by DOXO, reducing IL-1, IL6, TNF-a, and IL-17 levels.




4 Discussion

Dapagliflozin is a SGLT2i primarily used for the management of type 2 diabetes mellitus (78); however, its use has expanded to the field of cardiology due to its cardiovascular benefits (79). Dapagliflozin has shown efficacy in reducing the risk of cardiovascular events and improving heart failure outcomes (80). Here are some of the key uses of dapagliflozin in cardiology: recent cardiovascular outcomes trials have demonstrated that DAPA can reduce the risk of major adverse cardiovascular events (MACE) in patients with established cardiovascular disease (81). These events include heart attack, stroke, and cardiovascular-related death. Dapagliflozin has been shown to provide cardiovascular protection in high-risk patients, including those with a history of heart disease (82).

Moreover, DAPA is able to reduce heart failure hospitalizations and improves outcomes in patients with heart failure, both with reduced ejection fraction (HFrEF) and preserved ejection fraction (HFpEF) through the reduction of fluid, thus improving cardiac function (83). Notably, DAPA has also demonstrated benefits in preserving kidney function and reducing the risk of kidney disease progression in patients with or without diabetes (83, 84). This can be particularly relevant in patients with cardiovascular disease who may have concomitant renal toxicities. In brief, DAPA helps lower blood glucose levels by inhibiting SGLT2, which reduces glucose reabsorption in the kidneys and increases urinary glucose excretion; therefore, by improving glycemic control, it can have additional indirect benefits on cardiovascular health (85, 86). While DAPA is primarily indicated for the management of diabetes, some recent studies suggests that SGLT2is may exerts anticancer effects and could potentially be used as an adjunct therapy for certain types of tumors, including breast and liver tumors (87). Briefly, one of the proposed mechanisms of action for dapagliflozin in cancer is its ability to reduce glucose availability to cancer cells; considering cancer cells often exhibit increased glucose uptake compared to normal cells (depending on the type and biology of tumors), the inhibition of glucose reabsorption in the kidneys of DAPA could potentially deprive cancer cells of a key energy source (88, 89). In addition, DAPA induces euglycemic diabetic ketoacidosis (DKA), which has been shown to selectively inhibit the growth of some cancer cells, such as triple negative breast cancer and hormone-responsive breast cancer (90, 91). However, only cellular and preclinical studies are available and further research is needed to establish its clinical significance.

Anthracyclines are a class of chemotherapy drugs commonly used in the treatment of various types of cancer, including breast cancer, lymphoma, and leukemia (92). While anthracyclines have shown effectiveness in fighting cancer, they exert significant dose-related cardiotoxicity (93). Recent studies have examined the potential benefits of using SGLT2is in patients who have received anthracycline-based chemotherapy (94). These studies have shown promising results regarding the cardiac outcomes of such patients.

A recent study investigated the effects of EMPA on cardiac function in patients with breast cancer treated with anthracyclines (95). The study found that EMPA improved LVEF and reduced biomarkers of heart failure. In addition, EMPA is able to reduce the incidence of heart failure and cardiovascular death in these patients. Another recent study evaluated the cardioprotective effects of DAPA in patients with breast cancer receiving anthracycline-based chemotherapy (15, 96). Briefly, the authors concluded that DAPA preserved LVEF and reduced markers of cardiac injury compared to placebo. In that case, DAPA was also associated with a lower risk of heart failure and cardiovascular events.

These findings suggest that SGLT2is may have cardioprotective effects in patients treated with anthracyclines. The actual known mechanisms of SGLT2is related to cardioprotective agents involve the reduction of oxidative stress and promotion of sodium and water extraction, leading to reduced cardiac strain (97). From a cellular point of view, in line with the literature, our results on human cardiomyocytes demonstrated that SGLT2i DAPA exerts its cytoprotective and anti-inflammatory properties through the reduction of intracellular Ca++ levels, which are able to improve mitochondrial function in cardiomyocytes (98); moreover, DAPA is able to reduce iROS content and lipid peroxidation in cardiac cells, thus preventing ferroptosis. DAPA also exerts anti-inflammatory properties in cardiomyocytes through the reduction of NLRP-3 and Myd-88 pathways, resulting in reduced NF-kB levels and pro-inflammatory cytokines, such as IL-1β, IL-6, and IL-8 (Figure 6) (99). Interestingly, very recent findings indicate potential immune-regulating properties of SGLT2i, such as canagliflozin or empagliflozin; in line with these studies, in activated human peripheral blood mononuclear cells (hPBMC) only, a significant reduction of IL-2 secretion was seen in DAPA-exposed immune cells (Supplementary Figure S1), indicating potential immune effects of SGLT2i. These properties should be more detailed and could be of great interest in finding new immune-modulating agents in autoimmune patients or for the prevention and treatment of myocarditis, vasculitis, and endothelitis induced by viruses or immune checkpoint inhibitors (ICIs) in cancer patients (100).
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FIGURE 6
Schematic representation of DAPA-related cytoprotective properties in cardiomyocytes. SGLT2i reduces both glucose and sodium intake leading to intracellular hyponatremia in the cardiomyocyte. Lower Na+ levels leads to a reduced function of sodium-calcium exchanger, resulting in low levels of intracellular calcium. Preserving excess intracellular calcium improves the mitochondrial functions of cardiomyocyte, optimizing ATP production. Furthermore, DAPA has antioxidant effects, counteracting lipid peroxidation and the intracellular concentration of iROS, reducing ferroptosis and the consequent release of cardiac troponins. Moreover, DAPA reduces the expression of MyD-88 and NLRP3 in the cardiomyocyte, counteracting the synthesis of pro-inflammatory and cardiotoxic cytokines through NF-kB pathways.


Moreover, in this study, for the first time, the different beneficial effects of DAPA were analyzed in preclinical models of anthracycline-induced cardiotoxicity. In line with other studies, DAPA demonstrated both systemic and cardio-renal anti-inflammatory effects. Recently, Gongora et al. (15) performed a retrospective study to test the preventive properties of cardiac dysfunctions and overall safety of SGLT2i in more than 3,000 cancer patients with T2DM treated with anthracyclines. The primary cardiac outcome was a composite of cardiac events [heart failure incidence, heart failure admissions, new cardiomyopathy (>10% decline in ejection fraction to <53%) and clinically significant arrhythmias]; the primary safety outcome was overall mortality. There were 20 cardiac events over a median follow-up period of 1.5 years. The incidence of cardiac events was lower among case patients in comparison to control participants (3% vs. 20%; p = 0.025). Patients treated with SGLT2is patients also experienced lower overall mortality when compared with control participants (9% vs. 43%; p < 0.001) and a lower composite of sepsis and neutropenic fever (16% vs. 40%; p = 0.013). This study demonstrated, for the first time, the abilities of SGLT2i in the prevention of cardiac dysfunctions in cancer patients with no relevant toxicities (15). Another more recent observational study (96) concluded that dapagliflozin is well-tolerated and associated with high compliance in patients with advanced, inoperable pancreatic ductal adenocarcinoma, significantly reducing some cancer-associated biomarkers (96). Systemic inflammation, also known as systemic inflammatory response syndrome (SIRS), can occur in cancer patients treated with doxorubicin (101). Cancer patients treated with DOXO experienced high levels of CRP, erythrocyte sedimentation rate, IL-6, and IL-1β that may contribute to additional complications, including organ dysfunction or failure (102, 103). DAPA significantly reduced the biomarkers of inflammation and of heart failure, including troponins and NT-pro-BNP, confirming systemic anti-inflammatory and cardioprotective properties. Myocardial analysis showed that DAPA reduced NLRP3 and Myd-88 expression in heart tissue. NLRP3 inflammasome and Myd-88 activation have been implicated in several diseases, including cancer and cardiomyopathies (Figure 7). Both induce cardiomyocyte death and exacerbate myocardial injury by promoting inflammation and fibrosis through IL-1β and IL-18, which activates macrophages and immune cells in heart tissue (104).
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FIGURE 7
MDA and 4-HNA (A,B) systemic levels, and systemic cytokines (C) in mice treated with saline solution (control), DOXO 2.17 mg/kg/day, DAPA 10 mg/kg/day, and DOXO-DAPA in association (n = 6 for each group). One-way ANOVA. Values are expressed as mean ±SD.


Moreover, activation of NF-κB has been implicated in the inflammatory response and development of cardiac injuries (105); DOXO increases myocardial reactive oxygen species that can activate NF-κB signaling. Once activated, NF-κB translocates into the nucleus and promotes the expression of various pro-inflammatory genes, including cytokines, chemokines, and adhesion molecules involved in heart failure and fibrosis (106). Overall, NF-κB activation plays a significant role in doxorubicin-induced cardiotoxicity by mediating the inflammatory response and modulating cell survival pathways (107). To the best of our knowledge, this is the earliest evidence that DAPA is able to suppress NF-Kb expression in myocardial and renal tissue through IHC methods in preclinical models of DOXO cardiotoxicity. The overall picture of the study (Figure 8) summarizes the potential systemic and cardio-renal benefits of DAPA in preclinical models of cardio-oncology.
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FIGURE 8
Schematic representation of DAPA-mediated cardioprotective and anti-inflammatory effect in preclinical models. Short-term DOXO therapy reduced systolic cardiac function; increased systemic hs-CRP, IL-6, IL-1β, IL-17, and TNF-α levels; and increased myocardial and kidney NF-kB expression. DAPA attenuated DOXO-induced phenotype through inhibition of NLRP-3 and Myd-88 pathway, resulting in preservation of cardiac function and reduced systemic levels of hs-CRP, IL-6, IL-1β, IL-17, and TNF-α.


The present study has some limitations. First, this is a preliminary indication that DAPA could prevent cardiac dysfunctions and decrease biomarkers of cardiotoxicity in preclinical models of short-term-induced cardiomyopathies; however, a detailed mechanistic study of DAPA-related cardioprotection should be carried out, through the use of selective inhibitors of intracellular pathways potentially involved in beneficial properties of DAPA (i.e., through the use of NLRP-3 and MyD-88 selective inhibitors). Second, DOXO-induced cardiotoxicity also occurs many years after chemotherapy (108), especially in young women with breast cancer. Therefore, the long-term effects of DAPA in preclinical models exposed to anthracyclines should be performed; however, acute, short-term, cardiac, and endothelial biochemical changes are frequently seen in these patients and are clinically relevant. On the other hand, we studied the early effects of DAPA on the myocardial metabolism of preclinical models without assessing insulin levels, homeostatic model assessment (HOMA)-index, and ketogenic bodies (SGLT2is increase acetate and butyrate systemic levels that could affect myocardial metabolism) (109). Moreover, this study focalized the cardiovascular benefits only in female preclinical models, in line with other similar studies in cardio-oncology (34, 37–39). Anthracycline-induced cardiotoxicity is frequently seen in female breast cancer patients; therefore, a preclinical female model to mimic the clinical condition that we frequently observe in cardio-oncology was used, i.e., women with breast cancer treated with anthracyclines who develop cardiomyopathies. However, subsequent studies will be performed also in male mouse models to evaluate the impact of sex difference (110) in DAPA cardioprotection.

Currently, there is a need for cardioprotective strategies in cancer patients treated with doxorubicin, considering its relevant cardiotoxicity (111). The cardiovascular benefits (e.g., HHF and cardiovascular death) of SGLT2is are different and the mechanisms are partially elucidated. Recent clinical evidence of SGLT2is in cancer patients with T2DM indicate that gliflozins could reduce cardiovascular mortality, MACE, and hospitalization for heart failure. The data in the present study recommend the use of DAPA in the primary prevention of anthracycline-induced cardiotoxicities in cancer patients without diabetes, consequently reducing the discontinuation of therapies, hospitalizations for cardiovascular diseases, and the index of relevant cardiotoxic events.

The present study highlights the mechanisms of DAPA-mediated cardio-renal benefits in preclinical models of anthracycline toxicity. We provide new insight into the cardiovascular benefits of DAPA, as our data show that DAPA induced an anti-inflammatory systemic phenotype during DOXO therapy, reducing NF-kB expression in myocardial and kidney tissue. The overall picture of the study encourages the use of DAPA in non-diabetic cancer patients treated with anthracyclines to prevent adverse cardiac events. Further studies are warranted to investigate interconnected pathophysiological mechanisms of DAPA-induced cardioprotection.
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Abdominal aortic aneurysm (AAA) is a significant source of mortality worldwide and carries a mortality of greater than 80% after rupture. Despite extensive efforts to develop pharmacological treatments, there is currently no effective agent to prevent aneurysm growth and rupture. Current treatment paradigms only rely on the identification and surveillance of small aneurysms, prior to ultimate open surgical or endovascular repair. Recently, regenerative therapies have emerged as promising avenues to address the degenerative changes observed in AAA. This review briefly outlines current clinical management principles, characteristics, and pharmaceutical targets of AAA. Subsequently, a thorough discussion of regenerative approaches is provided. These include cellular approaches (vascular smooth muscle cells, endothelial cells, and mesenchymal stem cells) as well as the delivery of therapeutic molecules, gene therapies, and regenerative biomaterials. Lastly, additional barriers and considerations for clinical translation are provided. In conclusion, regenerative approaches hold significant promise for in situ reversal of tissue damages in AAA, necessitating sustained research and innovation to achieve successful and translatable therapies in a new era in AAA management.
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1 Introduction

Abdominal aortic aneurysm (AAA), defined as a localized dilation of the infrarenal aorta to greater than 3.0 cm, is a progressive degenerative disease of the aorta that culminates in aortic rupture, massive hemorrhage, and subsequent death. Globally, nearly 170,000 deaths per year can be attributed to AAA (1). Despite this devastating toll on human health, there are still no pharmacologic therapies to treat AAA (2, 3). Screening studies have suggested the modern prevalence of AAA is 1%–3% and potentially greater in high-risk populations (4, 5). Irrespective of sex, incidence of AAA increases with advanced age (6, 7). This is a critical consideration in an aging global population, as longer patient survival affords prolonged AAA expansion. While some recent reports suggest a decreasing prevalence of AAA, the mortality after ruptured AAA remains elevated at nearly 80% (4).

Considering the dearth in pharmacological approaches to treat AAA, the current gold standard for AAA management is either open aortic surgery to replace the diseased infrarenal aorta with a synthetic (PTFE, Dacron) graft or endovascular aneurysm repair (EVAR), which has become the preferred treatment modality, to achieve sac exclusion via precise intraluminal deployment of a covered stent-graft (8). Despite remarkable advancements in surgical technique, particularly in the endovascular space, no non-surgical therapy has successfully slowed or halted AAA growth. While EVAR offers some perioperative advantage, both modalities are still associated with  significant procedural risk, cost, and long-term sequelae including reintervention (9). Thus, strategies to improve long term survival in AAA patients remain lacking. Efforts should be directed to treat AAA lesions not yet large enough to qualify for surgical repair and prevent the need for surgery altogether. Regenerative approaches hold promise to treat AAA directly rather than simply removing the diseased tissue from circulation.

Regenerative engineering is an emerging discipline that combines tenets from cell biology, materials science, and biomedical engineering to develop treatments to repair, replace, and regenerate terminally damaged tissues that cannot be healed via classical methods, making it a promising approach to combat aortic degeneration. While pharmacological therapies may slow AAA progression, regenerative engineering offers the possibility of healing the aneurysmal tissue by encouraging the formation of new tissue. This can be accomplished in situ by cell delivery, biomaterial implantation, and local delivery of exogenous proteins such as growth factors and antibodies or by combining one or more of these to achieve a synergistic effect (10, 11). For example, cells can be localized by culturing them on a scaffold or within a hydrogel prior to implantation (12). Besides providing a substrate for cell attachment, biomaterials also provide biomechanical input to influence cell fate and phenotype (13). Similarly, biomaterials enable the controlled delivery of exogenous proteins, protecting those proteins from rapid degradation and providing sustained release to directly target the damaged tissue (14). The current paradigm for regenerative engineering in AAA management is using cell delivery to blunt the progression of aneurysms. In the following sections, we provide a synopsis of the various regenerative engineering approaches which have been proposed for AAA treatment including cell therapy, cell-derived products, controlled protein delivery, gene therapy, and regenerative biomaterials critiquing the practical and technical aspects of each method (Figure 1). We will conclude by describing the challenges which have impeded clinical translation of these experimental therapies and suggesting new frontiers to which regenerative strategies might be incorporated into AAA management.
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FIGURE 1
Regenerative therapies for the management of abdominal aortic aneurysm. Illustrations in top right panel adapted with permission from [Kyriacou et al. (15)], licensed under CC BY 4.0, https://doi.org/10.1177/1750458920947352. Created with BioRender.com.




2 Current understanding of AAA pathogenesis and therapeutic development

Previous research endeavors have attempted to elucidate the intricate mechanisms that govern the progression of AAA growth to identify suitable targets for non-invasive therapies. This has been the cornerstone of pharmacologic strategies with the hope of identifying a single putative driver of aneurysmal pathology. However, to date no pharmaceutical intervention has proven successful in the clinical realm, most likely due to a still incomplete mechanistic understanding of AAA pathogenesis and its differential genesis including genetic predisposition, atherosclerosis, and inflammatory etiologies. Conversely, a primary benefit of a regenerative strategy is the ability to repair existing damage rather than address the root cause. Nevertheless, a comprehensive understanding of the underlying molecular and cellular mechanisms seen in AAA pathogenesis and ensuing histopathologic changes is crucial in the design of effective regenerative therapies. Studies examining AAA pathogenesis through various means have collectively unveiled numerous factors that have been extensively reviewed by Golledge et al. (3). These encompass a spectrum of elements, including but not limited to the following: hemodynamics and mechanical stress, endothelial injury, extracellular matrix (ECM) remodeling, inflammation and immune responses, vascular smooth muscle dysfunction, and genetic mechanisms. While many of the regenerative approaches highlighted later in this review are purportedly etiology-agnostic by addressing these elements, there likely remain strategies that are more suitable for one phenotype vs. another. For instance, AAA secondary to hereditary connective tissue orders may require direct addressment of underlying gene polymorphisms with varying severities (16). Similarly, mycotic aneurysms are a particularly distinct phenotype that mandate addressment of an underlying latent infection. A continued limitation remains the varying, but all somewhat limited, pre-clinical models of AAA that only partially recapitulate all features of human disease (17). Ultimately, though an idealistic regenerative therapy may strive for a lofty one-size-fits-all approach, integrating etiology and phenotype into therapy design likely holds the greatest promise for clinical translation.


2.1 Characteristics of AAA and potential targets for regeneration

The hallmark histopathological features of AAA are: (1) degradation of the ECM, especially of the elastin fibers; (2) apoptosis and subsequent loss of vascular smooth muscle cells (VSMCs), which are responsible for providing vascular tone and contractility; and (3) accumulation and activation of inflammatory cells such as macrophages, which in aggregate, lead to degeneration of the vascular wall and aneurysm formation (18, 19). Additionally, AAA also often present with a multilayered intraluminal thrombus (ILT) (18). Each of these features represents a target for therapeutic intervention using regenerative strategies (Figure 2). Addressing any of these facets may successfully improve other features in parallel as AAA formation is an intricate multifactorial process. In this section, we describe how regenerative engineering may be applied to regenerate AAA tissue and function by targeting one or more of these features.
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FIGURE 2
Schema of cellular and molecular processes involved in abdominal aortic aneurysm (AAA) pathogenesis. Extracellular matrix (ECM) degradation, vascular smooth muscle cell (VSMC) dysfunction, and inflammation are present throughout the aortic wall. Each presents a potential target for regenerative medicine strategies. Created with BioRender.com.


The vascular ECM plays a significant role in vascular development and homeostasis (20). It is mainly comprised of collagen and elastin fibers, both of which impart the fundamental biomechanical behavior required for vascular function (21). AAA tissue is marked by proteolytic fragmentation of elastin fibers which jeopardizes the integrity of vascular wall. Two primary protease families—serine proteases and activated matrix metalloproteinases (MMPs)—are significantly associated with AAA progression (19). The main MMPs involved in AAA pathogenesis are the gelatinases MMP2 and MMP9 (22). In healthy tissues, these enzymes are responsible for maintaining ECM homeostatic turnover by working in concert with tissue inhibitors of metalloproteinases (TIMPs). When this delicate balance shifts to an increase in MMPs or reduction in TIMPs, tissue catabolism occurs. Furthermore, ECM destruction has been shown to provoke VSMC death (18). Therefore, regenerative strategies that target ECM degeneration might reverse the course of AAA formation, and approaches that encourage ECM synthesis, deposition, and crosslinking are all plausible ways to regenerate the AAA wall. This includes transplantation of secretory cells to produce new ECM and delivery of growth factors such as transforming growth factor-beta (TGF-β) that promote ECM production. Alternatively, biomaterials can also be used to induce a localized foreign body response to inspire ECM accumulation at the aneurysm lesion (23). Lysyl oxidase is a key enzyme responsible for the posttranslational crosslinking of collagen and elastin, allowing the aortic wall to resist dilatation and rupture (24, 25). Promoting ECM crosslinking has thus been recommended as a strategy to combat AAA development using interesting approaches such as lysyl oxidase overexpression or in situ ECM crosslinking (24–26).

VSMCs are considered the functional unit of the vasculature given their role in maintaining vascular tone, facilitating vessel contraction, and regulating ECM synthesis (3). VSMC hypocellularity is considered a hallmark of AAA. Although it is unclear whether VSMC dysfunction is a result or a cause of AAA formation, VSMC differentiation into pathological phenotypes with altered contractile properties and secretory profiles further exacerbate aortic wall weakening and aneurysm expansion (3, 19). Additionally, VSMC senescence is increasingly recognized as a contributor to AAA pathogenesis (27, 28). Regardless, regenerative engineering can be employed to repopulate the vascular wall either directly by cell transplantation or indirectly by methods that prevent VSMC apoptosis and transdifferentiation, induce VSMC proliferation, or encourage resident stem and progenitor cells to differentiate into VSMCs.

It is postulated that this unregulated inflammation leads to the destruction of the vascular wall. Profound immune cell infiltration including neutrophils, macrophages, mast cells, natural killer cells, dendritic cells, B cells, and T cells is a hallmark of aneurysmal tissue. Specifically, polymorphonuclear leukocyte activation and death result in the release of granule contents, including proteases, oxidant peptides, myeloperoxidase, and pro-inflammatory mediators such as IL-8 (19). Human studies highlight distinct phenotypes of monocytes and macrophages in AAA development (19). Circulating monocytes of patients with AAA exhibit higher expression levels of lymphocyte function-associated antigen1 (LFA1) and CD11b compared to healthy individuals (19). Macrophages accumulate predominantly in the adventitia and ILT, contributing significantly to the inflammatory environment (19). In addition to immune cell infiltration, adventitial tertiary lymphoid organs (TLOs), which are organized lymphocytic neo-granulomas with a germinal center composed of B cells, have also been identified in tissue (18). Regenerative engineering approaches to combat inflammation are therefore an intuitive approach to restore AAA tissue. While dampening inflammation may be viewed as a way to slow AAA progression rather than restore tissue, inflammation can be harnessed to promote tissue regeneration. For example, macrophage polarization toward the pro-healing M2 phenotype is a common approach in regenerative engineering (29). Adoptive transfer of CD4 + lymphocytes was shown to have therapeutic effects on vascular remodeling in arteriovenous fistula models (30). Regenerative therapies can and should be optimized to manage AAA by modulating the immune response.



2.2 Pharmaceutical strategies to attenuate AAA

Promising preclinical studies have led to several clinical trials and observational studies seeking to attenuate AAA growth. Presently, all completed placebo-controlled drug trials have resulted in negative findings (31). These discouraging results are potentially explained by limitations in trial design, including small sample size and insufficient duration of follow-up. This lack of translation may also be due to incomplete understanding of AAA pathogenesis, underscoring the need for novel targets and therapies, including regenerative medicine approaches. Nevertheless, contemporary randomized controlled trials offer valuable insights into the challenges associated with developing new therapeutics for the clinical management of AAA.

The initial selection of antibiotic therapies was driven by their effects on inhibiting MMP activity involved in AAA pathogenesis (32). To date, 3 trials have investigated doxycycline as a potential therapy, all with no impact on AAA growth or need for repair (33–35). Additionally, prior investigations into AAA pathogenesis had identified Chlamydophila pneumoniae as a potential driver of AAA expansion (36). As such, macrolide antibiotics garnered significant interest to target Chlamydophila pneumoniae (37). However, 1 trial investigating azithromycin has also found no significant impact on AAA expansion and furthermore no correlation between Chlamydophila pneumoniae antigen and disease burden (38). Additionally, 2 small trials investigating roxithromycin found potential reduction in AAA expansion (39, 40). However, both trials were limited by modest patient enrollment and a subsequent meta-analysis by Golledge et al. found antibiotic therapies had limited efficacy in limiting AAA growth or reducing rates of AAA repair or rupture (41).

Initial antihypertensive strategies to attenuate AAA expansion focused on propranolol given early reports that beta blockade may reduce AAA rupture in pre-clinical models as well as retrospective studies of human patients (42). To date, two trials have investigated propranolol without positive results and were additionally marred by significant rates of dropout due to intolerance of beta blockade (42, 43). Driven by pre-clinical animal models and observational population studies suggesting angiotensin converting enzyme (ACE) blockade reduced AAA, ACE inhibition was the next pharmacologic strategy to undergo clinical trials (31, 44). A single trial investigating perindopril found superior reduction in blood pressure in the ACE inhibitor arm but no significant difference in aneurysm growth rate (45). Most recently, angiotensin II receptor blockers (ARB) have also undergone evaluation as a potential pharmacologic strategy. Again, a single trial investigating telmisartan found no difference in AAA growth but again increased rates of hypotensive symptoms (46). These negative findings were further substantiated by the above meta-analysis by Golledge et al. (41). Together, these findings suggest that hemodynamic factors alone do not adequately protect against AAA expansion or rupture.

Numerous trials have demonstrated the benefit of statin therapy on all-cause mortality and cardiovascular morbidity and mortality (47). However, no large randomized controlled trial has demonstrated similar efficacy in the attenuation of AAA. Nevertheless, the pleiotropic effects of statin therapy are worth mention given robust cohort studies. Pooled analyses suggest statin therapy not only reduces growth rate but also reduces rupture risk and improves survival after elective repair (48). Several mechanisms have arisen as contributors to these observed benefits including modulation of endoplasmic reticulum stress and oxidative stress, inhibition of MMPs and maintenance of ECM components, as well as anti-inflammatory effects (49). Given the numerous cardiovascular comorbidities endemic to the AAA patient population, statin therapy is likely to remain a mainstay in mitigating cardiovascular risk. Further exploration of statin-specific mechanisms and identification of therapeutic targets for AAA is warranted.

Several other strategies to attenuate AAA expansion have reached clinical trials, each focused on different aspects of AAA biology. Despite the well described inflammatory changes in the aneurysmal aortic wall, only one clinical trial has utilized an anti-inflammatory strategy. A single trial investigating varying doses of pemirolast, a mast cell inhibitor, revealed no differences in AAA growth at 1 year (50). Pre-clinical models of AAA have indicated anti-lipid therapies may potentially attenuate AAA expansion as well as inflammatory infiltration (51). Fenofibrate, a member of the fibrate class, was subsequently selected for evaluation and remains the only lipid-modifying agent to undergo a randomized clinical trial to date; no difference was observed in AAA growth at study conclusion (52). The role of aortic thrombus has been identified as a contributor to AAA expansion, potentially driven by both cellular signaling and matrix remodeling, as well as changes to mechanical forces (53, 54). The lone trial evaluating anti-thrombotic therapies utilized the antiplatelet agent ticagrelor and found no significant difference in AAA diameter at 1 year (55). Notably, ticagrelor had no significant impact on intraluminal thrombus volume and the role of intraluminal thrombus remains to be fully elucidated.

Given the numerous negative trials to date, as detailed above, new strategies to attenuate AAA expansion and reduce AAA rupture are critically needed. As in the case of prior pharmacologic trials, a regenerative approach may retain a focus on simply slowing the underlying destructive processes and thus delay or obviate the ultimate requirement for surgical intervention. However, the advantage of a regenerative strategy is also the potential to fully reverse the degenerative features of aneurysmal disease and serve as the sole therapy for this pathology. In the remainder of this review, we highlight promising and emerging regenerative therapies for AAA.




3 Cell-based regenerative therapies for AAA

Cell transplantation has been promoted as a regenerative therapy for damaged tissues and organs for decades. Originally, it was posited that exogenous, healthy cells could engraft in tissues where they could replace void space and encourage regeneration. Studies now show that delivered cells largely elicit their benefits through paracrine effects. Cell therapy for AAA treatment was first reported over two decades ago when Allaire et al. overexpressed TIMP-1 in syngeneic rat VSMCs prior to transplantation (56). Since then, an assortment of cells from distinct lineages have been used to treat AAA including VSMCs, endothelial cells (ECs), and stem and progenitor cells, each with their purported benefits for AAA repair (Figure 3).
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FIGURE 3
Cellular therapy strategies to regenerate vascular tissues in AAA. Cell therapies using VSMCs, ECs, and MSCs have each demonstrated therapeutic benefits for AAA treatment. These cells can be derived from iPSCs or collected from peripheral blood and allogenic/autologous tissue sources such as bone marrow and adipose tissue. Route of delivery, intravascular and periadventitial, are both feasible approaches with their own respective advantages and challenges. Cells exert regenerative effects via several mechanisms including direct engraftment, immunomodulation, paracrine signaling, and ECM synthesis which result in restored elastin, reduced protease activity, reendothelialization, and reduced inflammation. Created with BioRender.com.



3.1 Vascular smooth muscle cells or progenitors

The apoptosis of medial VSMCs and the subsequent decrease in VSMC density in the aorta is a hallmark of AAA, making VSMC transplantation an intuitive strategy to regenerate aneurysmal aortas. Allaire et al. first described VSMC delivery to determine whether the presence of VSMCs prevents AAA formation in a rat xenograft model (57). Endoluminal seeding of VSMCs at the time of xenograft implantation prevented aneurysm growth and elastinolysis which could be attributed to a shift in the proteolytic balance toward inhibition. In a follow-up study, cells were seeded 2 weeks after xenograft implantation to allow for aneurysm formation (58). VSMC infusion preserved aortic diameter and elastin content by reducing proteolysis and macrophage infiltration while increasing fibrous collagen transcripts. However, the mechanism of action of VSMCs in this model is unclear as the cells were introduced within the lumen and risked potential loss upon perfusion. Surely VSMCs were observed in the intima/ILT after 1 week, suggesting a paracrine mechanism for the observed improvements and indicating the ILT as a biological target. Nearly a decade later, Park et al. tested what they termed “vascular smooth muscle cell-like progenitor cells” (VSMC-PCs) as a therapy for AAA in a rat elastase model (59). These cells were obtained from muscle MSCs that were differentiated in vitro with PDGF-bb before transplantation. While this report did not provide any information regarding the effect of cell therapy on the aneurysm morphology, there was a reduction in proteases.

Most recently, Mulorz et al. compared the therapeutic effects of periadventitial delivery of induced pluripotent stem cell (iPSC) derived smooth muscle progenitors (iPSC-SMPs) and primary human aortic SMCs in a murine elastase model using a commercially-available collagen sponge (Vitene™) covered with a polycaprolactone (PCL) film in a seminal translational study (60). Collagen sponges are biomimetic scaffolds that exhibit features of the native ECM including a fibrillar morphology, porosity, and integrin binding sites for cell attachment which may be beneficial for cell delivery. Interestingly, primary SMC treatment significantly reduced aortic diameter compared to iPSC-SMPs and was superior in maintaining freedom from AAA despite iPSC-SMPs persisting longer in the aneurysm wall. This study illustrates the delicate balance researchers must deliberate when deciding which differentiation state to use for their cell therapy as progenitor cells may have more longevity while adult cells may possess a more therapeutic secretome. It also demonstrates the feasibility of using a periadventitial scaffold to deliver cells to aneurysms.

In aggregate, these studies provide a framework for VSMC delivery for AAA treatment. While the mechanism is still unclear, they demonstrate the therapeutic benefits of VSMCs in preventing AAA progression by reducing proteolysis. Future studies will be needed for VSMC delivery to determine the optimal number, differentiation state, route, and timing of cell transplantation.



3.2 Endothelial cells

Reendothelialization and induction of angiogenesis via cell transplantation of ECs and endothelial progenitor cells (EPCs) has been proposed as a tissue engineering strategy to treat vascular disease (61–64). EPCs are a subset of circulating hematopoietic cells that possess the unique potential to differentiate into ECs and contribute to neoangiogenesis. Interestingly, both increased and decreased numbers of EPCs have been reported in patients with AAA (65). Transplantation of ECs and EPCs has been effective in treating arteriovenous fistula stenosis (66), vascular injury (67, 68), and hindlimb ischemia (62). These therapeutic benefits derive from their paracrine action rather than assembly into new vasculature as they secrete molecules which regulate vascular function and promote angiogenesis such as nitric oxide, vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and heparin (67–70). Recent evidence has identified a role of hypoxic signaling and reduced vasa vasorum density as a key factor in AAA progression (71, 72). In a recent case study, a patient was noted to have an entire avascular region of AAA tissue upon gross examination which lacked vasa vasorum and presented severe disruption of the elastic fibers, histologically (73). As such, EC delivery is an intuitive treatment paradigm for AAA.

There has only been one report on EC delivery for AAA to date. Franck et al. measured the impact of endovascular EC delivery on AAA prevention and stabilization in a rat xenograft model (74). ECs were either seeded at the time of xenograft implantation (prevention) or 14 days after (stabilization). EC delivery before and after AAA formation was effective in reducing diameter increase, demonstrating their potential as regenerative therapy to prevent further AAA dilation. Further analysis showed that EC therapy led to the establishment of a functional endothelium and a robust vascular wall with preserved elastin and collagen matrix. To determine the contribution of exogenous ECs to the observed neointimal regeneration, the authors conducted an elaborate experiment showing that ECs recruit tissue resident cells to facilitate remodeling, ruling out circulating EPCs as contributors to the newly formed intima. These findings reinforce the idea that the therapeutic benefits of cell delivery arise from paracrine effects rather than tissue engraftment. Noting the translational barriers of using adult ECs as a cell therapy, the authors conducted a similar study using “outgrowth endothelial cells” (OECs), a form of EPCs, and obtained similar results. While this work shows the promise of ECs as a cell therapy for AAA treatment and signifies the importance of a functional endothelium in AAA repair, future studies are still needed to explore alternative delivery routes, especially considering the difficulty of seeding cells endovascularly in the presence of an ILT. Surely, periadventitial EC delivery has been shown to be effective despite its distance from the endothelium (75). Additionally, periadventitial delivery may be advantageous in regenerating the vasa vasorum thereby reducing medial hypoxia and preventing further degeneration. Alternatively, another avenue are strategies to direct endogenous ECs and EPCs to regenerate aneurysmal tissue in situ rather than transplanting cells.



3.3 Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are adult multipotent stem cells that reside in different tissues throughout the body including bone marrow, muscle, adipose tissue, placenta, and umbilical cord and maintain the potential to differentiate into osteogenic, chondrogenic, adipogenic, and neuronal lineages. Compared to embryonic stem cells, MSCs are safer as they reduce the risk of teratoma formation and pose less ethical concerns regarding sourcing (76). MSCs have thus been at the forefront of regenerative cell therapies due to their widespread availability, differentiation potential, and inherent healing properties as undifferentiated cells. MSCs have shown curative effects for a plethora of inflammatory diseases and as cellular agents in vascular regenerative medicine (77–81). Their immunomodulatory effects and differentiation potential have positioned MSCs as frontrunners in regenerative therapies for AAA, with the majority of reports describing the effects of MSC transplantation in slowing aneurysm progression. In the following sections, we will critique MSC therapies that have been applied to experimental AAA models stratified by the tissue source, bone marrow or adipose tissue, and provide insight into the efficacy and ultimate translatability of these approaches.


3.3.1 Bone marrow derived MSCs

Bone marrow derived MSCs (Bm-MSCs) account for ∼0.01% of bone marrow mononuclear cells. As such, Bm-MSCs must be expanded in vitro to obtain adequate cell numbers for regenerative therapies (82). Still the properties of Bm-MSCs such as ease of isolation, rapid expansion, amenability to cryopreservation, and immune-privilege for allogeneic therapies make them worthy for clinical translation. Countless clinical trials have demonstrated the safety of Bm-MSCs in other applications (81). Bm-MSC therapy as a treatment for AAA has only recently reached the clinical realm (83); however, there have been a number of experimental and preclinical studies that indicate their promise as a potential AAA treatment.

Hashizume et al. first reported the use of Bm-MSC therapy for AAA in an angiotensin II (AngII) model using ApoE−/− mice (84). Allogenic Bm-MSCs were first isolated from femurs and expanded in vitro using temperature-responsive well plates which enabled the cells to be transplanted as continuous sheets that could be applied directly to the adventitial surface. This method is advantageous as it preserves cell-cell and cell-ECM contacts which are essential to cell viability and optimal function and enables periadventitial delivery without laborious biomaterial fabrication. Transplantation of Bm-MSC sheets reduced the diameter of the infrarenal aorta and inflammation. Cell tracking located BM-MSCs in the aorta 28 days after transplantation, which raises the question of whether engraftment is a true phenomenon. Turnbull et al. also reported engraftment of Bm-MSCs after 1 week following injection and endovascular seeding in a porcine model (85). However, the biological insights of this study are limited as it did not include a control group in which an aneurysm was created without cell treatment. Schneider et al. evaluated the efficacy of Bm-MSC therapy in a rat xenograft model (86). Endovascular seeding of Bm-MSCs into the lumen of xenograft aneurysms 2 weeks after surgery significantly blunted the diameter increase and enhanced ECM content compared to vehicle controls. Interestingly, there was a dramatic reduction in monocyte/macrophage infiltration, highlighting the immunomodulatory effects of Bm-MSCs. Cell tracing revealed that delivered Bm-MSCs survived for a week after delivery but were not observable at 1 month. The transplanted cells were localized to the ILT, indicating it as an obstacle for endovascular delivery to the wall but also supporting the ILT as a viable target. Using a dose-relationship experiment, the authors showed that a single dose of one million Bm-MSCs was sufficient to stabilize the aneurysm whereas multiple doses of VSMCs were necessary to achieve the same effect, indicating that MSCs possess enhanced regenerative potential compared to adult cells.

Hosoyama et al. utilized a specialized subset of MSCs known as multilineage-differentiating stress enduring (MUSE) cells which express the embryonic surface marker stage specific embryonic antigen (SSEA)-3 in an elastase/CaCl2 model in severe immunocompromised mice (87). Despite their embryonic origin, these cells are purported to be non-tumorigenic and have rapid doubling time which makes them ideal for clinical translation. Multiple injections of MUSE cells most effectively prevented aneurysm growth and increased medial elastin compared to non-MUSE (SSEA-3−) cells and normal Bm-MSCs. A single injection of MUSE cells at day 0 was also superior to the other groups. Interestingly, MUSE cells were shown to colocalize with both SMA and CD31, showing their multipotency and capability for direct regeneration (Figure 4A). MUSE cells were shown to home to the aneurysm site from the adventitial side, suggesting they transport through the vasa vasorum. These findings emphasize the importance of cell sorting when designing future Bm-MSC therapies for AAA as Bm-MSCs contain a heterogenous population of cells with differential therapeutic properties. They also provide support for intravenous injection as a feasible delivery method for MSCs due to their ability to home to injury sites.
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FIGURE 4
Fate of MSCs after periadventitial delivery. (A) Engraftment and differentiation of MUSE (GFP+) cells into SMCs (αSMA+, top) and endothelial cells (CD31+, bottom) 3 weeks after periadventitial delivery. Reprinted from (87) with permission from Elsevier, © 2018 by The American Association for Thoracic Surgery, https://doi.org/10.1016/j.jtcvs.2018.01.098. (B) Periadventitial delivery of ADSCs using recombinant collagen peptide patches (top right). Labeled ADSCs (red, arrows) could be visualized throughout the aortic wall after 14 days (bottom right) but not bare control patches (bottom left) (* = autofluorescence of the elastic laminae). Reprinted from (88) with permission from Elsevier, © 2018 Wiley Periodicals, Inc., https://doi.org/10.1002/jbm.a.36445.




3.3.2 Adipose derived MSCs

Adipose tissue is another reliable source for MSCs. Compared to Bm-MSCs, Adipose-derived MSCs (Ad-MSCs) can be isolated in higher abundance with less morbidity in a minimally-invasive procedure. Like Bm-MSCs, Ad-MSCs are profoundly immunomodulatory and anti-inflammatory and have been subject to numerous clinical trials (89). Despite still lacking clinical approval, several studies have demonstrated the promise of Ad-MSCs as a regenerative therapy for AAA over the last 10 years.

Tian et al. evaluated the effects of Ad-MSC therapy on AAA in a rat CaCl2 model after performing a series of in vitro and ex vivo experiments, showing that they improve elastin content and reduce MMP activity (90). In this study, cells were introduced to the aorta via the carotid artery. In contrast, recognizing the ILT as an impediment for intravascular delivery, Blose et al. utilized a periadventitial approach to deliver Ad-MSCs in an elastase model by connecting a sponge to the infusion catheter, effectively reducing aneurysm progression and preserving the elastic lamellae (91). Xie et al. delivered human Ad-MSCs via the tail vein in a mouse elastase model, beginning therapy at the time of elastase treatment (92). Intravenous Ad-MSC therapy had a profound anti-inflammatory effect reducing macrophage infiltration, polarizing macrophages toward the M2 phenotype, and increasing the proportion of regulatory T cells. These reductions in inflammation were associated with blunted aneurysm dilation over 2 weeks compared to controls. Transplanted cells were observed solely in the lung 1 day after injection and were no longer present after 4 days, suggesting that Ad-MSCs exhibit a systemic anti-inflammatory effect.

Employing a classical tissue engineering approach, Parvizi et al. developed perivascular scaffolds from a recombinant collagen peptide to deliver rat Ad-MSCs to the adventitia in a rat elastase/CaCl2 model (88). The recombinant collagen peptide consists of a repeat of human type 1 collagen along with an RGD sequence, thereby recapitulating features of the vascular ECM and facilitating cell adhesion, respectively. Ad-MSCs were seeded on the scaffolds for one day prior to transplantation and were transplanted at the time of elastase treatment. The scaffolds were fully intact after 2 weeks in vivo and labeled Ad-MSCs were shown to migrate from the adventitia into the media (Figure 4B). Only seeded scaffolds prevented dilation while there was a significant reduction in elastin and SMA expression and increase in macrophage infiltration with the scaffold alone while there was no difference in the Ad-MSC scaffold group compared to the sham. In all, this study highlights the utility in using engineered scaffolds to enhance the effects of Ad-MSC as a translatable local therapy, however a direct comparison between cells alone and cells seeded within scaffolds would be insightful.





4 Cell-free regenerative approaches

While cell therapy is well suited for the biology of AAA, cell-free approaches offer an alternative path to AAA regeneration, circumventing the barriers to translation that often hinder cell therapies. Cell-derived products, gene therapies, controlled protein delivery, and regenerative biomaterials are all options to promote AAA repair without the use of living cells (Figure 5). Instead, these approaches elicit therapeutic responses in the resident cells to accomplish regeneration. Compared to cell therapies, these approaches are often more specific, focusing on a particular target to accomplish healing and offering more precise control of the healing process. In the following section, we will review the alternative regenerative approaches to cell therapy that have been prescribed for or may be well suited to AAA treatment, offering critiques on previous studies and providing recommendations for the design of these treatments.
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FIGURE 5
Cell-free regenerative approaches to attenuate AAA. Products derived from cells, including extracellular vesicles or mitochondria, offer the therapeutic paracrine effects of cells while avoiding some of the translational barriers of cell therapies. Gene therapy offers precise control of molecular mechanisms. Controlled delivery of proteins and drugs provides targeted and sustained therapeutic effects, while protecting payloads from rapid degradation in the inflammatory environment. Biomaterials are typically paired with a molecular or cellular payload but can also offer regenerative potential alone. Created with BioRender.com.



4.1 Cell-derived extracellular vesicles

Instead of live cell transplantation, cells can be used as in vitro factories to produce cell-derived therapeutics such as extracellular vesicles (EVs) (93–95). Exosomes, a subset of EVs, transport intracellular cargo outside the cell thereby playing an important role in intercellular communication (96). Specifically, exosomes carry an assortment of proteins and miRNA, which can promote AAA regeneration (97, 98). MSCs are often used as the cell sources for production of EVs. Chen et al. isolated EVs from MSCs to treat AngII-infused AAA mouse models thereby inhibiting AAA formation and improving survival (99). While MSC-EV-treatment helped inhibit neutrophil extracelluar trap (NET) mediated ferroptosis in SMCs in vivo, MSC-EVs were unable to inhibit NET-induced ferroptosis in vitro. Thus, the findings suggested that EV-treatment may not directly inhibit ferroptosis but help prevent NET formation and AAA development, though the exact mechanism requires further investigation. In addition to Bm-MSCs, Hu et al. isolated exosomes secreted by Ad-MSCs (ADSC-exos) and evaluated their effects in Ang II AAA (100). ADSC-exos were shown to reduce elastin degradation via exosomal miR-17-5p. Spinosa et al. demonstrated that EV treatment showed a decrease of inflammation and cytokine levels equivalent to MSC treatment (101). Further investigation of the specific mechanism of EV action demonstrated that this protective effect occurs through miR-147-mediated downregulation of IL-17 and HMGB-1. Surface modification of EVs can increase their tissue specificity and improve therapeutic effect. Sajeesh et al. modified EVs with cathepsin K (CatK) binding peptides (CKBP), noting CatK is highly expressed on the surface of ECs and SMCs in AAA (102). Modification with CKBP increased uptake and elicited a pro-regenerative effect on cytokine-activated SMCs isolated from an elastase-induced AAA rat model, however no in vivo study was performed.

In summary, EV-based therapies propose a new potential avenue for AAA regeneration through inflammation downregulation, reduction of elastin degradation, and inhibition of SMC activation. Such therapy might also be superior to cell-based therapies through the opportunity for targeted tissue-specific modification and low immunogenicity. However, the mechanism of action of such therapies and further investigation of specific cargoes that EVs carry are essential for further development of EV-based therapies for AAA regeneration.



4.2 Gene therapy

Another nascent field, gene therapy, has the potential to significantly improve clinical outcomes for AAA therapy. By using the power of gene manipulation such as overexpression or gene silencing through miRNA, siRNA, and viral vectors, gene therapy offers a novel approach to encourage AAA regeneration. Yan et al. studied the effect of the amphipathic protein-mediated nanoparticle delivery of siRNA targeting NF-κB (103). Hyaluronic acid (HA)-coated p5RHH nanoparticles were used to knock down either the p50 or p65 subunit of NF-κB in an elastase-induced model and a TGF-β blockade model. Interestingly, the delivery of nanoparticle-encapsulated siRNA targeting the p65 subunit was only effective at the early stage of post-elastase perfusion, while the p50 subunit silencing was beneficial even at 5 days post-perfusion. Overall, the silencing of different NF-κB subunits helped reduce AAA progression and rupture.

Zhao et al. demonstrated that knockdown of miR-33-5p led to increased expression of ABCA1 and activation of PI3K/Akt pathway, while transfection with siRNA targeting ABCA1 decreased phosphorylation of PI3K and Akt (104). Although the relation between the PI3K/Akt pathway and AAA is unclear, the authors hypothesized it modulates AAA formation by regulating cholesterol efflux. Tao et al. studied the cellular senescence of VSMC in human AAA specimens, revealing AngII induces VSMC senescence by downregulation of Sirt1 (105). The authors also demonstrated that miR-199a-5p mediates Sirt1 expression and thus identified it as a potential target for AAA gene therapies, along with miR-34, miR-455-3p, and miR-125b-5p which are also upregulated in AAA patients. Nevertheless, the role of such miRNAs and their molecular mechanisms require further investigation before they may be used for AAA regenerative gene therapies.

In addition to siRNAs, viral vectors open another avenue for gene therapy. Adeno-associated virus (AAV) is commonly used in gene therapy due to its efficiency in gene delivery, low risk of triggering an immune response, and long-term expression of a therapeutic gene (106). Li et al. presented evidence for lysyl hydroxylase 1 (LH1) being a potential gene target for AAA as human specimens and Ang II mice experience reduced LH1 expression, leading to the activation of proinflammatory process, increased MMP activity, and VSMC apoptosis (25). AAV-LH1 treated mice exhibited decreased AAA formation and rupture. Even though the findings presented evidence for AAA alleviation, gene therapy alone was not sufficient to completely regenerate dissecting AAA, suggesting gene therapies may need to be combined with other interventions to increase therapeutic efficacy. Zhao et al. demonstrated that BAF60c (a subunit of the SWItch/sucrose nonfermentable chromatin remodeling complex (SWI/SNF) is reduced in human AAA samples and murine Ang II and elastase AAA models and upregulation preserved healthy VSMC phenotype and suppressed VSMC inflammation (107). Overexpression of BAF60c in mice using an AAV did not improve the survival rate but significantly reduced the maximum aortic diameters and AAA development.

Long noncoding RNAs (lncRNA) represent an additional gene product with potential as a therapeutic target. Encouraging pre-clinical studies have utilized knockdown or knockout of lncRNAs with great effect. Zhang et al. previously identified upregulation of the lncRNA plasmacytoma variant translocation 1 (PVT1) in human AAA tissue and AngII induced murine AAA; lentiviral knockdown of PVT1 in an AngII murine model attenuated aortic expansion and suppressed VSMC apoptosis, matrix degradation, and inflammatory cytokine profile (108). Similarly, Li et al. identified the lncRNA H19 as one the most upregulated transcripts in the AngII and elastase murine models of AAA, a Yucatan mini-pig aneurysm model, as well as end-stage human disease (109). Subsequent knockdown in AngII and elastase murine models reduced AAA growth rate with reduced VSMC apoptosis mediated by interactions with hypoxia-induced factor 1α. This role of lncRNAs on VSMC behavior may hold particular promise in AAA biology. Ahmed et al. identified the lncRNA nuclear paraspeckle assembly transcript 1 (NEAT1) as a critical regulator of VSMC phenotype; in vivo knockout of NEAT1 significantly reduced VSMC proliferative phenotype, albeit in a non-aneurysmal model (110). These lncRNAs are merely a fraction of a rapidly growing database of lncRNAs and we anticipate continued identification of transcripts suitable for therapeutic targeting in AAA (111).

The unique setting of the vascular system presents some limitations for the use of novel and efficient gene editing systems like Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) and the CRISPR-associated Proteins (Cas) proteins. The need for targeted therapy and delivery to vascular cells is challenged by the constant blood flow and changing environment of the vasculature. Another concern is off-target effects that are often difficult to predict. Nevertheless, a recent study done by Zhang et al. presented a lipid-based and hydroxyl-rich gene vector system with high transfection efficiency and stability (112). They developed CHO-PGEA/ pCas9-sgFbn1 nanoparticles targeting Fibrillin-1 and analyzed their efficiency in vitro and in vivo. In vivo studies demonstrated that AngII infusion significantly increased the uptake of nanoparticles by aortic tissues. Moreover, the delivery system did not demonstrate any toxic effects on organs, thus revealing a new potential avenue for gene therapy of vascular diseases.

In summary, gene therapy approaches are a promising route for AAA regeneration. However, current reports are typically mechanistic, investigating the role of a certain gene and pathway in AAA formation and progression, rather than focusing on clinical translation of these therapies. While such studies greatly contribute to our understanding of AAA formation and development mechanisms and identify novel targets for AAA regeneration, more translational studies will be useful to advance the field of regenerative therapies for AAA. In the future, more efforts should be directed to developing local delivery methods to enhance the therapeutic relevance of gene therapy approaches.



4.3 Targeted protein and drug delivery

Soluble signals are a main component of the tissue engineering triumvirate. Protein and growth factor delivery have been proposed to direct cell fate and ultimately exact tissue regeneration (14, 61, 113). However, growth factor therapeutics do not come without their own risks. Besides potential for immunogenicity, dosing and pharmacokinetics must be precisely controlled to reduce off-target effects and avoid tumor formation. Exogenous protein delivery is also hampered by their inherent lability and instability, as they are rapidly denatured in the physiological environment, losing their activity. To combat this, proteins are often combined with a biomaterial vehicle to provide controlled delivery, to preserve their activity and localize their effects (11, 114–116). Bai et al. evaluated the regenerative impact of an injectable hyaluronic acid/sodium alginate hydrogel loaded with TGF-β in a murine CaCl2 and rat vein patch model (117). TGF-β promotes AAA regeneration by inducing ECM production and dampening inflammation (118–121). This treatment effectively improved wall thickness and elastin integrity in the mouse model which was associated with increased transforming growth factor activated kinase (TAK1) and pSMAD2 positivity, indicating a TGF-β dependent mechanism. The hydrogel remained visible in histology at day 14, but there were no signs of cell infiltration and tissue integration. Also, the feasibility of intramural injection in a human aneurysm is unlikely due to the potential for rupture. Still, this study presents an interesting alternative approach which paves a new direction for regenerative therapies based on growth factor and cytokine signaling. More soluble factors can be screened for AAA regeneration as well as develop biomaterial delivery methods to control their presentation.

Although systemic pharmacological treatments have not been proven effective in the clinical management of AAA, local delivery of these agents using biomaterials can improve tissue regeneration by reducing the activity of proteins detrimental to tissue repair in the pathological microenvironment. In the context of regenerative engineering, these drugs are combined with a biomaterial delivery vehicle to improve the pharmacokinetics, and subsequently their safety and efficacy. For instance, as evidenced by multiple clinical investigations, doxycycline garnered significant interest as a synthetic MMP inhibitor. However, systemic administration is associated with off-target effects. To overcome this, Yamawaki-Ogata et al. developed electrospun nanofibers which released doxycycline slowly over 2 months without any toxic effects to measure the effects of local MMP inhibition in an angiotensin mouse model (122). Nosoudi et al. described the use of anti-elastin nanoparticles loaded with batimastat, a hydroamate-based MMP inhibitor, to determine its feasibility as an intravascular therapy that would traffic to the aneurysm site by targeting elastin in a rat CaCl2 model (123). Nanoparticles are advantageous as they protect their payloads from degradation in the physiologic environment and confer sustained release behavior; however, these particles emptied their loads by 1 week and, thus, had to be delivered weekly. These particles were shown to accumulate in the aorta while immunoglobulin-tethered controls did not. Long term, they improved histological features and prevented aortic dilation compared to nanoparticles without drug. Overall, these reports suggest local MMP inhibition is an effective strategy for AAA repair and regeneration by preventing ECM degradation and reducing inflammation. Future studies can combine local delivery of MMP-inhibitors with other regenerative strategies to improve AAA regeneration.

Controlled endovascular delivery technologies have demonstrated promise in large animal models and are perhaps the most advanced along the clinical translation pathway. Simionescu et al. delivered 1–3, 4, 6-pentagalloylglucose (PGG) via a weeping endovascular balloon to stabilize elastin and collagen in a swine AAA model (elastase/collagenase and CaCl2) with not only attenuation of AAA but also reduction in aortic diameter (124). This has since been delivered to human patients without obvious toxicity, though impact on aneurysm growth remains to be seen (125).



4.4 Regenerative biomaterials

Biomaterials are often combined with cells or other therapeutics before implantation; however, biomaterials alone often possess their own therapeutic effect due their inherent bioactivity and can be used to direct the behavior of endogenous cells. While this is especially true for natural biomaterials which contain domains which promote cell attachment and integrin signaling, such as ECM-derived polymers (i.e., collagen, gelatin, decellularized tissues), synthetic polymers can also be functionalized to control cell behavior (23). Natural and synthetic polymers are often combined to exploit the properties of each. These polymers can be fabricated into a slew of formats including sponges, foams, hydrogels, fibers, and films, all of which are amenable for periadventitial interventions that can be easily applied to the aneurysm lesion. Unlike current surgical options, these materials degrade over time, leaving by newly formed tissue, making them exciting alternatives to regenerating AAA.

The primary features of AAA pathogenesis are thinning of the vascular wall, persistent inflammation, and VSMC loss. Appropriate biomaterial selection would encourage wall ECM production and VSMC proliferation while attenuating inflammation to regenerate the vascular wall. Polyethylene glycol (PEG) hydrogels have attracted increasing interest due to their tunability and amenability to functionalization (126–128). PEG hydrogels are “blank slates” and can be functionalized with peptides and growth factors and designed with protease-sensitive crosslinks which enables cell-mediated degradation. Protease sensitivity might be an attractive feature in the context of AAA in which MMP activity is upregulated. PEG is also non-immunogenic, which is pertinent to AAA as any additional inflammation might worsen the disease state. In contrast, natural polymers are readily degraded by cells and do not require any complex chemistries but can still be modified if desired. While these polymers are often immunogenic, the foreign body response may be advantageous in AAA as it promotes local ECM production. Citrate-based biomaterials possess potent antioxidant properties which might be advantageous in combating AAA inflammation (129). Another interesting biologic-free approach is to design these biomaterials to sequester endogenous proteins and cells instead of delivering them which would be helpful in clinical translation (130). To date, there are no reports of using a biomaterial alone as a therapy for AAA regeneration besides vehicle controls in cell studies, but acellular biomaterials might be more effective, cheaper, and easier to translate.




5 Perspectives for clinical translation

Despite countless innovations and experimental therapies to promote AAA repair, few regenerative approaches have reached clinical trials and none have received final clinical approval (83). Before advancing to the clinic, it is imperative to demonstrate the safety, efficacy, and mechanism of action of these treatments in animal models. As such, clinical translation has been limited by variability among preclinical experimental studies, especially among animal models and treatment administration paradigms. Studies utilizing clinically-relevant large animal models have also been scant. Other challenges include the practical and technical considerations that accompany regenerative therapies such as scalable manufacturing. Lastly, there is a need for consistent collaboration among scientists, engineers, and physicians to determine a suitable treatment approach (i.e., administration route and timing) that aligns with clinical practice along with continued experimentation to unravel the underlying biology of AAA pathogenesis. In the following sections, we will elaborate on these obstacles to translation and prescribe some recommendations for future work to ultimately see a regenerative therapy clinically-approved for AAA.


5.1 Preclinical evaluation

Regardless of the approach, the ultimate success of any regenerative therapy for AAA relies on a standardized route to translation. Variability among experimental models, species, and study designs make it difficult to compare the efficacy of new treatments. Animal models of AAA remain imperfect, and no single model captures both the anatomic specificity and all histopathologic changes observed in human AAA. Models can broadly be categorized as dissecting or non-dissecting aneurysms. Dissecting models, such as the popular angiotensin II model, rely on generation of intimal tears and can importantly recapitulate aneurysmal rupture and subsequent death but often manifest outside of the infrarenal segment and may better reflect residual dissection after type B aortic dissection in human patients (17). Resultantly, this remains a significant limitation as the etiology and clinical management of post-dissection aneurysms is certainly distinct from degenerative AAA. Alternatively, non-dissecting models, such as the elastase or CaCl2 models, can induce progressive transmural dilation with anatomic specificity but lack the important clinical endpoint of rupture (17). Additional considerations include presence of an ILT, concomitant atherosclerosis, and inflammatory infiltration. The previously described rat xenograft model is another non-dissecting model that promotes both ILT and early immune cell infiltration with a similar limited capacity for rupture (131). The implantation of a decellularized guinea pig aorta reliably generates AAA and the associated void of VSMCs has made this model an attractive testbed for cellular therapies (74). Models also require some ongoing trigger for progression of pathology with consequent stabilization or healing after cessation, though some groups have demonstrated continuous progression of AAA by prolonging the initial trigger or new stimulus (132, 133). Each model should be considered complementary in fully capturing the human disease state and recognizing their limitations is paramount in evaluating any regenerative therapy.

Current approaches evaluate whether a potential therapy can stop aneurysm formation or slow progression rather than regenerating damaged tissue. The timing of intervention will govern the indication of any individual regenerative engineering approach. As such, it is necessary to develop strategies that align with the current clinical paradigm. Delivery of any therapy for AAA must integrate the existing framework for patient identification, repair strategies, and surveillance. While certain therapies may be more suited for early intervention, more drastic approaches may be needed once the aneurysm has dilated past a certain threshold. Similarly, assessment of regenerative therapies must be guided by clinically relevant endpoints as cellular or molecular markers alone may be insufficient given the limited translational success thus far. Aortic remodeling after EVAR offers some insight to favorable endpoints. Though EVAR is not inherently a regenerative therapy, the diseased aorta remains in place, and sac regression alone may predict long-term success (134, 135). Continued integration of advanced imaging modalities and other clinical parameters will remain imperative in assessing both surgical and regenerative therapies.



5.2 Source of regenerative materials

Cell therapies using cells of different phenotypes and lineages have shown promise as therapeutics in aneurysm treatment in numerous preclinical studies (Table 1) but have mostly not advanced to clinical development. A major consideration for the translation of cell-based therapies is the ability to source cells ethically and frugally manufacture adequate quantities to support market demand. MSCs are the most intuitive option as they can be sourced from a range of tissues and theoretically can be expanded indefinitely. However, MSCs have been shown to lose potency upon passaging, which further hampers their implementation (76, 136). Also, MSCs are heterogenous and precise classification of MSCs has been controversial (137). It is possible that certain MSC subpopulations have differential effects on healing, and advanced sorting may be required. The donor characteristics such as age and health status also have a profound impact on MSC properties, making autologous therapies unlikely. In any case, allogenic MSCs have been shown to have low-immunogenicity and acceptable safety profiles (81). It is pertinent to establish inclusion criteria including passage number, surface antigens, donor age, and donor health status if cells are being gathered from a bank. Alternatively, iPSC technology presents an interesting avenue that might circumvent some of these obstacles. iPSCs can be used to generate MSCs and adult cells which might be suited for AAA treatment such as vascular progenitors, ECs, and VSMCs. Regardless, the feasibility of using any cell as a reliable clinical therapy is governed by the ability to develop a scalable process from harvesting and expansion, to cryopreservation and thawing, and ultimately therapeutic delivery.


TABLE 1 Summary of cell therapies by cell type.

[image: Table 1]

Alternatively, cell-free treatment paradigms are more amenable to clinical translation (Table 2), but also have considerations that must be addressed. EVs provide many of the benefits of MSC therapies and can ideally be used an off-the shelf therapy yet are still accompanied by quality control issues such as purity and donor source. The feasibility of gene therapies to be manufactured on a global scale has already been demonstrated. Acellular biomaterials pose little concern when it comes to sourcing and clinical translation, however xeno-derived materials must be vetted for immunogenicity and batch variability. Overall, researchers must be mindful of the practical concerns and logistics associated with each treatment paradigm and develop methods that are suited for large scale clinical implementation.


TABLE 2 Summary of cell-free therapies.
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5.3 Route of delivery

In addition to the numerous practical considerations in regenerative therapy design, route of delivery is perhaps the most critical for successful integration with existing clinical paradigms. Systemic infusion of cells or cell-free products provides the least invasive approach yet is limited by possible off target effects and poor target specificity. While direct intraluminal delivery affords easy integration into the clinical framework, any intraluminal approach must be engineered to prevent the payload from entering the circulation. Although ILT is often viewed as a barrier to intraluminal delivery, it plays a significant role in AAA biology and therefore might be a target to which therapies can be delivered to alter the course of aneurysm progression. Still, periadventitial approaches may be best suited for AAA pathology as the pathologic changes primarily occur in the wall, but these strategies must be tempered by the significant invasiveness of an aortic exposure for perivascular delivery. While a patient may be hypothetically spared the hemodynamic insult of an aortic cross clamp, as is required in open surgical repair, the impact of a regenerative therapy on hampering a future reoperation or surveillance imaging cannot be understated. Delivery strategies may also draw inspiration from the armamentarium of vascular surgeons in treating endoleaks after EVAR. Transarterial, translumbar, and transcaval approaches are all currently employed for delivery of coils or polymers with minimal morbidity. Adapting these techniques for intravascular or perivascular therapies could hold promise.

Regenerative therapies may also be directly paired with open surgical repair in designing vascular grafts. The goal of this strategy is not to regenerate the AAA but rather to improve the performance of grafts after surgical replacement. While the patency of aortoiliac synthetic grafts is acceptable, thrombotic complications and resistance to infection remain significant challenges, particularly in infected fields or mycotic aneurysm cases. Novel acellular vascular grafts that address these limitations have been employed for peripheral reconstruction and may offer similar advantages in aortic reconstruction for AAA (138, 139). There is also likely significant opportunity to pair biologically active therapies with endovascular therapies, as in the treatment of coronary or peripheral artery disease (140, 141). Though not yet employed in the clinical realm, modification of aortic stent-graft technologies presents one such strategy (142, 143). Pre-clinical efforts have largely focused on improving the performance of endografts (i.e., reducing endoleak) rather than regenerating the aneurysm itself. Given the existing clinical workflow and rise of an “endo first” approach, pairing regenerative and surgical therapies may hold significant promise. Modulating post-EVAR sac behavior is one intuitive goal as positive or negative remodeling already predicts late aortic rupture and long-term survival (134, 135). In the future, utilizing regenerative engineering principles to develop biologically active stent-grafts that incite AAA repair simultaneously present an exciting opportunity.



5.4 Mechanisms of action

Current regenerative approaches to treating AAA are premised on the therapeutic properties of exogenous cells. Unlike traditional pharmacological paradigms, the therapeutic effects of cells are not based on a single target or mechanism. Instead, cells offer a robust, multifactorial secretome that consists of growth factors, cytokines, ECM components, extracellular vesicles, and organelles, each with their own respective benefits to AAA healing. Current studies report reduced inflammation, oxidative stress, MMP activity and ECM fragmentation with increased cellularity, however it remains unclear how these effects are achieved. Carefully designed experiments must be conducted to determine the causal relationships between therapies and their respective outcomes. In vitro and ex vivo studies will help unravel some of these unknowns. Scientists should also take advantage of genetic knock-out, gene overexpression, and CRISPR-cas9 technologies. The advent of bulk and single-cell sequencing provides indispensable tools that can be employed to gain mechanistic insight and further deconvolute how regeneration is accomplished.

The most exciting healing mechanism is the potential for cell engraftment, replacing the cellular void left behind by degenerative changes. Currently, the fate of transplanted cells is unknown with conflicting reports of viability, survival, and differentiation. Prior studies have utilized clever experimental designs to distinguish whether tissue regeneration results from activation of endogenous cells, for example migration of neighboring cells into the anastomotic regions of xenografts, or from engraftment of transplanted cells. It is pertinent to conduct lineage tracing studies and incorporate live-cell in vivo tracking so that cell fate can be reliably predicted (144). The utilization of cells expressing reporter genes provides valuable insights into cell fate, albeit with challenges that warrant careful consideration. One potential limitation arises from false positives generated in the short term, attributed to macrophage phagocytosis. Additionally, genetic modifications intended for cell tracking may heighten immunogenicity, impacting cell potency and differentiation potential. Despite these challenges, genetically-labeled cells offer the advantage of combining with immunostaining techniques, enabling the identification of cell phenotype and spatial relationships. Advanced imaging techniques using contrast agents provide another avenue for cell tracking, offering compatibility with clinical imaging modalities and high sensitivity. However, they pose limitations for long-term tracking, as contrast agents persist post-cell death and are diluted with mitosis. The choice of imaging method should be a deliberate consideration based on the specific study objectives, with researchers exercising discretion in result interpretation, particularly in preclinical studies. In clinical studies, both genetic modification and contrast agent-based tracking encounter difficulties. Genetically modified cells face regulatory hurdles, while contrast agent-based tracking raises concerns about radiation exposure. Consequently, cell tracking is infrequently implemented in clinical trials. However, a robust understanding gained from preclinical studies can potentially mitigate the necessity for tracking cells in human subjects. Navigating these challenges requires a judicious approach, emphasizing the importance of choosing the most suitable method for a given study's objectives and exercising caution in result interpretation, particularly in the context of human applications.



5.5 Conclusion

In summary, AAA is a devastating progressive degenerative disease with confounding biological mechanisms that have made it challenging to develop new therapeutics using conventional strategies. Regenerative engineering is a burgeoning field well suited to AAA pathology as it aims to reverse tissue damage in situ. To date, current regenerative engineering approaches for AAA have been limited to cell therapies. Future studies are still critically necessary to further identify the mechanistic underpinnings of cell therapies. Alternatively, cell-free strategies are a promising new frontier with their own set of advantages and challenges. The substantial number of considerations in regenerative therapy design underscores the need for interdisciplinary collaboration. Determination of the therapeutic payload, route of delivery, mechanism of action, and desired positive outcome must each consider practical limitations for successful translation. Scientists, engineers, and vascular surgeons must each bring their individual expertise. We encourage continued research in this field and support imaginative regenerative engineering approaches that will ultimately result in translatable therapies that can be merged with standard practice.
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Cardiovascular disease (CVD) represents the leading cause of mortality and disability all over the world. Identifying new targeted therapeutic approaches has become a priority of biomedical research to improve patient outcomes and quality of life. The RAS-RAF-MEK (mitogen-activated protein kinase kinase)-ERK (extracellular signal-regulated kinase) pathway is gaining growing interest as a potential signaling cascade implicated in the pathogenesis of CVD. This pathway is pivotal in regulating cellular processes like proliferation, growth, migration, differentiation, and survival, which are vital in maintaining cardiovascular homeostasis. In addition, ERK signaling is involved in controlling angiogenesis, vascular tone, myocardial contractility, and oxidative stress. Dysregulation of this signaling cascade has been linked to cell dysfunction and vascular and cardiac pathological remodeling, which contribute to the onset and progression of CVD. Recent and ongoing research has provided insights into potential therapeutic interventions targeting the RAS-RAF-MEK-ERK pathway to improve cardiovascular pathologies. Preclinical studies have demonstrated the efficacy of targeted therapy with MEK inhibitors (MEKI) in attenuating ERK activation and mitigating CVD progression in animal models. In this article, we first describe how ERK signaling contributes to preserving cardiovascular health. We then summarize current knowledge of the roles played by ERK in the development and progression of cardiac and vascular disorders, including atherosclerosis, myocardial infarction, cardiac hypertrophy, heart failure, and aortic aneurysm. We finally report novel therapeutic strategies for these CVDs encompassing MEKI and discuss advantages, challenges, and future developments for MEKI therapeutics.
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1 Introduction

Cardiovascular disease (CVD) includes a heterogeneous group of health conditions that affect the heart and blood vessels. It is the leading cause of morbidity and mortality worldwide, imposing a substantial burden on healthcare systems (1–3). CVD encompasses a wide range of cardiac and arterial disorders, including myocardial infarction (MI), atherosclerosis, cardiac hypertrophy, heart failure, and aortic aneurysm, among others (3). What unites these conditions is their joint impact on the heart and circulatory system, often resulting in compromised blood flow and potentially life-threatening consequences (3).

The multifaceted nature of CVD requires a holistic approach to prevention, diagnosis, and treatment. CVD risk factors are numerous and can be categorized into modifiable and non-modifiable (4). Modifiable risk factors include lifestyle choices such as unhealthy diet, physical inactivity, smoking, and excessive alcohol consumption (5). Non-modifiable factors encompass genetic predisposition, family history, age, and gender (6). With the global aging population and an increasing prevalence of lifestyle-related risk factors, CVD is projected to remain a significant public health concern (7–9). Researchers, clinicians, and healthcare professionals continue to work jointly to advance understanding of these pathologies, develop innovative treatments, and improve preventive strategies to reduce the global impact of CVD (10).

Targeted therapies have emerged as a pivotal and transformative approach to managing CVD, representing a paradigm shift in how we diagnose, treat, and prevent these conditions (11, 12). The significance of targeted therapies in CVD reflects a growing understanding of the complex molecular and genetic factors underlying these disorders (1, 13–15). This approach offers the potential for more effective and personalized treatments and improved patient outcomes (11). The primary advantage of targeted therapies is their precision in addressing the root causes of the diseases (16). Instead of relying solely on broad-spectrum medications, these therapies can pinpoint specific molecular pathways, proteins, and cellular processes involved in disease pathogenesis (17). Targeted therapies could halt or even reverse disease progression by intervening at the molecular level. Furthermore, targeted therapies can significantly reduce the risk of off-target and adverse effects compared to conventional treatments by acting specifically on the molecular targets implicated in the pathogenesis process (18, 19). This safety profile is particularly advantageous in a patient population vulnerable to side effects or complications due to age or comorbidities.

The RAS-RAF-MEK (mitogen-activated protein kinase kinase)-ERK (extracellular signal-regulated kinase) pathway plays a vital role in maintaining the homeostasis of the heart and blood vessels. Dysregulation of this signaling cascade has been linked to vascular and cardiac pathological remodeling, which contributes to the onset and progression of CVD. Recent and ongoing research has provided insights into potential therapeutic interventions targeting the RAS-RAF-MEK-ERK pathway to ameliorate cardiovascular dysfunction. This approach has been promoted by developing modern small-molecule drugs targeting the MEK kinase with high specificity and selectivity, minimizing unwanted off-target effects.

In this review article, we will first (a) highlight the roles of the MEK-ERK pathway in maintaining cardiovascular system health and (b) describe how dysregulation contributes to the onset or progression of pathological cardiovascular conditions. Then, we will (c) illustrate the therapeutic potential of targeting this pathway using MEK inhibitors (MEKI) in preclinical CVD models and clinical studies. Finally, we will (d) share some considerations about the advantages and challenges of using MEKI in cardiovascular medicine, including possible future developments of this therapeutic strategy.



2 RAS-RAF-MEK-ERK pathway

The RAS-RAF-MEK-ERK pathway is a fundamental signaling cascade within the cells that plays a crucial role in various cellular processes, including proliferation, growth, differentiation, motility, and survival. The pathway transmits signals from the cell surface to the nucleus and comprises several key components, each with specific functions (20, 21).

At its core, the RAS-RAF-MEK-ERK pathway consists of a three-tiered kinase cascade (Figure 1). The top tier is initiated by a family of cell surface receptors, including growth factor receptor tyrosine kinases (RTKs) and hormone and chemokine G protein-coupled receptors (GPCRs), which respond to extracellular ligands. Upon ligand binding, these receptors adopt different strategies to recruit the first set of intracellular serine/threonine protein kinases, known as RAF kinases (A-, B- and C-RAF, also called MAPKKK - mitogen-activated protein kinase kinase kinase). Growth factor binding induces RTK autophosphorylation, which promotes the recruitment of adaptor molecules like GRB2 to the plasma membrane. GRB2 recruits and forms a complex with the RAS guanine nucleotide exchange factor SOS (Son of Sevenless), resulting in RAS activation and the recruitment of RAF kinases (20). Instead, hormone or chemokine binding triggers the transactivation of RTKs or recruitment of intracellular protein kinase C (PKC), which in turn activates RAF. RAF kinases, when activated, phosphorylate and activate the second tier, the mitogen-activated protein kinase kinase (MAPKK), specifically MEK1 and MEK2. MEKs are dual-specificity serine/threonine and tyrosine protein kinases that, once activated, phosphorylate the third-tier proteins, the extracellular signal-regulated kinases (ERKs, also called MAPK) (22).


[image: Figure 1]
FIGURE 1
RAS-RAF-MEK-ERK pathway signaling and regulatory mechanisms. Left panel: schematic showing the RAS-RAF-MEK-ERK pathway triggered by activation of receptor tyrosine kinase (RTK) or hormone and chemokine G protein-coupled receptors (GPCRs) following extracellular ligands binding. Central panel: endogenous positive (+) and negative (–) mechanisms that regulate the pathway activation. Ub, ubiquitin. Right panel: Pharmacological strategies can be employed to regulate the pathway. Specific inhibitors (I) bind and block each kinase of the pathway (RAS, RAF, MEK, ERK), preventing the phosphorylation/activation of the downstream kinase. An ERK dimerization inhibitory peptide (ERK-DI) can be used to prevent the ERK dimer formation, while a myristoylated phosphomimetic peptide (EPE) can be used to block the interaction between ERK and its protein shuttle Importin 7 (IMP 7), thus blocking the ERK nuclear translocation across the nuclear pores. For more details, refer to Section 2 of the review article. Created with BioRender.com.


ERK1 and ERK2 are the primary members of the ERK family. Upon activation, phosphorylated ERK (P-ERK) phosphorylates hundreds of cytosolic targets, including cytoskeletal elements (e.g., microtubules, actin, myosin light chain kinase) to control cell motility (23–25) and mitochondrial protein Bcl-2 to promote cell survival (26). Moreover, ERK1 and ERK2 can assemble in dimers (ERK1/2). When discovered in 1998, dimers were thought indispensable for ERK translocation into the nucleus (27). This hypothesis was corroborated by two recent studies describing the assembly of ERK1/2 dimers as an essential event for nuclear translocation and ERK interaction with its nuclear substrates. Specifically, the mechanism involves the autophosphorylation of ERK1/2 on Threonine 188 occurring exclusively within the ERK dimers and that is required to initiate nuclear translocation (28, 29). In the nucleus, ERK dimers phosphorylate transcription factors, leading to changes in gene expression. Examples of transcription factors regulated by ERK1/2 include Signal transducer and activator of transcription 3 (STAT3, which controls the cell cycle by regulating the transcription of the CCND1 gene encoding cyclin D) (30), ETS Like-1 protein (ELK1, which controls cell differentiation) (31), and the oncogene c-MYC (which promotes cell growth and survival) (32). The role of ERK dimers, however, remains uncertain. According to recent contrasting findings, ERK dimers control cytosolic but not nuclear substrates and are not required for nuclear translocation, suggesting nuclear functions are due to ERK monomers (33–35).


2.1 Regulation of the RAS-RAF-MEK-ERK pathway

Multiple endogenous mechanisms fine-tune the RAS-RAF-MEK-ERK pathway to ensure that signaling is turned on and off in a timely manner to control cellular processes (Figure 1). Negative and positive feedback loops, scaffold proteins, and a balance between activating kinases and inactivating phosphatases play a critical role in modulating the intensity and duration of signaling. The ERK pathway can also be regulated through crosstalk with other signaling pathways. In addition, pharmacological strategies can be adopted to regulate the RAS-RAF-MEK-ERK pathway when needed, for example, in pathological settings.


2.1.1 Endogenous negative regulatory mechanisms

The RAF kinase inhibitory protein (RKIP) is one negative regulatory protein. RKIP binds to RAF and MEK, preventing their association and, therefore, MEK phosphorylation (36, 37). A negative feedback mechanism occurs by phosphorylation of SOS by cytoplasmic P-ERK, resulting in the dissociation of SOS from GRB2 and failure to activate RAS (38, 39). Additionally, several phosphatases, such as MAPK phosphatases (MKPs), protein phosphatase 2A (PP2A), and dual-specificity phosphatases (DUSPs), work to deactivate the pathway by dephosphorylating key components (40, 41). Moreover, the duration of the activation of critical components of the pathway is tightly controlled by the ubiquitin-mediated degradation of the activated kinases, ensuring that signaling is turned off when no longer needed (42, 43).



2.1.2 Endogenous positive regulatory mechanisms

Ligands binding RTKs and GPCRs positively regulate the pathway by inducing its activation. These ligands include multiple growth factors (e.g., epithelial cell-derived growth factor and hepatocyte-derived growth factor), hormones, chemokines, and neurotransmitters. A positive feedback mechanism results from the phosphorylation of RKIP by P-ERK, leading to dissociation of RKIP from RAF and MEK and continuous MEK activation (44).



2.1.3 Scaffold proteins and subcellular regulation

The ERK pathway is not only regulated by the phosphorylation status of the kinases composing the pathway, but also by the spatial compartmentalization of the ERK signal within the cell. Indeed, ERK activation at different subcellular locations leads to specific cellular responses. Multiple ERK scaffolding proteins bind ERK and determine the spatial localization and selectivity of its signal (27, 33, 35, 45, 46). Some scaffold proteins act as anchors to retain ERK within the cytosol, facilitating ERK physical interaction with cytosolic substrates and their phosphorylation to regulate cellular functions such as survival. Examples of these scaffolds include KSR1 (kinase suppressor of RAS), β-arrestin, and SEF. Specific scaffold proteins regulate ERK activation in selective cellular compartments, for example, KSR on the plasma membrane, MEK partner 1 (MP-1) at endosomes, SEF at the Golgi apparatus, and Paxillin at focal adhesions (47). Another protein (Importin 7) behaves like a shuttle that transports ERK across the nuclear pores, allowing its translocation into the nucleus and interaction with nuclear targets to control gene expression (48, 49). Scaffold proteins also serve as a dimerization platform to facilitate ERK monomer interaction and dimer assembly (35).



2.1.4 Pharmacological modulators

Two synthetic peptides were recently developed and tested in preclinical studies—mostly in vitro—to modulate the final part of the pathway. The ERK dimerization inhibitory peptide (ERK-DI, DEL-22379) prevents ERK dimer assembly and, thereby, its nuclear translocation (29, 50). Instead, a myristoylated phosphomimetic peptide (EPE peptide) specifically blocks the ERK dimer interaction with Importin 7 and, thereby, its nuclear translocation (51). An advantage of both these approaches is that they do not inhibit ERK phosphorylation, thus conserving the cytosolic ERK activity and safeguarding cell viability and survival while avoiding uncontrolled cell growth or proliferation due to nuclear P-ERK1/2 dimers activity (29, 50–53).

Pharmacological inhibitors that target and turn off key intracellular components of the pathway include RAS, RAF, MEK, and ERK inhibitors, all under clinical development. These compounds bind the different kinases of the pathway and inhibit their enzymatic activity, thus preventing phosphorylation/activation of the downstream target kinase (54, 55). This review will focus on pharmacological inhibition of MEK1/2 activity using MEKI.





3 ERK signaling in cardiovascular health

The ERK signaling plays a vital role in regulating various physiological functions of the adult cardiovascular system, helping maintain myocardial and blood vessel homeostasis.


3.1 Myocardial homeostasis

In cardiomyocytes, ERK signaling mediates the responses to external stimuli and ensures cell survival (56). Several studies showed that ERK activation is an essential adaptive mechanism that promotes cardiomyocyte survival during early stress (57–60). Moreover, ERK signaling controls the cellular response to mechanical forces (61), critical for an organ that contracts cyclically throughout life.

ERK signaling also participates in controlling the heart's electrical conduction system (62). By influencing the behavior of specialized cardiac cells that regulate heart rhythm, a balanced ERK activation helps monitor electrical signals, contributing to normal cardiac conduction and rhythm (62).



3.2 Angiogenesis and vascular homeostasis

The ERK signaling is essential for angiogenesis sprouting by mediating endothelial cell (EC) proliferation, migration, and tube formation. In vitro, pretreatment of monocultures of ECs with compounds restraining the ERK activation resulted in decreased EC network formation in angiogenesis assays (63–65). ERK ensures vascular stabilization (66). ERK signaling maintains the integrity of the EC barrier by regulating the expression of proteins involved in cell-cell adherence junctions (67), thus preventing the extravasation of blood components. ERK signaling also modulates the response of ECs to blood flow-induced mechanical forces, including shear stress (68). This function of intimal ECs is essential to adapt to changes in blood flow patterns and to maintain vascular wall homeostasis. Moreover, ERK activity regulates the expression and production of antioxidant enzymes in ECs in response to oxidative stress (69, 70). Activated ERK regulates the nitric oxide synthase (NOS) enzyme responsible for endothelial NO production (71–73). NO is a potent vasodilator and vascular tone modulator.

The vascular wall comprises different cell types, mainly ECs and pericytes, and vascular smooth muscle cells (VSMCs) in arteries and veins. The ERK signaling is central in determining these cells’ phenotypes and responses to extracellular stimuli. For example, the ERK signaling preserves the undifferentiated antigenic phenotype of cardiac pericytes (64). Pericytes wrap around blood vessels in direct contact with ECs and are fundamental to safeguarding vascular integrity and function (74). Balanced ERK activity is required to prevent dedifferentiation of contractile VSMCs towards a proliferative synthetic phenotype, a hallmark of vascular pathologies (64, 75, 76). ERK regulates vascular tone by influencing the contraction and relaxation of VSMCs within the tunica media, thus inducing vasoconstriction or vasodilation as required to control blood pressure and the delivery of proper amounts of oxygen and nutrients to tissues (77).




4 ERK signaling in cardiovascular disease

The ERK signaling is essential to turn on compensatory mechanisms to control the cellular response to stress during the early phases of diseases. Moreover, ERK activates key reparative mechanisms after tissue injury. Nonetheless, research has suggested that aberrant activation or perpetuation of this signaling can trigger cellular and molecular mechanisms underlying CVD. Here, we summarize the role of ERK signaling in the context of three primary cardiovascular conditions.


4.1 Coronary artery disease

Coronary artery disease (CAD) represents a complex heart condition characterized by a narrowing of the coronary arteries that supply blood to the heart muscle. MI, commonly referred to as a heart attack, is a life-threatening, acute event that occurs when a blood clot blocks the blood flow in one of the coronary arteries, causing the death of the myocardial region perfused by that artery. Atherosclerosis, the progressive buildup of lipid plaques within arterial walls, represents a significant risk factor for developing CAD. The ERK pathway plays a central role in the pathogenesis and progression of CAD, influencing all the phases of the disease, from atherosclerosis and the initial inflammatory response after MI to later tissue repair and remodeling.


4.1.1 Spatiotemporal pathway activation

In rodent reperfused MI models, cardiac P-ERK levels are raised after ischemia and a few hours post-reperfusion (78–80). A study from Yeh et al. using a murine MI model with permanent left anterior descending coronary artery (LAD) occlusion demonstrated that ERK1/2 phosphorylation is triggered early after MI in the infarct, where it remains elevated up to 12 weeks post-MI. In contrast, ERK activation is delayed in the remote myocardium and reaches its peak after 12 weeks (81). This attractive spatiotemporal activation gradient could be a physiological mechanism adopted by the heart to activate reparative mechanisms where mostly needed after MI, for example, to maximize the recruitment of immune cells to the ischemic area.



4.1.2 Cardioprotective effects of ERK signaling and aging

After MI, ERK signaling is required to protect the myocardium from ischemia and reperfusion injury. Benefits include protection from apoptosis and preservation of volume and pressure hemodynamic function (57). With aging, the heart's ERK activity physiologically declines. While P-ERK levels rise in the hearts of young mice quickly after MI as part of a physiological protective mechanism, this response is lost in aged mice (82). Interestingly, MEK overexpression in the hearts of aging mice via viral transduction of a constitutively active MEK protein activated ERK and protected the hearts against MI injury. Benefits included increased left ventricular ejection function, improved mitochondrial function, decreased myocardial apoptosis, and lower serum concentrations of markers of myocardial injury (lactate dehydrogenase and creatine kinase) (82).



4.1.3 Cell viability

During the acute phase of MI, when blood flow to a heart region is blocked, ERK signaling can promote cardiomyocyte survival by triggering pro-survival pathways and help limit myocardial damage. Each single cardiomyocyte is surrounded by several capillaries in the heart, ensuring the delivery of oxygen and nutrients. By upregulating vascular endothelial growth factor A (VEGFA) expression and boosting EC migration and angiogenesis, ERK signaling contributes to preserving cardiomyocyte survival in the ischemic area at risk of death (83). However, aberrant ERK signaling results in abnormal cardiomyocyte growth, a central mechanism in the development of pathological cardiac hypertrophy (see Section 4.2).

ERK signaling post-MI also controls the viability of non-cardiomyocyte cells, including fibroblasts, myofibroblasts, macrophages, and other immune cells, essential for forming granulation tissue in the acute stages post-MI. Granulation tissue is a prerequisite for harmonized heart repair following MI by promoting the formation of a thick, stable scar (84).



4.1.4 Angiogenesis

Angiogenesis is vital for restoring blood flow to the infarcted area by promoting the formation of new microvessels, with ERK signaling being a core part of this process. VEGFA is a master proangiogenic factor indispensable for blood vessel formation and whose expression is physiologically increased under hypoxia (85). One mechanism by which ERK signaling activates EC migration and promotes angiogenesis involves the upregulation of the VEGFA gene transcription by enhancing the action of the hypoxia-inducible factor-1 (HIF-1) (83). ERK pathway activation also promotes the maturation of collateral blood vessels (a phenomenon called arteriogenesis) (86), aiding in the quick restoration of blood supply to the damaged heart tissue. However, while these processes may initially be adaptive to increase blood supply to the heart, uncontrolled angiogenesis can develop disorganized and leaky vessels, further impairing cardiac function.

Nonetheless, there are controversial reports regarding the role of ERK signaling in post-MI vascularization. On the one hand, ERK is reportedly required to promote angiogenesis, blunted by pharmacological inhibition of ERK activity (63). On the other hand, ERK phosphorylation prevention promoted the ischemic heart’s vascularization by increasing cardiac pericyte proangiogenic activity and differentiation into VSMC-like cells (64). These differences might be due to the different therapeutic regimens and influenced by the spatiotemporal dynamics of ERK activation occurring after MI.

In atherosclerosis, activated ERK signaling stimulates the secretion of the proangiogenic factor VEGFA, promoting angiogenic activity in the atheromatous lesion (87–89). Active angiogenesis within atherosclerotic plaques is harmful, contributing to intraplaque hemorrhage, plaque expansion, destabilization, and rupture (90, 91).



4.1.5 VSMC phenotype

ERK signaling promotes the proliferation and dedifferentiation of contractile VSMCs into the synthetic phenotype during the early and advanced stages of atherosclerotic plaque formation (92, 93). Activated ERK stimulates the expression of biglycan in immature VSMCs (94). Biglycan is a small leucine-rich repeat ECM proteoglycan that favors VSMC proliferation and migration (95). Therefore, ERK induces the migration and proliferation of VSMCs, promoting the formation of a fibrous cap over the plaque (96). This cap can destabilize the plaque, increasing the risk of rupture and thrombosis. The ERK pathway was also involved in the osteoblast differentiation of VSMCs in vitro, which can lead to vascular calcification and deterioration of CAD (97).



4.1.6 Inflammation and endothelial dysfunction

ERK signaling favors the inflammatory response during MI. ERK activation in immune cells stimulates the release of proinflammatory cytokines and chemokines, like tumor necrosis factor (TNF), interleukin (IL)-1β, and IL-6 (98), contributing to inflammation in the infarcted area. While inflammation is a natural part of the healing process and a prerequisite for cardiac repair, excessive or persisting inflammation can worsen tissue injury.

During percutaneous transluminal balloon angioplasty, ERK signaling is rapidly activated in intimal ECs due to the physical injury caused by the balloon and in VSMCs due to their response to the inflammatory reaction triggered by the stent fitting. Activated VSMCs become more proliferative and migratory and produce higher amounts of ECM, posing the basis for neointima formation (99–102). This latter is a harmful process that leads to coronary artery restenosis and repeated ischemic events.

Inflammation and endothelial dysfunction are early events in the atherogenesis process. Activated ERK induces expression of cyclooxygenase-2 and secretion of proinflammatory prostaglandin E (103). ERK signaling is also involved in the formation of neutrophil extracellular traps (NETs). NETs amplify the recruitment of immune cells and stimulate the formation of atheromatous plaques (104, 105). Activated ERK signaling is strongly associated with endothelial-to-mesenchymal transition (EndMT). EndMT is involved in the pathological process of atherosclerosis by inducing inflammatory response, intimal hyperplasia, and secretion of ECM proteins (106). During inflammation, ERK signaling activation is required in ECs to attract and facilitates the trans-endothelial migration of immune cells (leukocytes) mediated by the upregulation of adhesion molecules (107). This inflammatory response contributes to the initiation of atherosclerotic plaques.

Macrophages play a central role in atherosclerosis by accumulating lipids and undergoing a transformation into foam cells, a hallmark of atherosclerotic lesions (108, 109). ERK signaling is involved in macrophage activation, which leads to the uptake of oxidized low-density lipoprotein cholesterol and foam cell formation (110, 111). Foam cells contribute to the atheromatous plaque progression and complications (112). ERK signaling also contributes to the recruitment of macrophages and phagocytic cells to the site of the atheromatous plaque and the perpetuation of the inflammatory process.



4.1.7 ECM remodeling, fibrosis, and scar formation

As the heart heals in the post-MI phase, ERK signaling plays a role in tissue repair and fibrosis. This pathway stimulates the proliferation of fibroblasts, which deposit collagen and other ECM components, contributing to fibrosis (113). While scar formation is crucial for maintaining structural integrity and avoiding heart rupture, excessive myocardial fibrosis can lead to pathological remodeling, ultimately impairing cardiac function and promoting the transition to heart failure.

The ERK pathway also influences the ECM remodeling within the arterial wall. Overactivated ERK stimulates the expression and production of matrix metalloproteinases 2 and 9 (MMPs) (114). MMPs have a crucial role in the progression of atherosclerosis (96). MMPs contribute to the degradation of ECM, facilitating VSMC migration and proinflammatory cell infiltration into the atheromatous plaque (115). Overexpression of MMPs can weaken the fibrous cap, making it more susceptible to rupture (96, 115).




4.2 Heart failure and cardiac hypertrophy

Heart failure is a condition in which the heart loses its ability to pump blood to the whole body efficiently. Heart failure can be the result of adverse post-MI heart remodeling or the consequence of pressure or volume overload-induced cardiac hypertrophy, perhaps due to hypertension or valvular heart disease. Cardiac hypertrophy is characterized by the enlargement of cardiomyocytes, which results in the enlargement of the whole organ. While limited hypertrophy is a normal response to increased workload (for example, physiological hypertrophy observed in athletes in response to high-intensity exercise training), pathological hypertrophy leads to heart dysfunction.

ERK signaling plays a significant role in the development and progression of heart failure. ERK activation was demonstrated in cardiac tissue of both human patients with heart failure (116) and preclinical animal models of cardiac hypertrophy and heart failure induced by transverse aortic constriction (TAC) surgery (117, 118). In preclinical models, ERK activation was observed at different times post-TAC surgery, spanning from a few minutes up to several days (117, 118), thus suggesting ERK signaling might play distinct roles in heart failure according to the dynamics of temporal activation.


4.2.1 Cardiomyocyte growth and viability

ERK signaling is involved in the initiation and progression of cardiac hypertrophy (14). In the initial phases of pressure or volume overload, ERK activates a compensatory hypertrophic response by enhancing myocardial contraction to help the heart adapt to the increased mechanical strain and preserve cardiac function (119). ERK promotes the growth of cardiomyocytes, increasing cell size through mechanisms like protein synthesis and sarcomere organization (120, 121). Pressure overload stimulates cardiomyocyte surface receptors, including stretch-sensitive membrane integrins (122) and GPCRs (123). Stimulation of these receptors triggers the ERK pathway activation mediated by intracellular scaffold β-arrestin (124). Activated ERK dimers translocate into the nucleus and influence the expression of genes involved in cell growth and survival (125). However, while this early adaptive response aims to compensate for cardiac stress, prolonged activation of ERK signaling leads to a transition to pathological or maladaptive cardiac hypertrophy and adverse heart remodeling, ultimately promoting heart failure. Dysregulated ERK signaling also impairs cardiomyocyte viability, leading to a loss of functional heart muscle cells and contributing to contractile dysfunction.



4.2.2 ECM remodeling and fibrosis

ERK signaling is involved in ECM remodeling and fibrosis, hallmarks of cardiac hypertrophy and heart failure. Activation of ERK signaling by external stimuli such as Endothelin-1 (released by ECs exposed to high pressure) is required for the proliferation of cardiac fibroblasts and their differentiation into myofibroblasts, which deposit excessive amounts of collagen and other ECM components in the heart, contributing to myocardial fibrosis (113, 126). ERK signaling is also involved in controlling the release of MMP2 and MMP9 and tissue inhibitors of metalloproteinases (TIMPs), maintaining the balance between matrix synthesis and degradation (127, 128). When this process becomes unbalanced, it leads to excessive deposition of collagen and other ECM components in the heart. The fibrotic tissue surrounding cardiomyocytes can interfere with the conduction of electrical signals in cardiomyocytes, leading to an increased risk of arrhythmias.



4.2.3 Inflammation

As described in the context of CAD, ERK signaling leads to the recruitment of immune cells and the release of proinflammatory cytokines and chemokines (98), contributing to heart inflammation. Perpetual inflammation promotes fibrosis and damages the cardiac tissue, thus worsening heart failure.



4.2.4 Hypertrophic cardiomyopathy (HCM)

Dysregulation of ERK signaling is linked to HCM (129), a genetic condition characterized by abnormal thickening of the heart muscle, which can cause arrhythmias, heart failure, and sudden cardiac death. In HCM patients, mutations of genes associated with the ERK pathway led to unbalanced ERK activation and cardiomyocyte growth. In in vitro experiments with patients induced pluripotent stem cells (iPSC)-derived cardiomyocytes, ERK activity was required to develop the pathological phenotype, while its inhibition rescued the HCM phenotype (129).




4.3 Aortic aneurysm

An aortic aneurysm is an irreversible and progressive dilation of a portion of the aorta to greater than 50% of the standard diameter. The aorta walls undergo structural remodeling and become progressively thinner and weaker. If untreated, the aneurysm can rupture with fatal consequences for the patient. Recent research suggested that ERK signaling plays a role in the pathogenesis and progression of aortic aneurysms. Accordingly, experimental findings showed that ERK phosphorylation is increased in the aorta of both humans and rodents with aortic aneurysms (130, 131). In a mouse model of Marfan syndrome, ERK1/2 signaling was the driver of aortic aneurysm formation (132).


4.3.1 Adventitia remodeling

Vasa vasorum are small arterioles that supply oxygen and nutrients to the adventitial layer and to the external part of the medial layer of the aorta. Billaud et al. showed that aortic aneurysm is associated with inhibited angiogenic activity in the aortic adventitia. An altered balance of pro- and anti-angiogenic factors was reflected in low vasa vasorum density (133). The MEK/ERK is the principal pathway involved in regulating the angiogenic activity of ECs and pericytes, essential cellular components of vasa vasorum. Dysregulated ERK signaling was associated with an impaired angiogenic function, which ultimately affects the perfusion and weakens the structure of the outer layers of the aorta, contributing to aneurysm progression (64, 83, 134).



4.3.2 VSMC phenotypic switch

VSMCs are the main component of the medial layer of the aortic wall (135). Impairment of VSMC function is associated with the disruption of the wall structural integrity that, together with the high intra-luminal pressure, leads to aneurysm formation (136). Several studies illustrated the contribution of ERK signaling to VSMC dysfunction. Overactivity of the ERK pathway stimulates VSMC phenotypic change, favoring the transition from a contractile to a synthetic phenotype, which harms the aortic wall integrity and reduces its elasticity (137–139). Synthetic VSMCs are more proliferative and secret more ECM proteins, contributing to aortic wall remodeling, enlargement, and dysfunction (140, 141). Oxidative stress is a primary contributing factor in the pathogenesis of aortic aneurysm. By inducing ERK signaling activation, oxidative stress favors the VSMC phenotypic switch (142, 143).



4.3.3 ECM remodeling

ECM is a critical structural component of the medial and adventitial layers of the aorta. Activation of MMP2 and MMP9 and the arising disruption or loss of ECM significantly affect the integrity of the aortic wall and contribute to aneurysm formation (144–146). In VSMCs, ERK stimulates the secretion and activity of MMP-2 and MMP-9, which degrade and break down essential components of the ECM, including collagen and elastin (131, 147, 148). ERK silencing in aortic VSMCs resulted in significantly reduced production of MMP2 and MMP9 (131). Moreover, activated ERK stimulates the production of disorganized and dysfunctional fibronectin and collagen fibers by synthetic secretory VSMCs (138). Impaired ERK signaling causes abnormal patterns of cross-linking of collagen fibers, which play a role in the formation of aneurysms in the context of congenital diseases encompassing, among others, aortic manifestations (149, 150). Excessive fibronectin deposition promotes fibrosis, which leads to stiffening and impaired mechanical properties of the aortic wall (151).



4.3.4 Inflammation

Chronic inflammation and MMP2 and MMP9 activation are the hallmark pathological process of aortic aneurysms (145, 152, 153). ERK activation mediates the inflammatory response by recruiting neutrophils, inducing the production of proinflammatory cytokines and chemokines, and activating macrophages (154–156). Aortic VSMCs exposed to IL-1β, or TNF showed increased MMP2 or MMP9 activation mediated by a mechanism involving amplified ERK phosphorylation (148, 157), thus promoting aneurysm progression.





5 MEK inhibitors

As described above, several cardiovascular conditions are characterized by aberrant activation of ERK signaling. These findings inspire the development of novel therapeutic approaches to correct ERK signaling at physiological levels. One effective strategy is to prevent ERK phosphorylation/activation by blocking its upstream activator—MEK1/2—using MEKI.

MEKI are modern small-molecule drugs that bind specifically to MEK and induce conformational changes that lock the kinase in a catalytically inactive state (158). As a result, the downstream ERK is not phosphorylated and remains inactive. Because ERK signaling is aberrantly activated in at least one-third of malignant tumors, MEKI are gaining considerable attention and momentum in cancer therapy for their ability to stop proliferation and induce the death of cancer cells.

MEKI are relatively modern drugs, with the first compound being described in 1995 (159). Over the years, several small molecules have been synthesized with increasing selectivity for MEK. Compared with the first generation of MEKI, the new-generation MEKI are highly selective and bind to a site near the adenosine triphosphate (ATP)-binding pocket uniquely present on MEK proteins, thus avoiding off-target effects on other kinases. Therefore, MEKI act through a non-ATP competitive allosteric mechanism (158, 160). This last characteristic is an advantage to maximize the drug action without competing with high concentrations of ATP present within the cells. Most MEKI are still in the preclinical development phase, like U0126 and PD98059. Only in 2013 was Trametinib first approved for the treatment of cancer patients. In recent years, additional MEKI were approved by the Food and Drug Administration (FDA) or the European Medicine Agency (EMA) for clinical studies in cancer patients. Approved MEKI include Cobimetinib, Selumetinib, Binimetinib, Encorafenib, Refametinib (RDEA-119), Pimasertib, and Mirdametinib (PD0325901).

MEKI are ideal for targeted therapy to avoid off-target effects due to the drug binding to other cellular kinases. This characteristic makes MEKI safer than multitarget drugs that act on multiple cellular proteins more broadly, like tyrosine kinase inhibitors (TKI). Two examples of TKI are Sunitinib and Imatinib, which ultimately cause cardiovascular toxicity and heart failure (161–164). So far, MEKI have also shown better tolerance and success than ERK1/2 inhibitors (ERKI) in clinical trials on cancer patients. In these patients, ERKI showed scarce efficacy and quick development of drug resistance due to the compensatory activation of other functionally redundant members of the large MAPK family (like ERK5) after the inhibition of ERK1/2 (55). Another reason for the short-duration efficacy of ERKI is their mechanism of action. Since most ERKI are ATP-competitive and must compete with ATP for binding to ERK, the concentration of ERKI within the cells should ideally be superior to that of ATP for optimal effect. Last, because the ATP-binding pocket is highly conserved in several kinases, ERKI do not selectively bind to ERK1/2 but also to other kinases, provoking undesired off-target effects (55).

While MEKI are primarily explored in the context of cancer therapy, there is a growing interest in testing these drugs to treat or prevent the progression of cardiovascular conditions characterized by dysregulated ERK activation.

The advantages of repurposing cancer drugs for the treatment of CVD are multiple. Among them, we find (a) a lower risk of failure for safety, (b) limited development costs compared with new drugs, (c) extensive knowledge of side effects, and (d) quicker clinical application (165–167). Not less important, because the development of new cardiovascular drugs is slow (e.g., only two new drugs were approved by the FDA for cardiovascular applications in 2020 compared with 36 drugs for cancer), repurposing existing drugs would allow faster identification of new treatments for cardiovascular patients (165).



6 Therapeutic potential of MEKI for cardiovascular disease

Exploiting MEKI as a potential therapeutic in cardiovascular medicine remains a novel and largely unexplored field. This is likely due to these drugs being still in the clinical development phase for the treatment of some cancers and more extensive information about their safety and long-term side effects in cancer patients is needed. Importantly, additional studies will be required to establish whether MEKI application in cardiovascular patients would be safe, both for short- and long-term treatments. Here, we discuss possible applications of MEKI for the management of CVD, based on current knowledge collected during preclinical and clinical studies.


6.1 Preclinical cardiovascular research with MEKI

Preclinical studies with in vitro cell cultures and animal models of CVD have laid the foundation for further exploring the potential use of MEKI to prevent or attenuate pathological heart and vascular remodeling (Figure 2). As follows, we summarize the in vivo studies with MEKI. Additional details for these studies are provided in Table 1.
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FIGURE 2
Cartoon summarizing the pathological heart and vascular remodeling caused by dysregulated ERK activity and potential therapeutic benefits of MEK inhibitors (MEKI). In coronary artery disease, MEKI slow the progression of atherosclerotic plaques and reduce foam cell formation; favor the switch of M1 macrophages into the anti-inflammatory M2 phenotype; decrease fibroblast proliferation, thus preventing excessive ECM synthesis; promote the differentiation of synthetic migratory VSMCs into contractile VSMCs, contrasting neointima formation and vascular fibrosis; induce the differentiation of pericytes into contractile VSMC-like cells, aiding the maturation of new arterioles; promote the revascularization of the infarct border zone, enhancing capillary and arteriole density and reducing interstitial myocardial fibrosis; promote the maturation of functional neovessels. In cardiac hypertrophy and heart failure, MEKI decrease fibroblast proliferation and ECM synthesis, thus reducing interstitial myocardial fibrosis; attenuate cardiomyocyte growth. In aortic aneurysms, MEKI promote the differentiation of synthetic VSMCs into contractile VSMCs, thus reducing the synthesis of ECM proteins and the release of MMP enzymes; prevent abnormal collagen crosslinking. Both these events help preserve the aortic wall integrity. EC, endothelial cell; ECM, extracellular matrix; MMP, matrix metalloproteinase; VSMC, vascular smooth muscle cell. Created with BioRender.com.



TABLE 1 Summary of preclinical studies with MEKI in CVD in vivo models.
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6.1.1 Myocardial infarction

Short-term treatment with PD0325901 demonstrated therapeutic efficacy in a mouse MI model with permanent LAD occlusion (64). When started 3 days after acute MI, 2-week daily PD0325901 oral treatment enhanced the capillarization and arterialization of the infarcted area by promoting the differentiation of resident cardiac pericytes into contractile VSMC-like cells and enhancing their angiogenic function. This vascular remodeling improved myocardial perfusion, restrained the expansion of the infarct scar, and preserved cardiac systolic function, improving mice survival (64).

In another study using a rat model of reperfused MI (30 min LAD occlusion + 3 h reperfusion), preventive oral treatment with PD0325901 for 3 days reduced the infarct size and lowered the serum levels of biomarkers of myocardial injury (i.e., creatine kinase MB and lactate dehydrogenase) when assessed at the end of the reperfusion time (78). In this study, the MEKI enhanced the MEK/ERK pathway inhibition and pronounced the cardioprotective effects of oleuropein (a glycosylated seco-iridoid found in green olives) (78).

Two in vivo studies demonstrated that ERK signaling activation at reperfusion is indispensable for the protective effects of ischemic preconditioning (IPC) (79, 80). In the first study in swine, two short IPC cycles (10 min LAD occlusion + 10 min reperfusion) were followed by reperfused MI (40 min LAD occlusion + 60 min reperfusion). After IPC, myocardial P-ERK levels increased. At the end of the protocol, the infarct size was smaller in animals subjected to IPC + MI compared with non-IPC MI controls. Notably, the local intramyocardial infusion of PD98059 or U0126 before IPC and during the IPC reperfusion period caused a reduction in P-ERK levels and blunted the protective IPC effects, leading to significantly larger infarct areas than those in the IPC + MI group (79). In a second similar study in rats, a sustained ischemia/reperfusion injury followed two short IPC cycles. This time, however, PD98059 was infused intramyocardially immediately after the long ischemia, during the initial 15 min of reperfusion. Again, PD98059 inhibited ERK phosphorylation and abrogated the IPC-induced protection, causing larger infarct regions comparable to those of the non-IPC + MI control group when assessed 2 h post-ischemia (80). In this last study, the Authors also investigated the effects of intramyocardial MEKI infusion in animals not subjected to IPC. When PD98059 was administered immediately after ischemia, during the reperfusion, it did not have any effect on the infarct scar, always measured 3 h post-ischemia (80).

These findings suggest that caution is needed when administering MEKI to MI patients, implying careful identification of the optimal therapeutic window to avoid interfering with the protective effects of physiological ERK activation after ischemia. However, the MEKI treatment effects in preclinical studies could be time- and model-dependent, and all the above studies present limitations. The last three studies in reperfused MI models assessed the MEKI effects after only a few hours post-MI. Instead, the first study showed the benefits of MEKI therapy 17 days post-MI but employed a permanent LAD occlusion model that neglects the revascularization procedure often applied to patients. For these reasons, additional studies in clinically relevant MI models and longer follow-ups are needed to extrapolate clinically meaningful information.



6.1.2 Atherosclerosis and post-angioplasty remodeling

Modulating ERK signaling holds promise in slowing the progression of atherosclerosis and reducing the risk of cardiovascular events. According to a recent drug repurposing algorithm (OCTAD), PD0325901 was the top compound with predicted therapeutic benefits in atherosclerosis (175). In mice with advanced atherosclerotic lesions, U0126 contributed to blunting the atherogenic process and preserving the aorta wall's integrity by reducing macrophage and foam cell formation and lipids accumulation (168). We can expect that similar benefits are translated to other arteries. Other studies in mice suggested that MEKI could be therapeutic in atherosclerosis by modulating macrophage polarization toward the anti-inflammatory M2 phenotype (176).

MEKI treatment could also help prevent neointima formation and coronary artery restenosis after percutaneous coronary balloon angioplasty and stent placement, as suggested by studies on carotid arteries. In one study using rats, PD0185625 blocked carotid neointima formation 14 and 28 days after balloon injury (169). In another study conducted in a mouse model of neurofibromatosis type 1 with ligation-induced carotid artery injury, treatment with PD0325901 prevented the formation of carotid neointima when started before injury, while it reduced neointima formation when started after injury (170). The beneficial effects of MEKI in counteracting neointima formation can be explained by the protection from VSMC dedifferentiation towards the synthetic and proliferative phenotype and the attenuation of ERK-driven inflammatory response in ECs after stent fitting. PD0325901 also effectively prevented the osteoblast-like differentiation of VSMCs in vitro, thus suggesting it could exert a protective action against vascular calcification in vivo (97).



6.1.3 Cardiac remodeling and heart failure

Preclinical studies suggest that MEKI could delay or revert pathological hypertrophy. In in vitro models of cardiac hypertrophy obtained by stimulating rat cardiomyocytes with phenylephrine or endothelin-1—two GPCR agonists -, Selumetinib, PD98059, PD184352, and U0126 inhibited ERK activation and attenuated markers of cardiac hypertrophy, like protein synthesis and cell size enlargement (172, 177, 178).

Transgenic mice expressing the activated form of the hepatocyte growth factor receptor—an RTK—develop concentric cardiac hypertrophy due to continuous activation of the MEK-ERK signaling. Pimasertib showed remarkable efficacy in attenuating hypertrophy in these mice, successfully preventing heart failure (179). Selumetinib attenuated pathological hypertrophy and heart remodeling in two rat models of pressure overload and ascending aortic constriction (172). In another study in rats, PD98059 attenuated cardiac hypertrophy induced by administering the NOS inhibitor L-NAME (173). MEKI drugs could also help manage HCM associated with Noonan syndrome. PD0325901 ameliorated cardiac function and corrected anatomical defects in a mouse model of Noonan syndrome (180).

MEKI are also expected to reduce cardiac fibroblast proliferation and ECM synthesis, thus attenuating cardiac fibrosis (126, 181).



6.1.4 Aortic aneurysm

Several studies illustrated the efficacy of inhibiting the ERK signaling to delay aortic aneurysm progression using general compounds not directly targeting MEK. These clinically available agents include statins (182, 183), angiotensin-converting enzyme inhibitors (184), and calcium channel blockers (185). Despite the strong association between ERK activation and the pathological progression of aortic aneurysms, preclinical research in this field has been largely neglected.

In an in-vitro model of aortic aneurysm mimicked by treating aortic VSMCs with the monocyte chemoattractant protein-1, U0126 prevented the secretion of MMP9 (186). Likewise, U0126 restrained TNF-α-induced expression of MMP9 in aortic VSMCs (157). In another in vitro model of aortic aneurysm in which aortic VSMCs were exposed to oxidative stress to induce their switch from a contractile to synthetic phenotype, treatment with U0126 attenuated ERK activation and the cell phenotypic switch (143). These findings suggest that MEKI could counteract the MMP9 release and phenotypic switch in aortic VSMCs, two fundamental mechanisms responsible for aneurysm formation and progression.

Studies exploring the effects of MEKI in animal models of aortic aneurysms are still lacking. We found only one in vivo study in a mouse model of Marfan syndrome, in which the clinically available MEKI RDEA119 successfully prevented aortic root aneurysm formation (132). More research is urgently needed to confirm the promising therapeutic efficacy of MEKI in patients with aortic aneurysms.




6.2 Cardiovascular clinical studies with MEKI

Limited clinical studies have been conducted so far to assess the efficacy of MEKI in cardiovascular medicine. The data collected were, at times, incidental findings observed during clinical trials for cancer treatment.

Multiple case reports showed the successful off-label treatment with Trametinib in infants with Noonan Syndrome associated with severe early-onset eccentric hypertrophy and congestive heart failure (187–189). In all cases, treatment resulted in the complete remission or regression of cardiac hypertrophy. In some cases, it also improved the pulmonary valve stenosis. Trametinib also reversed heart failure secondary to hypertrophic cardiomyopathy in five patients with Costello Syndrome, a genetic disease caused by a germline gain-of-function mutation in the HRAS gene causing uncontrolled MEK activation (190). In all these studies, Trametinib was well tolerated with no serious adverse effects.

An ongoing phase II clinical trial (ClinicalTrials.gov ID NCT04258046) is investigating the therapeutic effects of Trametinib in children and adults with arteriovenous malformation, a progressive congenital vascular anomaly characterized by abnormal shunting of blood through dilated veins and arteries that causes complications including heart failure. A similar phase II clinical trial is set to start soon (ClinicalTrials.gov ID NCT06098872). Trametinib was already effective in reducing the size of the arteriovenous malformation and its blood flow in two patients (191, 192). Finally, Trametinib induced the complete resolution of vascular symptoms in a patient with Noonan Syndrome and severe lymphatic disorder (193).




7 Challenges for MEKI repurposing in cardiovascular patients

Despite the encouraging outcomes of the few preclinical and clinical cardiovascular studies with MEKI conducted so far, the clinical translation of this approach could be hampered by the potential MEKI toxicity and drug resistance.


7.1 Cardiovascular toxicity of MEKI

Clinically, MEKI drugs are well-tolerated and characterized by a high safety profile. A systematic review and meta-analysis of the cardiotoxicity of MEKI in cancer patients have revealed that the most significant adverse effects are increased risks of developing all-severity hypertension and asymptomatic reduced left ventricular ejection fraction (194). Side effects recorded in cancer patients under MEKI treatment include hypertension, heart failure and cardiac arrhythmias with incidence rates of 20%, 10% and 3%, respectively (195, 196). These off-target effects were of mild to moderate severity which were managed conservatively and resolved spontaneously upon course completion (197). Patients under 55 years old and who had a prolonged treatment duration of more than 6 months showed a higher incidence of side effects. Less than 1% of patients developed severe and refractory heart failure that obligated permanent drug discontinuation. Therefore, it has been recommended to do regular follow up with electrocardiography (ECG) monthly and echocardiography every 3 months (195).

At the cellular level, the underlying mechanism of hypertension, the most common side effect of MEKI, is decreased production of nitric oxide (NO) by ECs and peri-intimal VSMCs. Studies showed that MEK/ERK pathway inhibition is followed by a rebound over-activity phenomenon stimulating CD47 over-expression which in turn inhibits NO formation (198). Low NO impairs its vascular tone regulatory and anti-atherogenic effects and is associated with the development of hypertension (198). In cardiomyocytes, studies showed that inhibition of MEK/ERK pathway has pro-survival effects in physiological conditions and genetically predisposed cardiomyopathy patients (14, 199). However, on the other hand, inhibition of the anti-apoptotic factors’ transcription by MEK/ERK silencing stimulates stress-induced apoptosis in acute stressful conditions (199). Therefore, it has been concluded that MEK inhibition alone is not sufficient to induce cardiac adverse effects and must be accompanied by acute stressful factors such as ischemia or hypoxia (197).



7.2 MEKI resistance mechanisms

As described above, MEKI target MEK1/2 with high specificity and efficacy. However, as cancer studies have demonstrated, acquired MEKI resistance mechanisms are common and hamper therapeutic efficacy during long-term treatments. Indeed, MEK-ERK signaling inhibition can be easily bypassed by the activation of adaptive mechanisms that result in the same biological or transcriptional effects. These mechanisms include mutations of key targets of the MAPK pathway, the activation of upstream RTKs on the plasma membrane, and the activation of parallel signaling like the Phosphoinositide 3-kinase (PI3 K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR), Signal transducer and activator of transcription 3 (STAT3), and Hippo signaling pathways (200–202).

 Following MEKI treatment, melanoma cancer cells developed advantageous mutations of key molecules of the MAPK pathway—like RAS, RAF, and MEK—to achieve pathway hyperactivation (203–205). As described in Section 2, a physiological negative regulatory mechanism of the MAPK pathway is the suppression of the targets upstream of ERK1/2 by phosphorylated ERK, to avoid uncontrolled pathway activation. Consequently, in response to ERK repression by MEKI, upstream RTKs like EGFR, insulin-like growth factor receptor (IGF1R), platelet-derived growth factor receptor (PDGFR) and Erb-b2 receptor tyrosine kinase 3 (ERBB3) are reactivated (202). RTK reactivation leads to the initiation of the parallel PI3K/AKT signaling, which represents the primary mechanism of MEKI resistance in cancer cells and the leading mechanism driving cell proliferation and tumorigenesis in MEKI-treated cancer cells (206, 207). Activation of STAT3 (208) and Hippo (209) pathways are the other two mechanisms of adaptive resistance to MEKI. To overcome MEKI resistance, a solution explored in cancer patients is the combination of multiple drugs inhibiting the MAPK and parallel pathways simultaneously (200).




8 Final considerations and future directions

Targeting the RAS-RAF-MEK-ERK pathway in cardiovascular medicine represents a cutting-edge approach with the potential to transform how we diagnose and treat CVD. Here, we report some considerations about the advantages, challenges, and potential for future developments of MEKI therapeutics, including overcoming drug resistance and possible off-target and adverse effects.


8.1 One drug, many benefits

The MEK-ERK pathway has diverse roles within the cardiovascular system, influencing cardiomyocyte function, vascular tone, angiogenesis, inflammation, and more. Its multifaceted roles make it a versatile target in cardiovascular medicine. Because CVD is extraordinarily complex and often characterized by overlapping myocardial, vascular, metabolic, and immunologic alterations, a single drug targeting the MEK-ERK pathway could provide several benefits for the patient. For example, inhibiting the ERK pathway could help improve myocardial fibrosis, cardiomyocyte survival and contractility, cardiac function, vascular perfusion, and inflammation in the context of heart failure.



8.2 Precision medicine, diagnosis and target patient population

Precision medicine plays a pivotal role in overcoming resistance and reducing adverse effects. It is crucial to identify specific patient profiles and genetic markers associated with responsiveness to MEKI. By tailoring treatments to individual characteristics, clinicians can optimize therapeutic benefits while minimizing the risk of adverse effects. Identifying biomarkers and genetic testing can guide treatment decisions and help select the most appropriate patients for MEKI regimens. For example, as suggested by studies in transgenic mice, genetic alterations in MEK-ERK genes causing depressed ERK activity are associated with a worse prognosis after MI, implying that patients with these defects may not be amenable to MEKI therapy (57). MEKI therapy could not be suitable also for elderly patients presenting a natural decline in myocardial P-ERK levels and lacking the ability to activate ERK in response to an acute injury like MI (82). One remarkable advantage of precision medicine is its potential to enable early diagnosis and risk assessment. By identifying specific biomarkers or genetic variants associated with the MEK-ERK pathway, clinicians in the future could detect CVD at an earlier stage, often before symptoms become severe. This approach could lead to timely interventions, ultimately improving patient outcomes and reducing the overall burden of CVD.



8.3 Target disease, time, and duration of intervention

Determining the most suitable target disease and treatment regimen is also vital. It is important to remember that ERK signaling is central for the cells and organs to cope with acute stress, an element to consider when designing MEKI treatment protocols. In the MI context, for example, preclinical studies with MEKI using different MI models and timings of intervention provided apparent contrasting outcomes (64, 78–80). Therefore, additional studies are needed to reach clinically meaningful conclusions. Based on current experimental evidence, we can expect that MEKI therapy would better suit acute ischemic heart disease patients—in whom a short MEKI treatment could be offered to boost angiogenesis starting a few days after acute MI (64)—than patients with chronic ischemic heart disease, in whom a long-term MEKI treatment would not be suitable due to the insurgence of side effects seen in cancer patients. Preclinical and clinical studies suggested that individuals with cardiac hypertrophy could be another potential amenable target benefitting from MEKI treatment (172, 173, 179, 180, 187–189). Determining the best therapeutic window—both start and duration—for MEKI treatment will be crucial to maximizing benefits while reducing risks for patients. Given the limited current knowledge in the field, further studies are needed to explore the short- and long-term benefits and adverse effects of MEKI treatment and obtain information on the benefit/risk balance in CVD patients.



8.4 Dose optimization, combination therapies and patient surveillance

Finding the right balance between medication dosage and administration frequency is crucial to minimize side effects. Determining the lowest effective dose of MEKI is essential to achieve the desired therapeutic outcome, reducing the risk of side effects, including cardiac toxicity. Combining MEKI with other targeted agents or conventional treatments could enhance efficacy while reducing resistance. Combination therapies aim to maximize therapeutic benefits and overcome the limitations of single-agent treatments. By targeting multiple pathways simultaneously, clinicians can address the complexity of CVD. During treatment, rigorous patient monitoring and surveillance are vital to detect early signs of resistance or adverse effects. Regular assessment of cardiac function, biomarkers, and clinical symptoms can help healthcare providers adjust treatment regimens promptly and tailor them to individual patient needs.



8.5 Research and development of better drugs

Ongoing research efforts are focused on developing next-generation MEKI with high selectivity and reduced off-target effects. Continued research into the mechanisms of drug resistance and cardiotoxicity can inform the design of better-targeted medications. For example, the future development of a clinical-grade ERK-DI could allow direct targeting of the ERK kinase acting on the last part of the pathway selectively. By interfering with the ERK dimers formation, ERK-DI prevents the nuclear translocation of ERK1/2 and the resulting activation of the expression of genes responsible for cell cycle and growth, thus protecting against cardiac hypertrophy (28, 29, 52). Importantly, because ERK-DI does not block ERK phosphorylation/activation in the cell cytoplasm, the pro-survival activity of cytosolic ERK is safeguarded, a tremendous advantage to avoid cardiotoxicity in CVD patients (28, 29, 52).




9 Conclusions

The RAS-RAF-MEK-ERK signaling plays a central role in cardiovascular physiology and pathology. Although many preclinical studies encourage MEKI for CVD management, clinical studies are still lacking. If the balance between benefits and risks favors the first, and if the therapeutic effects of MEKI recorded in preclinical studies are confirmed in the clinical setting, in the future, targeted therapy with MEKI might represent a new frontier in CVD patient management.
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Background: Atherosclerotic cardiovascular disease (ASCVD), a leading cause of global fatalities, has inconsistent findings regarding the impact of muscle symptoms despite promising clinical trials involving PCSK9 inhibitors (PCSK9i) and siRNA as potential therapeutic options.



Methods: The databases EMBASE, PubMed, Web of Science, Cochrane, and ClinicalTrials.gov were thoroughly searched without any restrictions on language. Review Manager 5.3 software was utilized to calculate relative risks with 95% confidence intervals (CIs) for dichotomous data and mean differences or standardized mean differences with 95%CIs for continuous data. To evaluate publication bias, Egger's test was employed using Stata/SE software.



Results: This analysis included 26 studies comprising 28 randomized controlled trials (RCTs) involving a total of 100,193 patients, and 4 different lipid-lowering therapy combinations. For events with creatine kinase >3ULN, evolocumab and alirocumab demonstrated significant advantages compared to inclisiran. Evolocumab showed the best results in terms of both new muscle symptom events and creatine kinase >3ULN.



Conclusions: Based on this network meta-analysis (NMA) results, evolocumab has emerged as a promising treatment option for patients with hyperlipidemia and muscle disorders compared to other PCSK9 inhibitors and inclisiran.



Systematic Review Registration: PROSPERO [CRD42023459558].
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1 Introduction

ASCVD is one of the leading causes of mortality worldwide, accounting for over one-third of all global deaths (1). Dyslipidemia, characterized by the excessive accumulation of low-density lipoprotein cholesterol (LDL-C) in the vasculature, is recognized as a pivotal risk factor in developing ASCVD (2). Consequently, reducing LDL-C levels is essential for managing ASCVD. Statin therapy had been suggested as the first-line therapy by the American College of Cardiology/American Heart Association (ACC/AHA) guidelines and the European Atherosclerosis Society/European Society of Cardiology (EAS/ESC) guidelines. Despite the widespread use of statin therapy, some patients are unable to tolerate it from the outset (3, 4).A meta-analysis identified the most common reason for statin discontinuation as the development of muscle symptoms, with or without changes in creatine kinase (CK) levels. These symptoms occurred in patients who were on increasing doses of statin therapy or who were using a combination of more than two statins (5). As a result, some new therapies have been developed to enhance LDL-C reduction in high-risk ASCVD patients, including PCSK9i and siRNA therapies (6). Achieving guideline-recommended LDL-C goals in statin-intolerant patients requires the use of personalized lipid-lowering therapies other than statins (7). According to the 2018 AHA/ACC guideline and the 2017 National Lipid Association update, PCSK9 inhibitors were recommended for patients with LDL-C levels ≥70 mg/dl or non-high-density lipoprotein cholesterol (non-HDL-C) ≥100 mg/dl after maximally tolerated LDL-lowering therapies (8, 9). The current incidence of statin intolerance is approximately 9.1% and is associated with an increased statin dosage (5).

PCSK9 inhibitors, such as evolocumab, bococizumab, and alirocumab, have demonstrated the ability to bind with PCSK9, effectively inhibiting its interaction with the low-density lipoprotein receptor (LDLR) (10). Common adverse effects of PCSK9 inhibitors include nasopharyngeal pain, headache, and muscle symptoms. Few reports are available comparing the incidence of muscle-related adverse events induced by different types of PCSK9 inhibitors (11). Inclisiran is a siRNA molecule specifically designed to target the mRNA encoding PCSK9, leading to its degradation and the subsequent suppression of PCSK9 protein production (12). The siRNA-mediated degradation of PCSK9 mRNA effectively blocks the synthesis of PCSK9 protein, offering a new therapeutic approach for treating cardiovascular diseases (13, 14). Inclisiran has shown a substantial effect in lowering LDL-C; however, due to the lack of extensive clinical data, its long-term tolerability and safety remain uncertain compared to PCSK9 inhibitors (15). For inclisiran, adverse events at the injection site have been commonly reported. However, the occurrence of muscle symptoms and the elevation of creatine kinase levels have not been thoroughly investigated (16).

For statin-intolerant patients experiencing rhabdomyolysis and requiring alternative therapies, PCSK9i and inclisiran present viable options (17). However, there is no evidence to suggest that these therapies are superior in terms of muscule-related effects. Therefore, we conducted a systematic review and NMA of RCTs to compare the muscle-related adverse effects of these treatments.



2 Methods

This NMA followed the guidelines set by the Cochrane Collaboration and was reported by PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis), as outlined in Figure 1 (18). To ensure the originality, dependability and transparency of the research, the research proposal was registered with the Systematic Review Registry (PROSPERO) under the number CRD42023459558.
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FIGURE 1
Flowchart. This accompanying flow diagram illustrates the systematic process employed to identify and include pertinent literature in this study.



2.1 Data sources and searches

A detailed literature search was conducted with a language restriction to English using electronic databases including Web of Science, EMBASE, PubMed, Cochrane Library, and Clinical Trials from their inception until December 5, 2023. The search utilized the following keywords: “muscle symptoms,” “creatine kinase,” “inclisiran,” “PSCK9i,” “proprotein convertase subtilisin/kexin type 9 monoclonal antibody,” “PCSK9 inhibitor,” “PCSK9 antibody,” “evolocumab,” “bococizumab,” “alirocumab,” “RG7652,” “AMG145,” “REGN727,” “RN316,” “SAR236553”.



2.2 Selection criteria

The studies included in this meta-analysis must adhere strictly to the following criteria:


	(1)Eligible studies are Phase II or Phase III RCTs.

	(2)The RCTs involved treatment with PSCK9i or inclisiran.

	(3)The RCTs report outcomes of new muscular symptoms or CK>3ULN.



The following types of studies were excluded:


	(1)Multiple publications describing the same cohort.

	(2)Specific categories of publications, including editorial articles, conference abstracts, correspondence, literature reviews, and case reports.

	(3)Long-term studies on the safety and effectiveness of PCSK9i replicated in patient cohorts.





2.3 Data extraction and quality assessment

All selected trials were processed by the PRISMA guidelines for data extraction. To ensure the highest level of data accuracy and comprehensiveness, three researchers independently extracted the relevant data points. In case of any inconsistencies or uncertainties, discussions were promptly held with a fourth author to reach a consensus, ensuring the accuracy and completeness of the collected data. To maintain the originality and uniqueness of the extracted data, we conducted a thorough review and cross-checked the following information: trial name, sample size, publication year, publication source, first author, trial phase, national clinical trial identification number, number of patients, and intervening measure. In addition to the primary clinical outcomes, we specifically collected and analyzed indicators and incidence rates related to adverse muscular reactions. To ensure the high quality of the included studies we used the Cochrane Risk of Bias tool (1.0) to assess the RCTs (19).



2.4 Statistical analysis

To assess the potential impact of PCSK9i therapy on incident muscle symptoms, we conducted meta-analyses using both random- and fixed-effect models to calculate the overall relative risk (RR). Additional details of our data analysis approach were provided in the Supplementary Data. A two-tailed P value less than 0.05 was considered statistically significant for the summary treatment effect estimate. All statistical analyses were performed using Stata 16 and Revman (20).



2.5 Heterogeneity analysis

To conduct a thorough heterogeneity analysis, we used STATA to calculate the I2 values, which provide valuable insights into the degree of heterogeneity in this data. An I2 value less than 25% indicates low heterogeneity, while values between 25% and 50% denotes moderate heterogeneity. An I2 value greater than 75% suggests high heterogeneity. In cases of low heterogeneity, we utilized a fixed-effects model to ensure stability and reliability in the analysis. Conversely, when heterogeneity was moderate or high, a random-effects model was employed to account for the broader range of study variations.

We employed the node-splitting method to further assess the consistency of evidence from both direct and indirect sources, ensuring rigorous examines of the internal validity of the evidence synthesis. Additionally, we utilized funnel plots along with Egger's regression test to detect small-study effects, enhancing the comprehensiveness of our evaluation by including a wide range of studies. This approach blosters the reliability and robustness of our findings (21).




3 Results


3.1 Included studies in the NMA

After an extensive search across four databases (Web of Science, PubMed, Cochrane Library, Embase), we identified 377 relevant articles. After removing duplicates and screening the titles and abstracts, we considered 84 full-text articles for eligibility. The detailed selection process was summarized in Figure 1, including 26 articles in this NMA.

This meta-analysis included 100,193 patients across 28 RCTs, evaluating four lipid-lowing therapies: bococizumab (Boc) (22), evolocumab (Evo) (23–38), alirocumab (Ali) (30, 39–46), and inclisiran (Inc) (47). Basic information for each study, including the first author, publication date, lipid-lowering treatment type, patient sex ratio, age, follow-up duration, NCT number, and patient profile is provided in Supplementary Table S1.



3.2 Characteristics of the research reports

In this analysis, these 26 studies compared bococizumab with placebo (1 study), evolocumab with placebo (16 studies), alirocumab with placebo (9 studies), and inclisiran with placebo (1 study). Additionally, one study examined the safety profiles of both evolocumab and alirocumab compared to placebo controls. Figure 2 provides a visual representation of the eligible comparisons in the form of a network plot.
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FIGURE 2
Network plot. This network plot illustrates the safety of three (A) and four(B) different lipid-lowering therapies (PCSK9i and Inclisiran) for patients. In the plot, circles are used to represent each intervention as a node in the network, while lines depict direct comparisons within the framework of RCTs. The thickness of the lines corresponds to the number of RCTs included in each comparison.




3.3 Assessment of included RCTs

Figure 3 presents the outcomes of the risks of bias assessment for the 26 trials included in the study. Overall, the risk of bias was considered low due to the robust design of the RCTs employed. To further ensure methodological rigor, we also reviewed the test protocols for additional details.
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FIGURE 3
Risk of bias figure. (A) Methodological Quality Summary: This section presents the authors’ assessment of each methodological quality item for each study included in the analysis. The two main sources of bias evaluated are performance bias and detection bias. (B) Methodological Quality Map: We provide their evaluation of the overall quality of each methodology used in the included studies, expressed as a percentage of all included studies. Described as a percentage of all included studies.


Regarding random sequence generation, 20 studies were assessed as having a low risk, while 6 studies had an unclear risk. For allocation concealment, 19 studies had a low risk, and 7 studies had an unclear risk. In terms of performance bias, 22 studies examined a low risk, 3 studies had an unclear risk, and 1 study had a high risk. For detection bias, 22 studies had a low risk, 2 studies had an unclear risk, and 2 studies had a high risk. When evaluating attrition bias, 25 studies were considered to have a low risk, while 1 study had an unclear risk. All trials were rated as having a low risk for the reporting bias, primarily because the data analysis focused on the intention-to-treat population and included an adequate number of relevant endpoints. However, it is worth noting that some studies allowed for crossover, which could introduce potential biases into the results.



3.4 Pairwise meta-analysis

Pairwise meta-analyses were conducted for 22 trials reporting new muscle symptoms and for 22 trials reporting events of creatine kinase >3ULN.

Head-to-head comparisons revealed that, compared to placebo, patients treated with bococizumab experienced a higher incidence of muscle symptoms. (RR = 1.09; 95%CI: 0.95–1.25, P = 0.22) and creatine kinase >3ULN (RR = 0.86; 95%CI: 0.68–1.09, P = 0.22). Similarly, evolocumab increased the risk of muscle symptoms (RR = 1.05; 95%CI: 0.97–1.14, P = 0.94) and creatine kinase >3ULN (RR = 0.69; 95%CI: 0.43–0.96, P = 0.26). Additionally, alirocumab elevated the risk of muscle symptoms (RR = 1.16; 95%CI, 0.89–1.51, P = 0.28) and creatine kinase >3ULN (RR = 0.86; 95%CI: 0.66–1.12, P = 0.27). Inclisiran solely heightened the risk of creatine kinase >3ULN (RR = 1.09; 95%CI:0.61–1.93, P = 0.78).

The forest plots in Figures 4, 5 visualize the pairwise comparisons of the incidence of muscle symptom and creatine kinase >3ULN, respectively. As shown in Supplementary Figures S1, S2, the funnel plot shows no significant publication bias in this study.
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FIGURE 4
Forest plot. Forest plot for new muscle symptom events. The safety of PCSK9i in hyperlipidemic patients.
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FIGURE 5
Forest plot. Forest plot for events with creatine kinase >3ULN.The safety of PCSK9i and inclisiran in hyperlipidemic patients.




3.5 Network meta-analysis

The non-direct comparative results for new muscle symptom events are displayed in Figure 6. Among PCSK9i, alirocumab posed the highest risk for new onset muscle symptoms, followed by bococizumab, with evolocumab being the least likely to cause such events.


[image: Figure 6]
FIGURE 6
Summary of target outcomes including new muscle symptom events. Safety of PCSK9i in hyperlipidemic patients analyzed by Bayesian network meta-analysis.


The results of the non-direct comparisons for events with creatine kinase >3ULN are presented in Figure 7. Compared to inclisiran, bococizumab (RR = 1.07; 95%CI: 0.57–2.01), evolocumab (RR = 0.52;95% CI: 0.25–1.05), alirocumab (RR = 0.76; 95%CI: 0.4–1.44), and placebo (RR = 0.92; 95% CI: 0.51–1.64) exhibited varying risk patterns. The order of lipid-lowering agents causing new-onset CK>3ULN in descending order of risk: bococizumab > inclisiran > placebo > alirocumab > evolocumab. Evolocumab appeared to carry the lowest risk for elevated creatine kinase levels, while bococizumab posed the highest risk among the lipid-lowering agents.
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FIGURE 7
Summary of target outcomes including events with creatine kinase >3ULN. Safety of PCSK9i and inclisiran in hyperlipidemic patients analyzed by Bayesian network meta-analysis.




3.6 Subgroup meta-analysis

A subgroup analysis was conducted to evaluate the risk of muscle adverse events and creatine kinase elevation caused by PCSK9i and inclisiran from five perspectives: age (≥60 years or <60 years), gender (female ≥50% or female <50%), different LDL-C level before treatment (≥125 mg/dl or <125 mg/dl), follow-up time (≥52 weeks or <52 weeks), and sample size (≥500 participants or <500 participants) in Supplementary Figures S3–S6. The result showed that gender, age, LDL-C level before treatment, follow-up time, and sample size had no significant impact on the risk of muscle adverse events and creatine kinase elevation caused by PCSK9i and inclisiran in Figure 8.


[image: Figure 8]
FIGURE 8
Subgroup meta-analysis of association between PCSK9i therapy and risk of new muscle symptom and creatine kinase >3ULN. (A) Subgroup meta-analysis of association between PCSK9i therapy and risk of incident muscle symptoms. (B) Subgroup meta-analysis of association between PCSK9i and inclisiran therapy with risk of incident Creatine Kinase >3ULN.





4 Discussion

In this comprehensive NMA, encompassing a substantial cohort of 100,193 patients who either received high-dose statin treatment or reported intolerance to statins, our results indicated that the use of inclisiran and PCSK9i may lead to various adverse effects throughout therapy. Previous reports had suggested that these lipid-lowering therapies could impact the neurocognitive system of patients or even increase the risk of fractures (48, 49). However, the risk of muscular adverse events associated with PCSK9i and inclisiran had not been comprehensively summarized in a complete meta-analysis until now.

The utilization of NMA represented an advancement compared to traditional meta-analyses, as it allows for indirect comparisons of interventions across RCTs by incorporating a joint comparator group. This approach encompassed a broader range of studies, thereby enhancing the credibility of the findings. When evaluating the relative safety profiles of PCSK9i (such as evolocumab, bococizumab, and alirocumab) and inclisiran in patients with hyperlipidemia, head-to-head clinical trials are invaluable. They provide essential insights that guide clinical decision-making.

The comparison of new muscular symptom events demonstrated that evolocumab exhibited the highest level of safety, followed by bococizumab. In contrast, patients treated with alirocumab showed a relatively higher incidence of new muscular symptoms.

Similarly, when comparing events with CK>3ULN, patients treated with bococizumab had a higher risk of elevated creatine kinase compared to those treated with inclisiran (22, 47). In contrast, other PCSK9 inhibitors, such as evolocumab and alirocumab, demonstrated a better safety profile than inclisiran. with evolocumab having the fewest incidents of creatine kinase elevation. However, it is important to note that inclisiran and bococizumab were each included in only one trial, which may impact the results of the NMA. More RCTs are needed in the future to confirm these findings. Notably, bococizumab has been suspended in recent years due to its higher immunogenicity (50).

Adverse drug reactions were observed to be both more severe and more frequent in female subjects compared to their male counterparts. The pharmacological aspects of these reactions have been comparatively understudied. To develop appropriate individualized dosing regimens, gender differences should receive greater attention (51). This may require additional clinical trials to validate this observation. Moreover, an interesting phenomenon was noted, patients with specific genotypes (e.g., SLCO1B1rs4149056) had more difficulty reaching the LDL-C target value, with a notable gender difference in this effect. Future studies should focus on the safety and efficacy of PCSK9 inhibitors in genetically diserve patients to further explore these differences (52).

Through this comprehensive NMA, we provided valuable insights into the relative safety of PCSK9i and inclisiran in patients with hyperlipidemia. These findings have important implications for clinical decision-making and patient outcomes. It is significant to note that clinicians might face challenges in selecting these therapies due to the high cost of PCSK9 inhibitors. A cost-effectiveness analysis of PCSK9 inhibitors and inclisiran would provide a crucial basis to supporting their use in statin-intolerant patients (53).



5 Strengths and limitations

Our analysis offered significant insights into the safety of muscle adverse events among patients using different lipid-lowering therapies. However, it is imperative to recognize the necessity for additional studies to validate and expand upon our findings. Considering the intricate and diverse nature of individuals with hyperlipidemia, it is crucial to personalize treatment decisions on an individual basis. Patient stratification based on factors such as ethnicity and age may play a vital role in selecting the most suitable lipid-lowering drug for each patient. By tailoring treatment protocols to align with the distinct clinical profiles of individual patients, we can enhance therapeutic outcomes and reduce the incidence of novel muscule symptoms.

Notably, the limitations of these findings stem from the quality of available evidence, including internal bias and heterogeneity. Incomplete reporting, controversial treatment classifications, and potential misclassification also posed constraints. Furthermore, high-impact interventions might be influenced by other factors associated with higher socioeconomic status in the patient population. Therefore, further exploration of these potential limitations is crucial for enhancing our understanding of the safety lipid-lowering therapy in patients with hyperlipidemia.



6 Conclusions

Based on the results of this NMA, evolocumab demonstrated the lowest likelihood of causing adverse muscle effects compared to other PCSK9 inhibitors (bococizumab, alirocumab) and inclisiran.This makes evolocumab a promising lipid-lowering option for patients with both hyperlipidemia and muscle disease.
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Background: Heart failure is a common cause of adverse cardiovascular outcomes in patients with chronic kidney disease (CKD). Left atrial (LA) characteristics are thought to be involved in the development of heart failure. However, LA assessment is complex. Though a variety of parameters have been defined, there is no single parameter that best defines LA function. Pilot data indicate that left atrial volumetric/mechanical coupling index (LACI) may be useful, but data with CKD are lacking.



Aim: The objective of this study was to define LACI in a cohort of patients with CKD and to assess its value in evaluating LA function and predicting heart failure.



Methods: A cohort of patients with CKD was enrolled at our hospital between 2021 and 2023. Follow-up was performed for heart failure. LACI is a volumetric to mechanical coupling index, calculated as the ratio of the LA volume index to the tissue-Doppler myocardial velocity at atrial contraction. Spearman’s rank correlation or Pearson’s correlation was used to calculate the correlation between LACI and echocardiographic/hemodynamic variables. Receiver operating characteristic curve (ROC) analysis was utilised to derive the area under the curve (AUC) for LACI, LVGLS, LASr, LASct and LASI for the detection of heart failure. Kaplan-Meier survival curves were employed to compare clinical outcomes based on LACI thresholds. A multivariable logistic regression analysis was employed to assess the relationship between risk factors and elevated LACI. Cox proportional hazards regression was used to identify risk factors for heart failure.



Results: LACI showed a positive correlation with NT-proBNP, CK-MB, LAVI, E/e’ and LASI (r = 0.504, 0.536, 0.856, 0.541 and 0.509, p < 0.001); and a negative correlation with LASr (r = −0.509, p < 0.001). On the ROC analysis for the determination of heart failure, the AUC of LACI was comparable to those of LVGLS (0.588 vs. 509, p = 0.464), LASr (0.588 vs. 0.448, p = 0.132), LASct (0.588 vs. 0.566, p = 0.971) and LASI (0.588 vs. 0.570, p = 0.874). The cardiovascular risk factors increased by LACI were age, BMI, diabetes, triglycerides, LA size, LASr, LASI, E/A, E/e’ and EF (p < 0.05). During a median follow-up of 16 months (range, 6–28 months), the event-free survival curves demonstrated a higher risk of heart failure in the group with LACI > 5.0 (log-rank test: P < 0.001). LACI > 5.0 was an independent predictor of heart failure [OR: 0.121, 95% CI (0.020–0.740), p = 0.022].



Conclusion: LACI may prove to be a valuable tool for assessing LA function in patients with CKD, and could be integrated into the routine assessment of LA for the purpose of prognostic assessment and clinical decision-making in patients with CKD.
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1 Introduction

Chronic kidney disease (CKD) is a significant global health issue. Individuals with CKD have up to a 30-fold increased risk of cardiovascular mortality compared to the general population and are more likely to die from cardiovascular disease than to progress to dialysis stages (1, 2). Heart failure is one of the most common complications and the major cause of death in patients with CKD (3–5). Studies have demonstrated that echocardiographic findings, including left ventricular hypertrophy (LVH), reduced ejection fraction (EF), and diastolic dysfunction, are predictive of future risk of adverse cardiovascular events and all-cause mortality (6). LA is often considered a passive bystander of these pathophysiologic alterations (7). Yet, heart failure is not wholly caused by impairment of LV structure and function (8). More recently, there is evidence that LA dysfunction in patients with chronic kidney disease (CKD) is independently modulated by renal function, which may be indicative of a CKD-associated atrial myopathy (9). Furthermore, in conditions associated with systemic inflammation, such as CKD, alterations in LA function independent of diastolic dysfunction have been described (10).

Recent studies have highlighted new methods for LA assessment, suggesting that LA characteristics might influence heart failure outcomes (11, 12). Conventionally, LA function is assessed by volumetric measures. Diastolic tissue-Doppler myocardial velocity at atrial contraction (TDI-a’) is an established measure of LA mechanics, highly correlated to complex measures of LA performance (13, 14). Therefore, when assessing LA function, it is important to couple LA volume index (LAVI) to LA mechanical activity (TDI-a’), known as the left atrial volume/mechanical coupling index (LACI), which has shown promising results in other clinical contexts including atrial fibrillation, heart failure, stroke and acute ischaemic heart disease (15–19). However, it remains unclear whether LACI provides incremental information in CKD. We gathered such a cohort and measured LACI for the first time in the context of CKD to evaluate its determinants, and potential value.



2 Methods


2.1 Study participants

A total of 213 patients with chronic kidney disease (CKD) were enrolled in a prospective study conducted at our hospital between 2021 and 2023. Therefore, the study was a retrospective observational analysis of a prospective cohort database. CKD was classified based on the underlying cause, the glomerular filtration rate (GFR) category (G1–G5), and the stage of the disease (20). The following exclusion criteria were applied: significant mitral valve diseases, atrial fibrillation (AF) or flutter, congenital heart disease, or a history of cardiac surgery or permanent pacemaker implantation, cardiomyopathy, pericardial disease, patients with previous heart failure, inadequate echocardiographic acoustic windows, pregnancy, and age under 18 years old. Significant mitral valve disease was defined as more than moderate mitral valve stenosis or regurgitation on transthoracic echocardiography.



2.2 Clinical and echocardiographic data

The patient history and clinical characteristics were extracted from the electronic medical records without any modification. The glomerular filtration rate (GFR) was estimated using the Cockcroft-Gault formula. Furthermore, all patients underwent echocardiography within 48 h of admission.

All echocardiographic measurements were guided by the American Society of Echocardiography recommendations. The LA anteroposterior diameter (LAd) was evaluated from the parasternal long-axis view. The LA volume index (LAVI) corrected for body surface area was derived using the heart model, with the patient’s height and weight entered as inputs. In patients with sinus rhythm, diastolic filling was assessed using early (E) and late (A) inflow velocities, the E/A ratio, e’ (mean of septal and lateral wall derivation) and a’ (mean of septal and lateral wall derivation) derived from tissue Doppler, and the E/e’ ratio. LACI is a volumetric to mechanical coupling index, calculated as the ratio left atrial volume index/tissue-Doppler myocardial velocity at atrial contraction.

Speckle echocardiography was used with in vivo quantitative analysis software to automatically track myocardial motion and generate the region of interest (ROI), measured the LV and LA speckle tracking parameters. LA phasic strains included reservoir phase (LASr), conduit phase (LAScd) and contractility (LASct). The LA stiffness index (LASI = E/e’/LASr) was also calculated. The region of interest was subsequently adjusted in order to obtain the global longitudinal strain of the left ventricle (LVGLS). Digital echocardiographic data containing at least 3 consecutive beats were acquired, transferred to a server for storage and interpreted by 2 independent cardiologists blinded to each other's reading.



2.3 Follow- up data

Participants were followed for a median of 16 months (range: 6–28 months) with the primary outcome being rehospitalization for heart failure, defined by the Framingham criteria (21). All patients were followed up either in outpatient clinics or by telephone conversation.



2.4 Statistical analysis

Data were analyzed using SPSS 27.0. The results are presented as mean ± SD for the normally distributed variables and as median (IQR) for skewed variables. Correlations between LACI and echocardiographic/hemodynamic variables were calculated using Spearman's rank or Pearson correlation. Receiver operating characteristic (ROC) curve analysis was used to obtain the area under the curve (AUC) for LACI, LVGLS, LASr, LASct, and LASI for heart failure detection, with comparisons made using the Delong method. Survival rates (±SE) were estimated using the Kaplan–Meier method and compared using the log-rank test. Determinants of increased LACI were assessed by logistic regression and selected based on pathophysiologic links to LA function. Cox proportional hazards models identified risk factors for heart failure. Variables with p < 0.05 in univariate analysis were included in multifactorial analysis, with significance set at p < 0.05.




3 Results


3.1 Baseline characteristics

Among the 213 CKD patients, 129 (60.6%) were male and 84 (39.4%) were female, with an average age of 57.4 ± 14.3 years. Median follow up was 16 months (interquartile range 13–21 months). Overall 23 patients (10.8%) reached the end point. Baseline clinical and laboratory characteristics of study subjects are shown in Table 1, and echocardiographic measures are shown in Table 2.


TABLE 1 Demographic and laboratory characteristics.

[image: Table 1]


TABLE 2 Echocardiographic characteristics.
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3.2 Correlations among LACI, NT-proBNP, CK-MB and echocardiographic parameters

Figure 1 demonstrated that LACI was moderately correlated with NT-proBNP, CK-MB, E/e’, LASI, and LASr (r = 0.504, r = 0.536, r = 0.541, r = 0.603, r = −0.509, P < 0.0001) and highly correlated with LAVI (r = 0.856, P < 0.0001).


[image: Figure 1]
FIGURE 1
Correlations among LACI, NT-proBNP, CK-MB and echocardiographic parameters.




3.3 Prognostic performance of LACI

Figure 2 showed the prognostic performance of LACI, LASr, LASct, LASI, and LVGLS for predicting heart failure during follow-up. The AUC of LACI for the entire study population was comparable to that of LVGLS (0.588 vs. 509, P = 0.464), LASr (0.588 vs. 0.448, P = 0.132), LASct (0.588 vs. 566, P = 0.971) and LASI (0.588 vs. 0.570, P = 0.874). A LACI of 5.0 was the best cut-off value to identify heart failure.


[image: Figure 2]
FIGURE 2
Differences in the prognostic impact of LACI, LVGLS, LASr, LASct, and LASI on hospitalisation for heart failure were compared between groups using the delong test at the 2-year time point, all p > 0.05.




3.4 Determinants of increased LACI

Table 3 showed the increased cardiovascular risk factors for LACI. At multivariable analysis, LACI > 5 was significantly related to age [OR, 1.016 (95% CI, 1.021–1.102), P < 0.05], BMI[OR, 1.029 (95% CI, 1.004–1.055), P < 0.05], diabetes [OR, 1.319 (95% CI, 1.319–13.917), P < 0.05], triglycerides [OR, 0.425 (95% CI, 0.425–0.994), P < 0.05], LASr [OR, 0.877 (95% CI, 0.877–0.976), P < 0.05], LAd [OR, 1.16(95% CI, 1.16–1.479), P < 0.001], LASI [OR, 0.158 (95% CI, 0.158–0.939), P < 0.05], E/A [OR, 1.903 (95% CI, 1.903–25.808), P < 0.05], E/e’ [OR, 1.019 (95% CI, 1.019–1.24), P < 0.05].


TABLE 3 Multivariate logistic regression analysis was performed to analyze the determinants of LACI > 5.
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3.5 LACI > 5 as a predictor of clinical outcomes

During a median follow-up of 16 months (range, 6 to 28 months), the group with LACI > 5.0 had a higher incidence of heart failure than the group with LACI ≤ 5.0 (9.3% vs. 14.3%, P < 0.05). Event-free survival curves also showed a higher risk of heart failure in the group of LACI > 5.0 (log-rank test; P < 0.001, Figure 3). In Cox proportional hazards multivariate analysis, LACI > 5 was an independent predictor of heart failure (Table 4).


[image: Figure 3]
FIGURE 3
Kaplan–Meier and log-rank comparisons of heart failure according to LACI cut-off value.



TABLE 4 Multivariate COX proportional hazards regression models predict heart failure during follow up.
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4 Discussion

This study was the first to measure LACI in the context of CKD and to assess the determinants of LACI and the potential incremental value of LACI. The main findings were as follows: (1) LACI correlated well with NT-proBNP, CK-MB, and echocardiographic diastolic parameters; (2) Higher LACI corresponded to weaker atrial mechanical activity for larger volume index, with higher E/e’ and with several markers of increased volume/pressure overload. (3) LACI demonstrated comparable predictive ability to LVGLS, LASr, LASct and LASI in patients with CKD. (4) Risk factors for increased LACI included age, BMI, diabetes, triglycerides, left atrial size, LASr, LASI, EF, E/A, and E/e’. (5) LACI > 5 was an independent predictor of heart failure. Therefore, the atrial coupling index measured by LACI should be part of routine LA assessment in clinical practice, prognostic assessment, and clinical decision-making in patients diagnosed with CKD.

The LA has an important role in modulating LV performance, contributing up to a third of cardiac output (22). LA functions in a three-phase cycle, consisting of a reservoir, conduit, and booster pump, which dynamically interplay with the LV (23). In the early preclinical stages of heart failure, there is a compensatory increase in active LA contribution to LV filling, known as LA booster pump function (8, 24). This contributes to the maintenance of cardiovascular hemodynamics, cardiac output, and neurohumoral balance (25, 26). In patients with CKD, the LA is more sensitive to fluid overload and increased LV filling pressure, which can lead to a decrease in LA contribution to diastolic performance and an increase in LA volume due to elevated LV filling pressure (25, 27). Chronic exposure to elevated LV filling pressure can induce fibrotic changes in the LA, resulting in reduced compliance (28, 29). Previous researchers have found a significant correlation between impaired LV compliance and the degree of LA wall fibrosis as assessed by delayed enhancement magnetic resonance imaging (MRI) (30). Consistent with previous studies (31), our findings also revealed that patients with CKD have impaired LA reserve strain and increased LA stiffness index. The results of a study conducted by Daniel A. Morris et al. (32) demonstrated that the incorporation of LA strain into LAVI significantly enhanced the ability to identify patients at risk of LV diastolic dysfunction with preserved LVEF. This may also account for the similar predictive efficacy observed between LACI and both the LASI and LASct in this study. This is likely due to the impairment of the LA pump function and the concomitant decrease in compliance and increase in stiffness.

The volumetric analysis of the LA using LAVI is an adequate method to estimate the cumulative effect of increased LV filling pressures over time (33). Previous studies found that higher severity of CKD stages was associated with higher values of LA volume (34). The LAVI as an indicator of LA remodeling in chronic kidney disease (35). In addition, diastolic tissue-Doppler myocardial velocity at atrial contraction (TDI-a’) is an established measure of LA mechanics (36). A’ value measurement is a non-invasive and useful method for risk stratification in HFpEF as confirmed by Fumi Oike et al (37). Diastolic late mitral annular velocity (a’) measured by transthoracic echocardiography is reported to represent LA pump function and the severity of LA remodelling (38). It is highly correlated with complex measures of LA performance and can be measured in routine practice (39). Thus, when assessing LA function, it is crucial to combine a measurement of atrial stretch (LAVI) with a measurement of LA mechanical activity (TDI-a’, which is less affected by LV diastolic function than A wave). These complex interactions were consistent with our findings. Cardiovascular risk factors (age, BMI, diabetes mellitus, hyperlipidaemia) contribute to increased LACI, and increased LACI is also associated with reduced LA compliance (reduced LA strain and increased stiffness) and LV diastolic dysfunction. In addition, short-term follow-up results suggested a relationship between LACI and poor prognosis in heart failure.

It should be noted that the study is subject to several limitations. Firstly, the study was conducted at a single centre with a relatively small sample size, which may have implications for the validation of the methodology and the validity of the data. Secondly, due to our short follow-up period, many patients had not yet experienced an endpoint event. We hope that future prolonged follow-up may yield more significant differences and prognostic assessments. Furthermore, the low reproducibility of left atrial volume measurements reported in some of the literature should not be overlooked (40). Finally, patients with advanced chronic kidney disease are more likely to have severe hypertension. Consequently, the efficacy of treatment for hypertension may have influenced the results of our study.



5 Conclusions

LACI is a valuable tool for assessing left atrial function in CKD patients, offering incremental prognostic value beyond traditional measures. It should be included in routine evaluations, with further research needed to standardize clinical thresholds.
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Introduction: There exists a knowledge gap concerning the clinical significance of miRNA-21; therefore, in the present study, we aimed to estimate the diagnostic and prognostic accuracy and sensitivity of miRNA-21 in acute myocardial infarction (AMI) by performing an evidence-based meta-analysis of previous AMI-related clinical studies.



Methods: Chinese and English literature published before April 2024 were searched, and data were reviewed and extracted. After quality appraisal, the STATA 16.0 software was used for the effect size analysis of the various treatments described in the literature.



Results: A total of 14 valid documents were retrieved from 562 studies. The results of the systematic review revealed that for the patients with AMI vs. those without non-AMI, the aggregated odds ratio reached 5.37 (95% confidence interval 3.70–7.04). The general sensitivity and specificity for the circulating miRNA-21 levels in diagnosing AMI were 0.83 and 0.81, respectively.



Discussion: Thus, the meta-analysis of 14 AMI-related clinical trials highlighted that miRNA-21 may serve as a promising biomarker for diagnosing AMI.
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Introduction

Coronary artery disease (CAD) is one of the leading fatal clinical threats around the world (1). The prevalence of myocardial infarction is 4.0% in the United States and 3.1% in the UK (2, 3). Diagnosing acute myocardial infarction (AMI) earlier and predicting the severity of myocardial necrosis as early as possible are hot topics in cardiovascular research. Coronary angiography, being the gold standard for the definitive diagnosis of AMI stenosis, requires strict conditions, as it is an invasive procedure. For the early diagnosis of AMI, guidelines advocate the dynamic monitoring of electrocardiograph (ECG) and markers of myocardial necrosis, such as cardiac troponin I (cTnI) and creatine kinase-MB (CK-MB), which are highly precise and specific (1–3).

miRNAs are a highly conserved subset of small noncoding RNAs (4); they play an integral role in suppressing the inflammatory reactivity of atherosclerotic plaques, improving endothelial cell function and cardiac metabolism, alleviating ischaemia, and other pathophysiological activities. Especially, miRNA-21 is considered to be closely related to myocardial injury (4–6).

In ischaemia–reperfusion injury, knockdown of miRNA-21 in mice exacerbates aldosterone-mediated cardiac hypertrophy and injury (7–9). In reperfused myocardium and during post-infarction remodelling, miRNA-21 protects myocytes from ischaemia/reperfusion-induced apoptosis. Moreover, miRNA-21 levels were found to be elevated in tissues post-infarction and miRNA-21 was confirmed to promote collagen fibril secretion by fibroblasts, which not only specifically regulates the repair of vascular injury, but also effectively regulates myocyte metabolic activity, which in turn, affects the prognosis of patients with AMI (10, 11).

Several investigations have revealed that miRNA-21 is expressed at high circulatory levels in CAD patients and that its levels are correlated with the degree of vascular stenosis (12). Meanwhile, the expression of miRNA-21 varies among different types of anginas and myocardial infarction, suggesting that differences in its expression profiles can also predict disease and the stage of disease development. Furthermore, miRNAs are likely to serve as potential therapeutic targets for heart disease (9, 13). Since many randomised controlled trials could not be performed due to diverse differences in disease characteristics, in the present study, we used an evidence-based approach to effectively combine the influence of miRNA-21 expression levels reported in different AMI-based clinical studies and performed a meta-analysis to investigate the accuracy and specificity of miRNA-21 for diagnosing AMI, in comparison with other markers, such as cTnI and CK-MB.



Methods


Selection procedures

In accordance with the PRISMA guidelines (14), Pubmed, Embase, and Web of SCI in English and Chinese National Knowledge Infrastructure (CNKI), Wanfang Database in Chinese were searched from the time of their creation until April 2024. Search-term were as follows: (“circulating”or “blood” or “plasma” or “serum”) and (“micro RNA 21” or “miR-21” or “miRNAs”) and (“AMI” or “coronary artery disease” or “acute myocardial infarction” or “schematic heart disease”).

The inclusion criteria for the literature reviewed here are as follows: a. The selected literature must focus on human studies. b. The selected literature must be related to research regarding the circulating miRNA-21 levels and AMI. c. The selected literature must provide adequate records to enable an estimation of the predictive and metabolic status of miRNA-21 in AMI (1).

The exclusion criteria for the literature reviewed here are as follows: a. The literature that does not provide sufficient or applicable data, including case reports, literature reviews, meetings, correspondence letters, editorials, and conference abstracts. b. The articles that are not written in English or Chinese. c. The literature unrelated to AMI. d. The articles published repeatedly, as well as those with small sample size and incomplete information.



Data extraction and quality-assessment

Two researchers reviewed the titles and abstracts of articles eligible for the review in this study and then extracted the relevant data and information independently. When there were disagreements, they were resolved via discussions between the two researchers or with assistance from a third staff member. Based on the previously mentioned inclusion and exclusion criteria, 14 articles (15–28) were identified for a full-text review. The extracted research records derived included information on original sponsor, years and issues, cases numbers, controls, the determination of AMI, the type of specimen and blood sampling time required for diagnosis, the sensitivity and specificity ratings, the AUC values, and the miRNA-21-detection methods. The risk of bias and applicability concerns were checked using QUADAS-2. The process includes the below four critical fields: patient selection, index detection, reference standards, and the process and timeline. Risk of bias was assessed for each domain and applicability was assessed for the first three domains in Revaman 5.3 software. Researches were classified as being at low, high or unclear risk.



Statistical analysis

A meta-analysis summarising the research findings was performed. Meanwhile, more than three papers were scrutinised to forecast the predictive and metabolic significance of miRNA-21 levels for diagnosing AMI. The STATA 16.0 software was utilised to perform the data analyses. To calculate the ensemble the collective odds ratios, along with the 95% confidence interval, via fixed or random-effects models, we used the DerSimonian-Laird (D-L) or Inverse-Variance (I-V) statistical approaches. If the heterogeneity test result is P > 0.10, multiple studies were homogeneous, as fixed effects model of Inverse-Variance (I-V) could be selected. When P < 0.10, inclusive studies were checked for heterogeneity using the D-L method, and analyzed sources of heterogeneity by sub-group. For assessing the accuracy of miRNA-21 in diagnosing AMI, a summary of the sensitivity, specificity, positive likelihood ratio (PLR), and negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) were calculated,which indicated the accuracy of microRNAs in the differentiation of AMI and no AMI, were calculated from the TP, FP, FN, and TN. For I2 > 50% or p < 0.05, the bivariate summary receiver operator characteristic (SROC) curve showed a downward trend, after which the AUC could be combined to ascertain the accuracy of miRNA-21 for diagnosing AMI, relative to the controls.




Results


Literature search results

The retrieval process of original literature is presented in Figure 1. Based on the criteria for literature inclusion and exclusion, we got 562 records for miRNA-21, with 165 in duplicates -removed and 281 not for AMI clinical experiments or be without no full test then removed after title and abstract reading (n = 446), 116 articles were screened in full-text in English and Chinese publications regarding miRNA-21. In the end, 14 articles were included (14–25), the basic information of which is shown in Table 1. The risk bias was calculated using the Cochrane bias-risk tool and is presented in Figure 2.


[image: Figure 1]
FIGURE 1
Flowchart of the selection process and cases inclusion.



TABLE 1 Characteristics of the 12 studies included in our meta-analysis.
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FIGURE 2
Risk of bias graph. (A) Review authors’ assessment of each risk of bias as percentage of all included studies; (B) risk of bias summary.


There included 1,405 patients in this article, as 815 AMI patients and 590 control groups (494 healthy controls, 96 non-AMI patients). Three kinds of specimen (Serum, Plasma, peripheral blood mononuclear cells-PBMCs) were in inspection in 14 records. MiRNA-21 test methods were SYBR Green for PCR in 11 articles and TaqMan MicroRNA Assays in 3 articles. 11 articles for patients in China and 3 in Austria/Italy/Spain.3 articles in Chinese languages and 11 in English.



The diagnostic accuracy of miRNA-21

Seven studies have detailed the sensitivity and specificity of miRNA-21 in the diagnosis of AMI, among which the paper by Ali Sheikh et al. (2019) categorized the population into Stable Myocardial Infarction (S) and Unstable Myocardial Infarction (US), while the study by Gao et al. (2019) further identified a sub-group of Deceased (D). The accuracy of miRNA-21 for diagnosing AMI was assessed (Figure 3-1). The levels of circulating miRNA-21 demonstrated an overall sensitivity of 0.83 (95% CI, 0.80–0.86) and a specificity of 0.81 (95% CI: 0.66–0.90).


[image: Figure 3]
FIGURE 3
3-1 Accuracy of miRNA-21 for diagnosing AMI. 3-2 Positive and Negative Likelihood Ratio. 3-3 Summary Receiver Operator Curve (SROC).


The Positive Likelihood Ratio (PLR) was 4, and the Negative Likelihood Ratio (NLR) was 0.21 (Figure 3-2). PLR was the ratio of true positives to false positives. The higher the ratio, the more likely the test result was a true positive if positive. The smaller the ratio of NLR, the more likely the test, if negative, will be true negative.

The combined weighted area under the Summary Receiver Operating Characteristic curve (SROC) was 0.85 (95% CI, 0.81–0.88) (Figure 3-3).



Publication bias

To examine the potential publication bias, Deeks’ Funnel Plot Asymmetry Test was performed. P value < 0.10 were used to judge asymmetry when the number of studies was small. The p-value was found to be 0.50, which implies that the publication bias was moderate (Figure 4).


[image: Figure 4]
FIGURE 4
Deeks’ funnel plot asymmetry test.




Summary of findings

In the patient group, the collective odds ratio (OR) of the miRNA-21 levels was 5.74 (95% CI 3.88–7.60), compared with the control group (Figure 5). The I2 value was 89.88%, and the p-value < 0.01; there was a high degree of heterogeneity in the results from different studies. Therefore, the sources of heterogeneity were investigated through subgroup analysis.


[image: Figure 5]
FIGURE 5
The collective odds ratio (OR) of the miRNA-21 levels.




Results of the subgroup meta-analysis

A subgroup meta-analysis was performed based on the outcomes of the meta-regression analysis. The values of different parameters for the miRNA-21 levels measured using different detection methods (SYBR and Taqman assays) were for the SYBR method (OR 3.84, 95% CI 3.14–4.53) and I2 = 88.99% (p < 0.01), with for the Taqman method (OR 6.32, 95% CI 5.30–7.34) and I2 = 89.38% (p < 0.01) (Figure 6). Taqman was preferable to SYBR.


[image: Figure 6]
FIGURE 6
Subgroup analysis –SYBR and taqman (different detection methods).


The values of different parameters for the miRNA-21 expression levels in samples were for PBMCs samples (OR 8.01, 95% CI 5.97–10.04), I2 = 0%, p = 0.49 > 0.01; for plasma (OR 4.10, 95% CI 3.38–4.83), I2 = 86.61% (p < 0.01); and for serum samples (OR, 4.82, 95% CI 3.76–5.87), I2 = 97.39% (p < 0.01; Figure 7). Increased- heterogeneity arises from different assays.


[image: Figure 7]
FIGURE 7
Subgroup analysis –plasma, PBMCs and serum (different samples).


The values of different parameters for the miRNA-21 expression levels in the control group based on the selection differences were as follows: healthy control group (OR 4.25, 95% CI 3.61–4.88) and non-AMI group for control (pooled OR 6.32, 95% CI 4.97–7.67), p < 0.01 (Figure 8).


[image: Figure 8]
FIGURE 8
Subgroup analysis –healthy and Non-AMI (different control groups).


The values of different parameters for the miRNA-21 expression levels in the case group were as follows: AMI cases, (pooled OR 4.54, 95% CI 3.86–5.23); I2 = 86.1%; and p < 0.01 and non-ST-elevation myocardial infarction (NSTEMI) cases, (pooled OR 4.82, 95% CI 3.76–5.87); I2 = 97.39%; and p < 0.01 (Figure 9).


[image: Figure 9]
FIGURE 9
Subgroup analysis –AMI and NSTAMI (different case groups).


From major adverse cardiovascular events, the values were pooled OR 2.61 (95% CI 0.59–3.72); I2 = 90.96%; and p < 0.01 (Figure 10).


[image: Figure 10]
FIGURE 10
Major adverse cardiovascular events.





Discussion

Studies have revealed that miRNA-21 has strong sensitivity and specificity as a predictive and diagnostic indicator for AMI. In serum and plasma, the miRNA-21 levels were remarkably elevated, compared with those in the controls. A serious cardiovascular disease, AMI shows a rapid onset and a high risk of mortality (29, 30). Thus, the early diagnosis and treatment of AMI has become an urgent need in recent years.

In the present study, the area under the curve (AUC) showed that miRNA-21 may serve as a reliable diagnostic indicator for AMI. A PLR of 4 implies that a person with AMI is fourth times more likely to have a positive diagnosis than other patients. The NLR indicates that a person with AMI has 21% less chance of diagnosis if miRNA-21 is negative. These results strongly suggest that circulating miRNA-21 is a potential predictor.

As the generally recognized gold standard, circulation cTnI could be found until 3–6 h after AMI, CK-MB could be detected until 6 h when AMI (31). There were constraint in on-time predictive and diagnostic functions. Furthermore, chronic kidney diseases could also be along with cTnI raising-up (32), which desperate to seek for sensitive and highly-accuracy biomarker. MiRNA-21 could be detected within three hours in AMI patients, what's more, it's effective in assessing the degree of myocardial ischemia (31). Combinations with ECG and other biomarkers could be in consistent further studies (31, 32).

Different types of methods for the real-time quantification of miRNA-21 levels, i.e., fluorescence methods such as Taqman probe assay and SYBR Green assay revealed that the miRNA-21 levels were 6.32-fold and 3.84-fold higher, respectively, than those in the healthy controls. miRNAs are a small class of homologous molecules; some small miRNAs may be expressed at very low levels, due to which extremely sensitive and quantitative assays are required for their detection, Taqman probe assay and SYBR Green assay were general and highly sensitivity for miRNA-test in clinical laboratories (30). In plasma, and serum, the miRNA-21 levels were found to be 4.10- and 4.82-fold higher, respectively, than those in the control cases. Conversely, in different types of blood samples from AMI patients, the miRNA-21 levels were reported to be increased.

In the analysis of different subgroups relative to the control group, the miRNA-21 level in the AMI group was 4.25-fold higher than that in the healthy group, while compared with the non-AMI group for control, the miRNA-21 concentration was 6.32-fold higher. Thus, the circulating miRNA-21 level is a good diagnostic indicator for AMI in healthy individuals and those with a history of CAD. With regard to the experimental group, the miRNA-21 levels of unclassified AMI patients were 4.54-fold higher than those in the controls. The miRNA-21 levels in patients with NSTEMI miRNA-21 were 4.82-fold higher than those in the controls, implying that miRNA-21 is a diagnostic indicator that is very closely associated with NSTEMI.

Numerous studies (2, 15, 33, 34), have shown that plasma miRNA-21 levels can effectively assess the severity of ischaemia and show a high predictive accuracy for the prognosis of adverse cardiovascular events at different periods. Zhang X (15) found plasma miRNA-21 levels were higher in AMI patients who developed MACE at 1-year follow-up. In the study of Mi (27), miRNA-21 levels were increased in infarct-related artery total occlusion and or infarct related blood-vessel recanalization patients.Range researches (16, 28) showed it also a good indicator to predict vascular restenosis post-PCI in advance.

The miRNA-21 level has good diagnostic value for analysing AMI patients who received early revascularisation therapy. In addition, miRNA-21 exerts protective effects on ischaemia-reperfused myocardium. Yin (9) performed heat shock pretreatment in a mouse model in vivo, and found that several miRNAs, including miRNA-21, could reduce the infarct size. Weber (10) found that reducing the degree of apoptosis via miRNA-21 over-expression improved endothelial function and slowed down the progression of atherosclerosis. A high level of miR-21 expression may promote inflammatory aggregation, induce apoptosis of cardiomyocytes and worsen the progression of myocardial fibrosis,making it the best target for specific diagnosis and treatment of CVD (35).

As a biomarker in the early stage of AMI, miRNA 21 may be superior to cardiac troponin (cTn) I. miRNA 21 could be detected in the plasma of all patients within 4 h of symptom onset, as cTnI detected in only 85% patients. The ECG parameters were combined with the peripheral blood miR-21 provide a reference for the clinical diagnosis of Acute Myocardial Infarction (18, 28). There is an urgent need for more clinical studies on the diagnostic efficacy of combined tests.

Despite the small bias and strong sensitivity and specificity, this study has a few limitations: (1) there is a gap with regard to the results of evidence-based clinical studies and randomised controlled trials; (2) the time of blood collection was not uniform in various studies; and (3) the inclusion criteria for the diagnosis of AMI in clinical trials were not uniform, since some used percutaneous coronary intervention to determine the degree of stenosis and others used the levels of cardiac markers.



Conclusions and future perspectives

This study underscores that circulating the miRNA-21 level shows great potential possibility to serve as a reliable biomarker for the clinical diagnosis of AMI. In addition to the diagnostic gold standards for AMI diagnosis, i.e., the levels of cTnI, CK-MB, and other cardiac enzymes, to confirm the utility of miRNA-21 as a diagnostic indicator of AMI, we need large scale and rigorous clinical trials to validate the changes in the circulating levels of miRNA-21 in AMI patients and explore the specific biomedical mechanisms underlying these changes. Furthermore, whether the levels of different miRNAs can be combined or form a combined signature for increasing the diagnostic accuracy of AMI is yet to be ascertained.
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Tube voltage (kVp)

100 kVp

Tube current (mAs)

89 mAs

Dose modulation

Automated dose modulation with dose right index of 14

Rotation time (s/rot)

0.75

Pitch

0.63

Collimation (mm)

128 x0.625

FOV (mm)

300

Matrix size (pixels)

512x512

Slice thickness (mm)

1
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Reconstruction kernel

B
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Parameter

Patients (n) 40 (100%)
Men () 32 (80%)
Women 8 20%)
Age (o) 6812
‘Weight (kg) 78+13
Height (cm) 1709
BMI (kg/m’) 263+4.1
Risk factors n (%)
Smoking 31 (78%)
Type I diabetes 8 (20%)
Hypertension 27 (68%)
Dyslipidemia 24 (60%)
Obesity (BMI > 30 kg/m?) 10 (25%)
Age >65 yo 24 (60%)
Family history of PAD 17 (43%)

BMI, body mass index; PAD, peripheral artery disease. Data expressed as tota
lbacentage) or mean+50.
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Segment Median score [IQR] Score upgrade Saved exams

Conventional 40 keV VMI | p value Conventional 40 keV VMI Conventional 40 keV VMI
images images images

Abdominal aorta 3033 3033 0.(0%) 5 (8%) 0.(0%) 0.(0%)
External iliac artery 3033 33,3 001 0.(0%) 6 (10%) 0(0%) 0.(0%)
Superficial femoral artery 3033] 3033 016 0.(0%) 6 (10%) 0(0%) 0.(0%)
Popliteal artery 302,31 3033 020 0.(0%) 12 (20%) 0(0%) 102%)
Anterior tibial artery 2(2,3] 3(2,3] 0.19 0(0%) 22 (37%) 0 (0%) 8 (13%)
All segments 3033 33,3 [ 0.(0%) 51 (26%) 0.(0%) 9 (5%)
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A. Patients with and without HMP

Variables

HMP (+)

p-value

N 157 (85.3) 71 (88.8)
Age at BCPS (months) 3.7 (3.0-4.6) 41(33-53)

‘Weight at BCPS (kg) 5.0 (4.6-5.6) 5.2 (4.5-6.0) 0298
Weight Z score 17 24-0.9) 21 (28-12) 0010

Mortality after BCPS

16 (8.7)

B. Patients with and without readmission during interstage

Variables

Re admission (+)

5 (63)

Re admission (-)

p-value

N 22 (91.7) 49 (87.5)

Age at BCPS (months) 3.1(28-37) 39 (3.4-48) X
‘Weight at BCPS (kg) 4.7 (43-5.1) 5.2 (4.8-5.9) 0.007
Weight Z score 18 26-13) 17 24-0.7) 0.135
Mortality after BCPS 2(83) 3(54) 0614

The bokl valises in the analkeis indscatis the most sislistically sionificant resulls:
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Regenerative Therapies for the
Management of Abdominal Aortic Aneurysm

Abdominal aortic urrenr treatments a\re’_l\
aneurysms result limited to surgical intervention:
in nearly 170,000
annual deaths
globally with a
mortality rate
>80% after
rupture.

endovascular  open surgical
repair repair

Cellular Therapies Cell-Free Approaches

Cell types include: Therapies include: ”
** « vascular « cell-derived ﬁ/&
E 3 smooth muscle products Sighe)

cells

gene therapies  ——:
7 « endothelial cells protein delivery
)‘7 « mesenchymal

regenerative @
stem cells biomaterials

CONCLUSION: AAA, a devastating disease with complex biological
mechanisms, poses challenges for therapeutic development;
regenerative engineering, encompassing both cell and cell-free
approaches, shows promise in reversing tissue damage.
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Biomarkers

Saline

p-value

DOXO-DAPA

“TroponinT (ng/ml)

019003

Saline vs. DOXO

p-value

DOXO vs. DOXO-DAPA
046+ 0.06 <0.001 0.16 =004 021005 <0.001
BNP (pg/ml) 124634 1823+42.1 0.024 11341213 1286 =164 0.015
NT-pro-BNP (pg/ml) 1,085.4 £ 62.1 14323 £72.1 <0.001 10125 £57.5 1,112.7 683 <0.001
One-way ANOVA: Values are expressed as mean +SD. p-values are shown for differences between Saline and DOXO or DOXO and DOXO-DAP groups.
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Cardiovascular parameters Saline p-value DAPA DOXO-DAPA p-value

Saline vs. DOXO DOXO vs. DOXO-DAPA
1VS.d-D (mm) 0612006 | 0592004 0622007
LVID-D (mm) 212034 | 25202 22504
LVPW,d-D (mm) 0.62 +0.09 067 +0.14 063+0.17
LV Mass (mg) 502:34 | 535%27 X I 524+2.1

LVID,s-D (mm) 12320.1 1792021 1332024
EF (%) 934+12 785%15 897216
FS (%) 222, 47318 59713
Radial strain (Pk%) 3+3. 143226 324231
Longitudinal Strain (Pk%) 42, -126=3.1 —214=21
Heart weight (g) 012:14 01921 01312
Cardiac function parameters IVS,d-D (mm), LVIDd-D (mm), LVID,s-D (mm), LVPW,d-D (mm), EF (), FS (%), LV Mass (mg). LV Vol.d (ul, and LV Vols (ul) were analyzed
through echocardiography (Vevo/2100). Heart weight among four groups after necropsy (g). Two-way ANOVA with a Bonferroni post-hoc test was performed for
statistical analysis. Values are expressed as mean +SD. p-values are shown for differences between DOXO and Saline as well as DOXO-DAPA vs. DOXO groups.
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Search

Appraise l Screen

#1 1,315,006
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OR baduanjin OR taekwondo)

#2 271,513

Tl = (hyperten* OR ‘high blood pressure” )
#3 2306
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Segment Mean Attenuation (HU) Mean CNR

Conventional images 40 keV VMI p value Conventional images 40 keV VMI p value
Abdominal aorta 342:35 83129 X 9132 304114
External iliac artery 333230 78328 106+4.4 297119
Superficial femoral artery 34020 774%19 134+63 367 £18.1
Popliteal artery 203+ 14 620+ 15 122458 30.1+154
Anterior tibial artery 27:18 42632 X 8037 135467
Al segments 30396 687 2259 107+52 281+153
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MACE-4

Yes No
102) | (N2=268)

n (%) n (%)
D

Age (years) 560103 544+94
Female 10 (98) 24 (90)
Body mass index (kg/m’, mean 25333 253+29
+SD)

Medical history
Hypertension 80 (78.4) 200 (74.6)
Diabetes mellitus 37 (36.3) 100 (373)
Dyslipidemia 45 (44.6) 138 (52.5)
<KD 10 98) 18 (67)
PVD 7(82) 18 (83)
COPD 4(53) 5(2:6)
Smoking history 69 (67.6) 167 (62.3)

Coronary artery lesions
LM stenosis > 50% 26 (28.0) 83 (33.9)
LM disease only 2(22) 6(24)
Single-system disease 4 (43) 15 (6.1)
Two-system disease 21 (22.6) 64 (26.1)
Three-system disease 66 (71.0) 160 (65.3)
Clinical
Stable angina 23 (22.5) 64 (23.9)
Unstable angina 56 (54.9) 172 (64.2)
NSTEMI 968 | 1660
STEMI 7(69) 5(1.9)
LVEF
250% 85 (84.2) 248 (92.5)
40%-49% 12 (119) 16 (60)
<40% 4(40) 4(L5)
NYHA classification

20 7(27)
60 (60.6) 168 (63.6)
36 (364) 89 (33.7)

1(1.0) 0

Surgical characteristics
Emergency or urgent surgery 4(39) 19 (7.1)

Elective surgery 70 (68.6) 193 (72.0)
Delayed surgery 28 (27.5) 56 (20.9)
LIMA-LAD 86 (87.8) 242 (96.4)
Off-pump 96 (94.1) 266 (99.3)
TAR 57 (559) 168 (62.7)
Complete revascularization 74 (733) 209 (79.5)
Distal anastomoses (mean + SD) 3209 31+10

Arterial distal anastomaoses 25208 2607

(mean + SD)
Venous distal anastomoses 07208 05408
(mean * SD)

CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; LAD,
left anterior descending artery; LIMA, left internal mammary artery: LM, left mair
coronary artery; LVEF, left ventricular ejection fraction; MI, myocardial infarction:
NSTEMI, non-ST segment elevation myocardial infarction; NYHA, New York
Heart Association; PVD, peripheral vascular disease; STEMI, ST segment elevatior
myocardial infarction; TAR, total arterial revascularization

N1 and N2 are denominators for groups patients with and without MACE-4;
denominators are not always 102 and 268, because some variables were missing
for a small number of patients.
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Age

No event
(n=47)
46.6 (6.5)

Study 1

Event
(n=28)
482 (52)

p-value

No event
(n=102)
587 (139)

Study 2
Event

(n=82)

68.2 (12.7)

p-value

No event
(n=160)
617 (9.6)

REGICOR
Event
(n=77)
623 (93)

p-value

Sex (male)

41 (87.2)

25 (89.3)

80 (78.4)

66 (80.5)

110 (68.8)

52 (67.5)

Smoking, (%)

32 (68.1)

18 (60.7)

43 (422)

24 (293)

61 (38.6)

31 (40.3)

Hypertension, 1 (%)

15 (31.9)

13 (46.4)

56 (54.9)

57 (695)

89 (57.4)

49 (66.2)

Diabetes, n (%)

26 (25.5)

25 (305)

40 (27.0)

29 (403)

Dyslipidemia, n (%)

14(298)

9 (321)

54 (529)

50 (61.0)

77 (53.8)

43 (58.9)

Family history of CAD, n (%)

17 (36.2)

5(17.9)

13 (12.9)

3 (3.66)

33 (23.1)

23 (343)

Killip class, n (%)

1

43 (91.5)

21 (75.0)

84 (82.4)

56 (68.3)

129 (81.1)

44 (579)

I

3(6.4)

4 (143)

14 (13.7)

14 (17.1)

16 (10.1)

16 (21.1)

1

12.1)

136)

329

2(24)

9(.7)

12 (158)

v

0(0)

2(7.1)

1(1)

10 (122)

5(3.1)

4(53)

Beta-blockers, n (%)

41 (87.2)

25 (89.3)

82 (80.4)

60 (78.9)

118 (849)

38 (59.1)

ACE inhibitors, (%)

35 (74.4)

21 (75.0)

83 (81.4)

66 (86.8)

110 (78.0)

49 (73.1)

Standardized GRS

0.0 (1.02)

0.0 (0.99)

—0.11 (1.03)

0.13 (0.95)

~0.12 (0.99)

0.25 (0.97)
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Study 1

Estimate p-value
(95% confidence
interval)
Clinical model 0.633 (0513 to 0.753)
Cstatistic/ AUC

Study 2

Estimate
(95% confidence
interval)
0.678 (0.613 to 0.742)

p-value

REGICOR

Estimate
(95% confidence
interval)
0.658 (0576 to 0.739)

p-value

Meta-analysis

Estimate
(95% confidence
interval)

p-value

Clinical model + GRS | 0.669 (0.550 to 0.789)
C-statistic/ AUC

0,684 (0.620 to 0.748)

0.673 (0593 to 0.754)

Cstatistic/AUC 0036 (~0.02810.0.101) | 0270 | 0.006 (~0.001 100.023) | 0526 | 0016 (~0.023100.055) | 0.428 | 0009 (<0007 10.0025) | 0248
change
Continuous NRI 0511 (0.020 to 0.973) 0.040 0.051 (-0.237 to 0.360) 0728 0.272 (—0.018 to 0.563) 0.066 0.293 (0.079 to 0.506) 0.007

NRI net reclassification index.
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Xlimus Synergy
(N=117 pts, | (N=60 pts,
198 stents) | 102 stents)
Cardiac death, target vessel MI and 11.(9%) 4(6.7%)
TLR at 12 months

Cardiac death at 12 months 1(1%)* 0 (0.0%)
‘Target vessel MI at 12 months 2 (2%) 1(1.7%)

ID-TLR at 12 months 8 (68%) 3 (5.0%)
Stent thrombosis 0

0

*Fatality occurred 11 months post the index procedure for acute M of non-culprit
——
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Study 1
)

Study 2
(n=184)

REGICOR
(n=237)

Age (years) 480 (6.1) 63.0 (14.1) 619 (9.5)
Sex (male), n (%) 66 (88.0) 146 (79.3) 162 (68.4)
Smoking, # (%) 49 (65.3) 67 (36.4) 92 (39.1)
Hypertension, n (%) 28 (37.3) 113 (61.4) 138 (60.3)
Diabetes, n (%) 0(0) 51(27.7) 69 (31.4)
Dyslipidemia, n (%) 23 (30.7) 104 (56.5) 120 (55.6)

Family history of CAD, n (%)

22 (293)

16 (8.8)

56 (26.7)

Killip class, n (%)

1 64 (853) 140 (76.1) 173 (73.6)
s 7(93) 28 (15.2) 32 (13.6)
m 2Q7) 5(27) 21 8.9)
v 227 11 (6.0) 9(38)

Beta-blockers, (%) 66 (88.0) 142 (79.8) 157 (76.6)

ACE inhibitors, n (%)" 56 (74.7) 149 (83.7) 159 (76.4)

Primary PCL, n (%) 67 (893) 166 (90.2) =

TIMI 3 flow, 7 (%) 71 (94.7) 174 (94.6) —

Multivessel disease, n (%) 21 (28.0) 87 (47.3) -

Median follow-up, days 1,490 562 730

Events, n (%) 28 (37.3)° 82 (44.6)° 77

PCI, percutaneous coronary intervention
°ACE. angiotensin-converting enzyme.
“Cohort study.

P L ——
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Events
HMP patient number

N (%) or median (IQR)
80

Low SO2 <70%

14 (17.5)

Arthythmia

Infection

2(25)
6(7.5)

Vaccination effect

2(25)

Hypoxic shock

3(38)

Stagnated weight gain

5(6.3)

Readmission

24 (30.0)

Interval (days)

29 (18-54)
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Variables

Interstage survivals

Interstage deaths p value

n=264 243 (92) 21 (8)
Male gender 182 (68.9) 169 (69.5) 13 (619) 0.468
Gestational age (weeks) 39 (38-40) 39 (28-40) 39 (37-39) 0201
Birth weight (kg) 32(29-35) 33 (29-36) 30 (22-3.2) <0.001
Low birth weight (<2.5 kg) 16 (6.3) 13 (5.5) 3(167) 006
Genetic anomalies 11.(43) 1147 0 032
Extracardiac anomalies 30 (11.8) 27 (11.5) 3(150) 064
EFE 25 (9.7) 22(93) 3 (143) 046
HLHS 217 (82.2) 200 (82.3) 17 (81.0) 0877
AAIMA 50 (22.6) 46 (22.5) 4(235) 0926
AAIMS 57 (259) 52 (25.6) 5(29.4) 0731
ASIMA 26 (11.8) 24 (11.8) 2(118) 0994
ASIMS 88 (400) 82 (40.4) 6(353) 0680
Variant 47 17.8) 43(17.7) 4(19.0) 0877

EFE, endocardial fibroelastosis: HLHS, hypoplastic left heart syndrome: AA. aortic atresi

: MA, mitral atresia: AS, aortic stenosis: MS, mitral stenosis.
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Variables Interstage survivals Interstage deaths p value

n=264 243 (92) 21(8)
Age at Norwood 9 (7-12) 9 (7-11) 9 (7-13) 0112
Weight at Norwood 32(29-35) 32(30-35) 31(28-33) 0.008
CPB time 137 (104-159) 134 (102-159) 138 (122-175) 0033
AXC time 48 (40-58) 48 (40-58) 46 (41-57) 0388
RVPAC 131 (49.6) 124 (51.0) 7(333) 0120
Intubation 5(4-8) 5(47) 4(3-11) 0120
1CU stay 12 (8-20) 12 (8-19) 13 (7-13) 0.065
ECMO 11 (42) 7(29) 4(190) <0001
Re-OP after Norwood 68 (264) 61 (257) 7(333) 0449
Re-intubation 40 (15.6) 36 (15.3) 4 (19.0) 0652
Shunt intervention 27 (104) 24 (100) 3(143) 0541
Re CoA intervention 9(35) 8(33) 1(48) 0734
Peritoneal dialysis 18 (7.0) 15 (64) 3 (143) 0.175
NEC 14 (5.5) 11 (47) 3(143) 0.065
Length of hospital stay 24 (16-35) 24 (16-35) 22 (15-61) 0.149
Age at discharge 35 (27-46) 35 (27-46) 36 (27-71) 0.069
Weight at discharge 32 (30-37) 33 (3.0-37) 31(29-37) 0.184
502 at discharge 85 (80-87) 85 (80-87) 85 (80-85) 0156
HMP possible 80 (303) 78 (32.1) 295) 0.031

HMP, home monitoring program; AA, aortic atresia; MA, mitral atresia; AS, aoric stenosis; MS, mitral stenosis.
The Bold valisss i thie arahisis Ndicai the rost statistcally SGRficant resuls.
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Variable

Birth related variables

Univariable model

(95% Cl)

p value

Multivariable model

(95% CI)

p value

Premature birth

Birth weight (per gram)

0.411-0.795

09970999

Genetic anomalies

0.000-542.300

Extracardiac anomalies

0381-4.433

HLHS

0302-2.672

AA
MA

0.644-3.573
0555-3.581

UAVSD

0201-11.179

Reduced VF

AVVR pre Norwood

0.000-29.638

Restrictive ASD

0395-2.425

Ao Asc. diameter

0.823-1.277

Norwood variables

Age at Norwood

0974-1.128

Weight at Norwood

0.112-0.800

RVPAC

0.196-1.203

variables

Intubation

0.985-1.066

ICU stay

1.005-1.031

HSP stay

0997-1.025

ECMO

1.936-17.113

0939-18.407

Re OP

0562-3.452

Re Intubation

0.448-3.960

PD

0.632-7.286

NEC

0.925-10.664

Shunt intervention

0414-4.777

Re-CoA intervention

0.186-10.337

Findings at discharge

Weight

0.999-1.001

Systolic BP

0920-1.015

Diastoolic BP

0.900-1.024

Mean BP

0812-1.039

502

0.836-1.061

Heart rate

0935-1.018

HMP ()

1.014-18.867

0.771-14.705
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Univariate estimates | Adjusted estimates

OR | 95% CI P |OR| 95%Cl | P

MACE-3
Prior MI | 28

210578 | <001 | 310 | 141683 | 005

Allcause death®

Female 3.21 1.20-8.62 02 453 1.06-19.41 04
LVEF < 40% 1541 | 3.61-65.79 | <.001 | 21.00 | 1.20-368.35
RA o LAD (non'LIMA | 3.44 | 106-11.14 | 04 | 855 | 1355410 | .02
to LAD)
CV-death
Female | 307 | 095991 | 06 | 882 | 106-6462 | .04
On-pump | 2485 | 5.63-109.76 | <001 | 105.6 | 3.66-3,0447 | 007
Mi

Prior MI | 378 | 217-658 | <001 | 311 | 140694 | 006

2

Repeat
Current smoking | 535 | 1162475 | 03 | 595 | 128-2775 | o2

CV-death, cardiovascular death; LAD, left anterior descending artery; LIMA, lef
internal mammary artery; LVEF, left ventricular ejection fraction; MACE, major
adverse cardiovascular events; M, myocardial infarction; RA, radial artery.

°No independent risk factor for stroke was found; only univariate and multivariate
analyses of independent risk factors were listed above.

"Multivariable analysis for all-cause death was conducted again after excluding the
variables without astringency.





OPS/images/fcvm-10-1239477/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-10-1239477/fcvm-10-1239477-g001.jpg
Proportion of patients (%)

Survival with vs without home monitoring program (HMP)

100
g
(S
- e SPGB S
HMP (+)
80 - === HMP () p=0.03 (log-rank)
Patients at risk ’ L J ! I T J J
80 78 m 75 74 74 73
184 170 163 156 152 149 148
T T T T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360

Days after hospital discharge






OPS/images/fcvm-10-1239477/fcvm-10-1239477-g002.jpg
Proportion of patients (%)

Freedom from readmission

100 =
-
=
&
=1
80 I
(L
=1
G = S ST S e
60
40 T T
Patients at risk
80 61 46 23 e
T T T T
0 30 60 90 120

Days after hospital discharge





OPS/images/fcvm-10-1238161/fcvm-10-1238161-t002.jpg
Univariate Adjusted
estimates estimates

95% CI OR| 95% Cl | P
Preoperative factors
Female 051-2.40
BMI 24 0.54-1.39
BMI>28 0.79-2.48

Aged 60 years or more

Aged 65 years or more
Aged 70 years or more 15594 | 16| 0.71-663
ACS at admission
MI at admission 19-4.67 | 52| 0.63-368
Diabetes mellitus

Hypertension
CcoPD
Hyperlipemia
CKD
PVD
Prior MI 68-4. 12 | 1.05-425
Prior stroke

Smoking history
Current smoking 01-253 | 37| 074254
NYHA classification III or IV
Pro-BNP > 600pg/ml 13-4 K 0.47-2.94
LVESD > 40mm g .. K . 0.77-14.25
LVEDD > 60mm 13905 | 71 | 0.14-366
LVEF < 40%
LVEF <50% 16-471 | 68 | 0.16-287
Anemia

Abnormal platelet count

LM stenosis
Three-system disease 077-2.18

Surgical factors
Non-elective operation 117 071-1.92
RA 0 LAD (non-LIMA to | 375 | 153-9.22 | 87 | 141-1682
LAD)
Non-BIMA 233 | 052-10.49
Stenosis of RA targeted 213 077-588 | 0.14
coronary artery < 70%
Arterial grafts < 50% 2.70 | 0.66-11.03 | 0.17
Non-TAR 1.33 | 0.83-2.13 | 0.23
Incomplete revascularization | 1.41 | 083-2.38 | 0.20
On-pump 831 165-4188 | 0.01

CCB for 6 months 106 053215 | 086 | |

ACS, acute coronary syndrome; BIMA, bilateral internal mammary arteries; BM
body mass index; CCB, calcium channel blockers; CKD, chronic kidney disease:
COPD, chronic obstructive pulmonary disease; LAD, left anterior descending
artery; LIMA, left internal mammary artery: LM, left main coronary artery: LVEDD,
left ventricular end diastolic diameter; LVEF, left ventricular ejection fraction:;
LVESD, left ventricular end systolic diameter; MI, myocardial infarctior
New York Heart Association; Pro-BNP, pro-B-type natriuretic pepti .
peripheral vascular disease; RA, radial artery; TAR, total arterial revascularization

*Multivariable analysis was conducted again after excluding the variable without
sstiingency ln-biamp) fror the previcus rauttivanstie logiste rearession modeling:
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Cell-free approach

Product
MSCs- EVs

Key findings
Inhibited NET-mediated ferroptosis in SMCs in vivo; inhibited AAA formation through NET
formation prevention

Reference
Chen et al. (99)

ADSC-Exos

Reduced elastin degradation via exosomal miR-17-5p

Hu et al. (100)

MSCEVs

Decreased inflammation and cytokine levels through miR-147-mediated downregulation of IL-
17 and HMGB-1

Spinosa et al. (101)

EVs-CKBP conjugate

Increased uptake of EVs; triggered pro-regenerative effect on cytokine activated SMCs in vitro

Sajeesh et al. (102)

Gene therapy

NPs with NF-kB siRNA

Reduced nitric oxide (NO) production, immune cell recruitment and cytokine release, and cell
death; Reduction in AAA progression and rupture

Yan et al. (103)

miR-199a-5p

Demonstrated that miR-199a-5p mediates Sirt1 expression, which induces VSMC senescence;
identified several miRNA targets for downregulation in AAA patients

Tao et al. (105)

LHI AAV vector

Decreased AAA formation, progression, and rupture

Li et al. (25)

BAF60c AVV vector

Reduced maximum aortic diameters and AAA development; no improvement in survival rates

Zhao et al. (107)

IncRNA PVT1

Knocked down PVT1; attenuated aortic expansion, reduced VSMC apoplosis, matrix
degradation, and inflammatory cytokine profile

Zhang et al. (108)

IncRNA H19

Knocked down IncRNA H19; reduced AAA growth rate and VSMC apoplosis

Li et al. (109)

IncRNA NEAT1

Knocked out NEATY; reduced VSMC proliferative phenotype

Ahmed et al. (110)

CRISPR

Developed CHO-PGEA/pCas9-sgFbn] nanoparticles targeting Fibrillin-1; observed better
uptake of NPs in aorta with Angll administration

Zhang et al. (112)

Targeted protein and
drug delivery

TGF-f-hydrogel

Doxycycline nanofibers

Improved wall thickness and elastin integrity; increased transforming growth factor activated
kinase (TAK1) and pSMAD2

Reduced MMP2 and MMP9 activity; Reduced inflammatory cytokines; Improved elastin
quality

Bai et al. (117)

Yamawaki-Ogata
etal. (122)

Batimastat anti-elastin
NPs

Reduced MMP activity; improved histological features; prevented aortic dilation

Nosoudi et al. (123)

PGG weeping
endovascular balloon

Stabilized vascular matrix; attenuated expansion of AAA; reduced aortic diameter

Simionescu et al. (124)
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Cell type

VSMCs or
‘progenitors

Animal

model
Rat xenograft
model

Delivery method

Endoluminal seeding

Key findings

Preserved aorta diameter and elastinolysis (8 weeks); decreased MMP
translation, except for MMP2 (1 and 2 weeks); increased TIMP/TIMP3
expressions (1 and 2 weeks)

Reference

Allaire et al. (57)

Rat xenograft
model

Catheter infusion

No increase in aorta diameter and preserved elastin content (8 weeks);
increase in fibrous collagen transcripts (1 week)

Allaire et al. (58)

Rat elastase
model

Perfusion

No reports on cell therapy impact on AAA morphology; reduction in
MMP9 activity and MMP2 and MMP9 gene expression (6 weeks)

Park et al. (59)

Mouse elastase
model

Periadventitial delivery (commercially-
available collagen sponge, Vitene™?)

Decrease in aorta diameter; increased medial contractile markers;
reduced medial macrophages (4 weeks)

Mulorz et al. (60)

Rat xenograft
model

Endovascular delivery

Reduced aorta diameter; reduction in inflammation and MMP-12

Franck et al. (74)

activity; i of a functional (4 weeks)

Mouse Angll
model

Transplantation of BM-MSC sheets

Reduced aorta diameter; ncrease in elastn content; IGF-1 and TIMP-1
of IL-6, MCP-1, and TNF-o: (4 weeks)

Hashizume et al. (84)

Rat xenograft
model

Endovascular seeding

Reduced aorta diameter; decrease in MMP-9, increase in TIMP-1 (1
week); Increase in collagen and elastin content; reduction in monacyte
and macrophage infiltration (4 weeks)

Schneider et al. (86)

Mouse CaCl,/
elastase model

Intravenous delivery

Cells were found to be localized in the aneurysm from the adventitial
side; aneurysm attenuation; elastic fibers preservation; more detailed
of the mechanism of intravenous delivery (8 weeks)

Hosoyama et al. (87)

Rat CaCl, model

Intravascular delivery

Improvement in elastin content; reduced MMP activity (4 weeks)

Tian et al. (90)

Mouse elastase
model

Periadventitial delivery (sponge
connected toa catheter)

Reduced aneurysm progression; preserved elastic lamellac (2 weeks)

Blose et al. (91)

Mouse elastase
model

Intravenous delivery

Reduced inflammation and macrophage infiltration; inhibition of
aneurysm progression (2 weeks)

Xie et al. (92)

Rat CaCly/
elastase model

Periadventitial delivery (engineered
scaffolds)

Prevented increase in aorta diameter; decrease in macrophage
infiltration; increase in elastin and SMA (2 weeks)

Parvizi et al. (88)
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Pathological Species MEKI Dosage | Starting Treatment Effects on Effects at tl Reference
model tested time of duration an cardiovascular cellular level
treatment frequency. physiology and

Administration pathology
route (compared with
vehicle)
Chronic MI (also PD0325901 | 10 mg/kg/ | 3 days post-MI | 14 days once daily | Improved LV In healthy hearts, | Avolio et al.

tested on healthy day (Oral) vascularisation, perfusion, | induced PC (64)
heart) and function. differentiation into
Smaller infarct scars contractile cells.
No changes in CM
and vascular cells
apoposis, fibroblast
density and
Reperfused MI Rat PD0325901 | 3mgkg/ | Preventive 2 days (Oral) Smaller infarct scars. Inhibited caspase3 | Jin et al. (78)
(+oleuropein) | day treatment 2 Reduced serum creatine | activity.
days pre-MI kinase MB and lactate | Anti-inflammatory
dehydrogenase levels and anti-oxidative
effects
Ischemic Swine | PD98059 Local Before IPC and | 15-30 min Larger infarct scars Increased CM Strohm et al.
preconditioning + U0126 6.25- post-MI during | (IV/IM) apoptosis and 79)
S0uM | reperfusion inhibited CT-1 pro-
Systemic survival effects
5-75mg
Ischemic Rat PD98059 10 pM Immediately | 15 min (during Increased infarct size Inhibited IPC Hausenloy
preconditioning + affer ischemia | reperfusion) protective effect etal. (80)
MI (ex vivo excised (reperfusion
hearts) phase)
Atherosclerosis Mouse | U126 3mgkg | With the start | 16 weeks Blunted atherogenic Reduced Chen et al.
mixed with | of HED Daily (Oral) process. Preserved aorta | macrophageand | (168)
HED wall's integrily. Reduced | foam cell formation
lipids i
Balloon-induced | Rat PDOI85625 | 200mg | 2 days pre- 16 days Prevented neointima Inhibited intimal | Gennaro
carotid injury kgday | carotid injury | Once daily Oral) formation and medial cell et al. (169)

proliferation. No
change in apoptosis

NFI Ligation- Mouse | PD0325901 | 5-10mg/ | 7 days pre- or 7 | 35-21 days Prevented carotid Reduced intimal | Stansfield
induced carotid kgday | days post- Once daily (Oral) | neointima formation macrophage etal. (170)
injury carotid injury when started before infiltration

injury.

Reduced neointima
formation when started

after injury
Cardiac Mouse | Pimasertib | 4 mg/kg/ | Post-natal days | 3 days Attenuated hypertrophy | Reduced Sala et al.
hypertrophy day 2123 Once daily (IP) Prevented heart failure | hypertrophy-related | (171)
(Activated ¢-MET gene expression. No
expression) changes in apoptosis
or collagen
formation
Cardiac Rat Selumetinib | 1 mgkg | 1-week post- | 4 weeks Prevented cardiac Preserved CM size | Li etal. (172)
hypertrophy day AAC Once daily (IP) hypertrophy and fibrosis | and attenuated
(Pressure overload cardiac hypertrophy
and AAC) markers
Cardiac Rat PD98059 Smgkg | At thesame | 8 weeks Increased systolic BP. Attenuated CM size | Sanada et al.
hypertrophy day time with L- Once daily Attenuated LVW increase | increase induced by | (173)
(Induced by NAME (Oral) induced by L-NAME L-NAME
L-NAME)
Hypertrophic Mouse | PD0325901 | 5mgkg | At 4-week age | 6 weeks Ameliorated cardiac Normalized CM size | W et al.
cardiomyopathy day Once daily (IP) function. Corrected (174)
(Noonan anatomical defects
Syndrome)
Aortic aneurysm | Mouse | RDEA119 | 25 mg/kg/ | At 2-month age | 2 months Prevented aortic root Rescued medial CT | Holm et al.
(Marfan Syndrome) day Twice daily (Oral) | aneurysm formation. loss (132)
Normalised aortic growth
AAC, ascendi tic 8P, : CM, c-MET, factor receptor; CT, connective tissue; CT-1, cardiotrophin-1; HFD,
high fat diet; IM, i ial: 1P, IPC, ischemnic ing; IV, L-NAME, N(G)-nitro-L-arginine methyl ester; LV, left ventricle; LVW, left
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3 Li-jun Shi 15 154 32 9 China Fudan University

4 Claudia L. M. Forjaz 15 324 20 9 Brazil University of Sio Paulo

5 Alexandre M. Lehnen 14 131 27 6 Brazil Fundagio Universidade de Cardiologia
6 Guilherme V. Guimardes 14 622 55 1 Brazil Instituto do Coragio do Hospital
7 James Sharman 13 374 19 11 Brazil University of Tasmania

8 Antonio José Natali Marcos 13 149 49 7 Brazil Universidade Federal de Vigosa

9 Polito Thales 13 133 40 7 Brazil Universidade Estadual de Londrina
10 Nicolau Primo NP Gomes. 12 142 48 7 Brazil Universidade Federal de Vicosa
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Variable Univariate analysis Multivariate analysis

95% Cl 95% CI

Age (years) X 0.967-1.016

Male () 2 0.184-1.200

Hypertension history 0.251-1.588

Diabetes history 0.516-3.374 0.065-0.985
GER (ml/min/1.73 m?) 0910-1.002

Cystain C (mg/L) 0.998-1530

CTnT (ng/ml) Y 0.009-50.279

NT-proBNP (pg/ml) X 1.000-1.000

Lad (mm) g 0.989-1.179

LAVI (ml/m?) 1.009-1.069

E(cmls) ¥ 08992-1.022

Afemls) ¥ 0.988-1.103

EIA 0495-4258

TDI-a’ (cm/s) 0.784-1.165

LVEF (%) X 0.840-0.979

Ele’ 0.997-1.110

LACI>5 0.060-0.493 0.020-0.740
LASr (%) 0.969 0.933-1.007 0104

LAScd (%) 1032 0.970-1.097 0321

LASct (%) 1.038 0.980-1.099 0.206

LVGLS (%) 1.009 0.908-1.122 0861

LASI (E/e’/LASr) 149 0.931-2.404 0096

Variables included in the multivariate analysis included age, sex, hypertension history, diabetes history, and LAVI (ml/m?) LVEF (%), E/e’, and LACI>5, which p-values less
than 0.5 in the univariate analysis and are marked in bold.
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Variables
Age (years)

Standard deviation

HR (95% CI)
1.061 (1.021-1.102)

Male (n, %)

0369 (0.129-1.057)

BMI

1.029 (1.004-1.055)

Hypertension history

0.183 (0.183-1.800)

Diabetes history

1319 (1.319-13.917)

Triglyceride (mmol/L)

0.425 (0.425-0.994)

Cholesterol (mmol/L)

0339 (0339-3.678)

HDL-C (mmol /L)

0.258 (0.258-4.476)

HDL-C (mmol /L)

0525 (0525-1.448)

LASr (%)

0877 (0.877-0.976)

LAd (mm)

1160 (1.160-1.479)

LASI (E/e’/LASt)

0.158 (0.158-0.939)

LVEF (%)

0910 (0910-1.025)

E/A

1.903 (1.903-25.808)

Ele’

1.019 (1.019-1.240)

RWT

0.007 (0.007-490.280)

LVM (g/m?)

0.986 (0.986-1.002)

LVMI

0.999 (0.999-1.002)
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Top 30 Keywords with the Strongest Citation Bursts

Keywords Year Strength Begin End 2003 - 2023

left ventricular hypertrophy 2003 7.08 2003 2007

coronary artery disease 2003 6.56 2003 2009

myocardial infarction 2003 6.55 2003 2009

weight loss 2003 6.16 2003 2009

insulin resistance 2003 5.86 2003 2011

coronary heart disease 2004 5.78 2004 2013

gene expression 2004 4.53 2004 2007

heart failure 2003 7.52 2005 2015

age 2003 6.45 2005 2010

heart rate 2003 4.68 2005 2009

cardiovascular risk factors 2005 4.03 2005 2015

¢ reactive protein 2006 5.13 2006 2009

nitric oxide 2003 4.39 2006 2010

men 2005 12.52 2007 2013

cardiac hypertrophy 2007 5.81 2007 2015

all cause mortality 2005 52 2007 2015

‘women 2004 4.45 2007 2011

stress 2003 4.82 2008 2010

sympathetic nerve activity =~ 2014 6.98 2014 2016 B —
resistance exercise 2008 4.96 2014 2018

strength 2015 529 2015 2018 ———
endothelial dysfunction 2007 4.75 2016 2017

resistance training 2017 4.81 2018 2023 e e e -
guidelines 2009 g 2019 2020

global burden 2019 6.24 2019 2021 ——
task force 2019 4.46 2019 2020 ————
scientific statement 2014 4.13 2019 2020 S —
adults 2007 5.74 2020 2023

strength training 2020 4.22 2020 2021 ——

heart rate variability 2010 4 2021 2023
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LAd (mm)

36.00 (32.00, 40.00)

LVDd (mm)

48.00 (44.00, 52.00)

LAVI (ml/m?)

3600 (26.00, 47.50)

RWT (mm)

044 (039, 0.48)

LV mass (g/m’)

225.77 (189.14, 283.54)

141.35 (11323, 141.35)

6100 (56.00, 67.00)

87.00 (6640, 110.50)

A (emls)

88.10 (70.65, 102.00)

E/A

0.98 (075, 1.27)

€ (cm/s)

647 (5.1, 8.22)

Ele’

12.85 (940, 17.94)

TDLa’ (cm/s)

884+1.99

LACI (LAVI/TDI-a))

398 (3.09, 5.37)

LASI (E/e’/LASr)

041 (0.22, 0.80)

LASr (%)

33.00 % 14.32

LAScd (%)

14056+ 3.73

LASct (%)

—14.62 +8.96

LVGLS (%)

—16.25(~20.00, —13.00)
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Age (years)

49 (36, 59)

Sex

129/84

Height (cm)

162 (158, 169)

Body weight (kg)

6175 (52.75, 67.35)

BMI (kg/m’)

23.15 (20.98, 24.97)

Systolic blood pressure (mmHg)

144.41 = 2363

Diastolic blood pressure (mmHg)

88.99+16.19

Dialysis or not (1)

90/123

Haemodialysis (n, %)

71 (33.3%)

Peritoneal dialysis (n, %)

19 (8.9%)

Hypertension (n, %)

157 (73.7%)

Diabetes (n, %)

40 (32.9%)

Coronary artery disease (r, %)

8 (3.8%)

Smoking history (1, %)

68 (31.9%)

Drinking history (n, %)

56 (26.3%)

Potassium (mmol/L)

443076

Sodium (mmol/L)

14056 +3.73

Chlorine (mmol/L)

107.37 + 7041

Calcium (mmol/L)

211%027

Magnesium (mmol/L)

090 (081, 1.04)

Inorganic phosphate (mmol/L)

158 % 0.60

Urea (mmol/L)

16.56 (8.98, 23.34)

Creatinine (umol/L)

639.69 + 485.86

uric acid (umol/L)

437.76 % 143.08

Cystatin C (mg/L)

449224

GER (ml/min/1.73 m*)

29.88 = 12.95

“Total protein (g/L)

6448 = 11.64

Plasma albumin (g/L)

50.84 +193.71

CK-MB (U/L)

12,86 (9.86, 17.47)

CTnT (ng/ml)

0031 (0.017, 0.07)

NT-proBNP (pg/ml)

2,679 (503.85, 13,732.00)

LDH (U/L)

227.00 (178.00, 273.50)

Triglyceride (mmol/L)

1.72 (121, 4251)

Total cholesterol (mmol/L)

445+ 160

HDL-C (mmol/L)

1204093

LCL-C (mmol/L)

259+129
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Co-cited reference

The seventh report of the Joint National Committee on prevention, detection and
treatment of high blood pressure

Journal

Hypertension

Years

Co-cited
counts

JCR
quartile

IF
(2022)

Exercise and hypertension

Medicine & Science In
Sports & Exercise

Exercise training for blood pressure: a systematic review and meta-analysis

Journal of The American
Heart Association

6.106

Effect of acrobic exercise on blood pressure: a meta-analysis of randomized,
controlled trials

Annals of Internal Medicine

51598

Effects of endurance training on blood pressure, blood pressure-regulating
‘mechanisms, and cardiovascular risk factors

Hypertension

9.897

Age-specific relevance of usual blood pressure to vascular mortalty: a meta-
analysis of individual data for one million adults in 61 prospective studies

Lancet

202.731

Global burden of hypertension: analysis of worldwide data
The role of exercise training in the treatment of hypertension: an update

Lancet
Sports Medicine

202731
11928

Exercise for Hypertension: A Prescription Update Integrating Existing
Recommendations with Emerging Research

Current Hypertension
Reports

3.036

Impact of resistance training on blood pressure and other cardiovascular risk
factors: a meta-analysis of randomized, controlled trials

Hypertension

9.897
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w
Test for

I 98
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24.0%

0.3%
0.3%
0.1%
2.0%
25%
0.3%
5.5%

100.0%

05)
051 df=2(P=0.77). P =0%

Risk Ratio

0.500.05, 5.47)
1.19[0.31, 4.55]
0.89[0.55, 1.47)
3.46 [0.59, 20.36]
1.01[0.69, 1.47]
4.98[0.65, 38.39]

1.06 (097, 1.15]

1.09[0.95, 1.25]
1.09 [0.95, 1.25]
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089, 1.5

1.07 [1.00, 1.15]

0.1
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Characteristic

Female

Low volume
unit, N = 387"
98 (25%)

Medium volume
unit, N = 352°
86 (24%)

High volume
unit, N = 368"
100 (27%)

Low vs. meldium
P-value™*

Low vs. high
P-value®*

Medium vs.
high P-value®*

Age (years)

59 (47, 69)

60 (47, 68)

58 (46, 69)

Neurological dysfunction

27 (7.0%)

15 (4.3%)

25 (6:8%)

Creatinine > 200 pmol/L

20 (5.2%)

20 (5.7%)

23 (6.3%)

Recent myocardial infarction

12 (31%)

4(11%)

9 (24%)

Pulmonary disease

40 (10%)

39 (11%)

42 (11%)

CcCs 4

16 (41%)

10 (2.8%)

5 (1.4%)

NYHA4

41 (11%)

42 (12%)

49 (13%)

Pulmonary

4(10%)

8 (23%)

8 (22%)

Diabetes on insulin

3 (0.8%)

6 (1.7%)

4 (1.1%)

‘Smoking history (active or ex-
smoker)

143 (37%)

134 (38%)

152 (41%)

LVE function

Poor (EF <30%)

6 (1.6%)

4(1.1%)

1(03%)

Moderate (EF 30%-50%)

58 (15%)

70 (20%)

65 (18%)

Peripheral vascular disease

54 (14%)

58 (16%)

57 (15%)

Preoperative atrial fibrillation

48 (12%)

37 (11%)

38 (10%)

Emergency procedure

51 (13%)

41 (12%)

50 (14%)

Urgent procedure

120 (31%)

117 (33%)

122 (33%)

Salvage procedure

7 (1.8%)

10 (28%)

2 (0.5%)

Euro score 2

7(3,13)

63, 14)

5(3,11)

Unknown

0

2

0

Previous other procedures
(undefined)

98 (25%)

89 (25%)

109 (30%)

Previous aortic valve
replacement + Root replacement

249 (64%)

241 (68%)

241 (65%)

Previous other procedures
(undefined)

23 (59%)

29 (82%)

23 (6.3%)

Aortic root pathology

Acute dissection

25 (65%)

9 (26%)

8 (22%)

Aneurysm

179 (46%)

146 (41%)

111 (30%)

Chronic dissection

15 (3.9%)

11 (3.1%)

15 (41%)

Tatrogenic dissection

2 (05%)

6 (17%)

10 27%)

Intramural haematoma

8 (21%)

16 (4.5%)

60 (16%)

Penetrating atheromatous
ulcer

7 (1.8%)

5 (1.4%)

4 (1.1%)

Pseudoancurysm

11 (28%)

10 (2.8%)

11 (3.0%)

Trauma

11 (28%)

15 (43%)

28 (7.6%)

Missing data

129 (33%)

134 (38%)

121 (33%)

Endocarditis

106 (27%)

90 (26%)

94 (26%)

Type of root

Bentall

46 (12%)

37 (11%)

36 (9:8%)

‘Homograft

302 (78%)

309 (88%)

320 (87%)

Valve sparing

39 (10%)

6 (1.7%)

12 (33%)

Salvage CABG

63 (16%)

50 (14%)

71 (19%)

Type of valve used for root

prosthesis

Biological

102 (26%)

99 (28%)

109 (30%)

Mechanical

32 (83%)

28 (8.0%)

31 (8.4%)

Homograft

143 (37%)

147 (42%)

131 (36%)

Missing data

71 (18%)

72 (20%)

85 (23%)

Aortic arch surgery

19 (49%)

22 (6:3%)

77 (21%)

Descending thoracic aorta
surgery

0(0%)

2(06%)

31 (8.4%)

CPB time (min)

242 (179, 322)

222 (177, 309)

233 (168, 321)

Missing data

17

18

17

Aortic Cross Clamp time (min)

160 (126, 208)

155 (128, 206)

154 (118, 200)

Missing data

31

24

21

Use of circulatory arrest

43 (11%)

37 (11%)

33 (9.0%)

Mortality

70 (18%)

64 (18%)

58 (16%)

Postop TIA/CVA

16 (4.1%)

21 (6.0%)

15 (4.1%)

Postop Renal Dialysis

30 (83%)

38 (12%)

41 (12%)

Missing data

25

42

38

Return to theatre for bleeding/
tamponade

42 (11%)

35 (9.9%)

25 (6.8%)

Length of stay (days)

11(7,19)

12(7,22)

12 (7,22)

Missing data

6

1

1

°n (%); Median (IQR).

°Fisher's exact test; Kruskal-Wallis rank sum test; Pearson’s Chi-squared test
S Resnferrons comection for mitliipls testing
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Predictors

Female sex

Mortality

0Odds ratios

Cl
0.99-2.47

Age >59 years

1.92-465

Neurological dysfunction

0.83-3.67

Creatinine > 125 ymol/L

0.89-356

Recent MI

224~
18.41

0.69-2.41

0.81-639

0.74-2.41

Pulmonary HTN
Diabetes on insulin

052-7.36
0.27-797

Poor LV function (EF <30%)

0.69-1.77

Peripheral vascular disease

0.41-136

Emergency surgery

2.27-6.86

Previous aortic valve or composite root

0.89-2.35

Previous Ascending Aorta/Arch Surgery

0.86-2.33

Endocarditis

1.37-354

Homograt replacement

0.60-2.16

Valve Sparing procedure

0.19-221

Salvage CABG

1.58-438

Aortic cross-clamp time >169 min

1.30-361

Arch surgery

1.17-523

Use of deep hypothermic circulatory arrest

0.96-3.69

Reference—low volume centre

Medium volume centre

0.76-2.45

High volume centre

0.49-1.77

Reference—low volume surgeon

Medium volume consultant

0.56-1.60

High volume consultant

052-192

Reference 1998-2004

2005-2009

0.56-3.64

2010-2014

0.47-3.11

2015-2019

037-2.79

Random effects

o

00 Consultant

o0 HospCode

1cC

Neonsattant

Nutospcode

42

Observations.

1,029

Marginal R*/Conditional R*

0.327/0.432






OPS/images/fcvm-10-1295968/fcvm-10-1295968-t004.jpg
Characteristic Any redo, N =758 Re-do root (true redo) or aortic valve, N= 349" P-value®*
Female 184 (24%) 100 (29%) 209
Age (years) 58 (46, 68) 61 (49, 70) 0.5
Neurological dysfunction 49 (65%) 18 (52%) 0.9
Creatinine > 200 pmol/L. 32 (42%) 31 (8.9%) 0079
Recent myocardial infarction 16 (2.1%) 9 (2.6%) >0.9
Pulmonary disease 73 (9.6%) 48 (14%) 209
cs 4 17 (22%) 14 (40%) 509
NYHA4 85 (11%) 47 (13%) 509
Pulmonary hypertension 13 (1.7%) 7 (2.0%) 0.9
Diabetes on insulin 4 (0.5%) 9 (26%) 02
Smoking history (active or ex-smoker) 336 (37%) 93 (48%) 0076
LVF function
Poor (EF <30%) 211 (28%) 86 (25%) 0.9
Moderate (EF 30%-50%) 128 (17%) 65 (19%) 05
Peripheral vascular disease 130 (17%) 39 (11%) 04
Preoperative atrial fibrillation 96 (13%) 27 (7.7%) 0.6
Emergency procedure 87 (11%) 55 (16%) 509
Urgent procedure 218 (29%) 141 (40%) 0005
Salvage procedure 10 (1.3%) 9 (26%) 0.9
Euro score IT 53,11 9(5,18) <0.001
Unknown 2 0
Aortic root pathology
Acute dissection 31 (4.1%) 11 (3.2%) >0.9
Aneurysm 318 (42%) 118 (34%) 0.4
Chronic dissection 35 (4.6%) 6 (1.7%) 0.7
Tatrogenic 17 (22%) 1(03%) 07
Intramural haematoma 70 (92%) 14 (40%) 010
Penetrating ulcer 10 (1.3%) 6 (1.7%) 0.9
Pseudoaneurysm 16 (2.1%) 16 (4.6%) >0.9
Trauma 30 (4.0%) 24 (69%) 209
Missing data aortic root pathology 231 (30%) 153 (44%) <0.001
Endocarditis 110 (15%) 180 (52%) <0.001
Type of root
Bentall 61 (8.0%) 58 (17%) <0.001
Homograft 648 (85%) 283 (81%) >0.9
Valve sparing 49 (65%) 8 (23%) 02
Salvage CABG 118 (16%) 66 (19%) 0.9
Type of valve used for root prosthesis
Biological 173 (23%) 145 (42%) <0001
Mechanical 34 (45%) 57 (16%) <0.001
Homograft 290 (38%) 137 (39%) >0.9
Missing data 261 (34%) 10 (29%) <0.001
Aortic arch surgery 99 (13%) 19 (5.4%) 0006
Descending thoracic aorta surgery 29 (38%) 4 (11%) 0.6
CPB time (min) 236 (175, 323) 230 (175, 308) 0.9
Missing data 7 2
Aortic Cross Clamp time (min) 152 (123, 202) 162 (125, 209) 209
Missing data 49 27
Use of circulatory arrest 88 (12%) 25 (7.2%) >0.9
Mortality 119 (16%) 73 (21%) 0.9
Postop TIA/CVA 41 (5.4%) 17 (49%) 209
Postop Renal Dialysis 75 (11%) 34 (11%) 09
Missing data 77 2
Return to theatre for bleeding/tamponade 73 (96%) 29 (83%) 0.9
Length of stay (days) 11 (7, 20) 13 (7, 26) 0.9
Missing data 8 0

°n (%); Median (IQR).

Fisher's exact test; Wilcoxon rank sum test; Pearson's Chi-squared test.

SPonfeari ConRCHon for molHple thting
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Characteristic
Mortality

192 (17%)

Postop TIA/CVA

58 (5.2%)

Postop renal dialysis

109 (11%)

105

Missing data
Return to theatre for bleeding/tamponade 102 (92%)
Length of stay (days) 120,22

8

Missing data

2n (%) Median (IQR).





OPS/images/fcvm-10-1295968/fcvm-10-1295968-t002.jpg
Characteristic Overall, N=1,107° Survivors, N= 915" Nonsurvivors, N=192" P-value®

Type of root
Bentall 931 (84%) 778 (85%) 153 (80%) 09
Homograft 119 (11%) 85 (9.3%) 34 (18%) 0.009
Valve sparing 57 (5.1%) 52 (5.7%) 5 (2.6%) 509
Salvage CABG 112 (10%) 69 (75%) 43 (22%) <0.001
Type of valve used for root prosthesis
Biological 318 (29%) 240 (26%) 78 (41%) <0.001
Mechanical 427 (39%) 373 (41%) 54 (28%) 0.015
Homograft 91 (8:2%) 68 (7.4%) 23 (12%) 05
Missing data 228 (21%) 194 (21%) 34 (18%) >09
Aortic Arch Surgery 118 (11%) 92 (10%) 26 (14%) 209
Descending Thoracic Aorta Surgery 33 (3.0%) 31 (34%) 2(1.0%) 509
CPB time (min) 234 (175, 320) 218 (170, 291) 350 (244, 444) <0.001
Missing data 52 35 17
Aortic Cross Clamp time (min) 156 (123, 203) 151 (121, 195) 193 (144, 248) <0.001
Missing data 76 43 3
Use of circulatory arrest 113 (10%) 81 (89%) 32 (17%) 0.016

°n (%); Median (IQR).
°Pearson’s Chi-squared test; Wilcoxon rank sum test
*Bonfison comection for rrilliple testiig:
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Overall, N=1,1 Survivors, N=915" | Non-survivors, N =192*
Female 284 (26%) 228 (25%) 56 (29%) 09
Age (years) 59 (47, 69) 58 (46, 68) 64 (55, 72) <0001
Neurological dysfunction 67 (6.1%) 44 (4.8%) 23 (12%) <0005
Creatinine >200 pmol/L 63 (5.7%) 33 (3.6%) 30 (16%) <0.001
Recent myocardial infarction 25 (2.3%) 13 (1.4%) 12 (62%) <0011
Pulmonary disease 121 (11%) 92 (10%) 29 (15%) 0041
cs 4 31 (2.8%) 17 (1.9%) 14 (7.3%) <0001
NYHA4 132 (12%) 90 (9.8%) 42 (22%) <0.001
Pulmonary hypertension 20 (1.8%) 13 (14%) 7 (36%) 509
Diabetes on insulin 13 (12%) 10 (1.1%) 3 (1.6%) 209
Smoking history (active or ex-smoker) 596 (54%) 507 (55%) 89 (46%) 07
LVF function 509
Poor (EF <30%) 11 (1.0%) 7 (0.8%) 4 (2.1%)
Moderate (EF 30%-50%) 193 (17%) 156 (17%) 37 (19%)
Peripheral vascular disease 169 (15%) 144 (16%) 25 (13%) >0.9
Preoperative atrial fibrillation 123 (11%) 93 (10%) 30 (16%) >0.9
Emergency procedure 142 (13%) 87 (9.5%) 55 (29%) <0001
Urgent procedure 359 (32%) 293 (32%) 66 (34%) 209
Salvage procedure 19 (1.7%) 4 (0.4%) 15 (7.8%) <0.001
Euro score 2 6(,13) 503,11 13 (6, 26) <0.001
Previous aortic procedures (ascending and arch) 296 (27%) 236 (26%) 60 (31%) 209
Previous valve procedures (any valve repair 731 (66%) 600 (66%) 131 (68%) 209
or replacement surgery including mitral, aortic or tricuspid, etc.)
Previous other procedures (undefined) 75 (6.8%) 64 (7.0%) 11 (5.7%) >0.9
Previous aortic valve replacement + Root replacement 349 (32%) 276 (30%) 73 (38%) 0.9
Aortic root pathology
Acute dissection 42 (3.8%) 26 (2.8%) 16 (83%) <0009
Aneurysm 436 (39%) 397 (43%) 39 (20%) <0.001
Chronic dissection 41 (3.7%) 39 (4.3%) 2 (1.0%) >0.9
Iatrogenic dissection 18 (1.6%) 16 (1.7%) 2(10%) 509
Intramural haematoma 84 (7.6%) 71 (7.8%) 13 (68%) 509
Penetrating ulcer 16 (1.4%) 10 (1.1%) 6 (3.1%) >0.9
Psendoaneurysm 32 (2.9%) 26 (2.8%) 6 (3.1%) 509
Trauma 54 (4.9%) 38 (4.2%) 16 (83%) 05
Missing data 384 (35%) 292 (32%) 92 (48%) <0.001
Endocarditis 290 (26%) 207 (23%) 83 (43%) <0.001

CCs, Canadian Cardiovascular Society: NYHA, New York Heart Association; LVF, left ventricular function; EF, ejection fraction.

°n (%); Median (IQR).

Fisher's exact test; Wilcoxon rank sum test; Pearson's Chi-squared test.

CBanferrori comecion for riultinle teting
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Model 1

Model 2 Model 3
OR (95% Cl) OR (95% Cl) OR (95% CI) P-value
Per 1 unit increase (%) 16 (13-19) 14 (12-1.8) 14 (11-19)
Quartile (%)
Q1 (<8.291) Reference Reference Reference
Q2 (8.291-8.761) 11 (07-16) 0678 09 (0.6-1.4) 0677 08 (05-14) 0432
Q3 (8.761-9.167) 15 (11-22) 0019 14 (0.9-2.1) 0086 13 (0.8-2.1) 0218
Q4 (29.167) 23 (16-32) <0.001 19 (1.3-2.8) 0.001 1.8 (1.3-4.4) 0.012
Model 1: did not adjust

Model 2: age, BMI, educational background, exercise, smoking history and drinking history.
Madel 3: we acitsted for model 2 plus LDL. BUN; eGFR.
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Model 3

Tyg (%) Model 1 Model 2

OR (95% Cl) OR (95% ClI) OR (95% CI)
Per 1 unit increase (%) 17 (1.4-20) 15 (1.3-19) 16 (1.3-2.0)
Quartile (%)
Q1 (<8.291) Reference Reference Reference
Q2 (8.291-8.761) 13 (09-1.8) 0118 11 (0.8-1.6) 0818 10 (0.7-15) 0.948
Q3 (8.761-9.167) 17 (13-23) <0.001 15 (1.2-21) 0004 13 (1.0-21) 0.034
Q4 (29.167) 23 (17-3.1) <0.001 17 (1.4-28) 0001 20 (1.4-29) <0.001
P for trend <0001 0.001 <0.001

Model 1: did not adjust.
Model 2: age, BMI, educational background, exercise, smoking history and drinking history.

Model 3: we adjusted for model 2 plus LDL, BUN, eGFR.
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Country

Study design

Specimen

Case (n)

Control (n)

Methods

Diagnosis Reference
standard

Time for detection

AUC

Sensitivity

Specificity

Zhang X etal. (15) | China Retrospective Clinical | Serum 24 (AMI) 27 (Non-AMI) | SYBR MACE, PCI Within 24 h
Study

Yang §j etal. (16) | China Retrospective Clinical | Plasma 17 (AMD) 10 (healthy) | SYBR cTnl, CK-MB Within 12h 06885 | 73.76% 78.47%
Study

Zhang Y etal. (17) | China Prospective Cohort | Plasma 17 (AMD) 10 (Non-AMD) | TagMan | CK, cTnl, CK-MB 0-3,3-6,6-9,9-12, and 0.892 | 86% 81%
Study 12-24h

Grabmaier U et al. (18) | Austria | Prospective Cohort | Plasma 44 (AMD) 18 (Healthy) | TagMan | AIV, ALVEF, ALVEDV Within 12h NR | NR NR
Study

Wang ZH et al. (19) | China Clinical Study Serum 38 (NSTAMI) | 25 (Healthy) | SYBR cTnl, CK-MB Within 12h 0981 | 97% 80%

Ali Sheikh (20) China Clinical Study Serum 123 (SA)/82 | 50 (Healthy) | SYBR AHA, Tnl, CK-MB NR 0921 | 83% 95%

(Ua)
Lisetal. 21) China Clinical Research PBMCs 24 (AMD) 27 (Non-AMD | SYBR AHA Within 24 h NR | NR NR
Wang Fetal 22) | China Prospective Cohort | Plasma 17 (AMD) 28 (Healthy) | SYBR cTnl Within0 b, 4h, 12h,24 h, 48 h, | 0.949 | NR NR
tudy

Fabiola O etal. (23) | Italy Retrospective Cohort | Plasma, 92 (AMI) 99 (Healthy) SYBR <InT Within 48 h, 72 h 086 | NR NR
Study

Carlos Hetal. 24) | Spain Prospective Cohort | Serum 40 (NSTAMD) |20 (Healthy) | TaqMan | NR NR NR | NR NR
Study

Gao Cetal. (25) China Retrospective Cohort | Plasma 184 (AMI) | 150 (Healthy) | SYBR cTn Within 6 h 0617 | 80.00% 40.94%
Study

Ruan ZM etal. 26) | China Retrospective Cohort | PBMCs 22 (AMI) 32 (Non-AMI) | SYBR Pl Within 24h NR | NR NR
Study

Mi X et al. 27) China Original Rescarch Plasma 40 (AMD) 44 (Healthy) | SYBR <Tnl, CK-MB Within 12h 098 | NR NR

XuLet al. 28) China Original Research Plasma 51 (AMD) 50 (Healthy) | SYBR cTnl, CK-MB Within 6 h, test in 3 months | 066 | 8250% 45.50%

AHA, American Heart Association; AMI, infarction; SA, UA, NSTAMI, non-ST elevation myocardial infarction; SYBR, SYBR Green I; MACE, major adverse cardiovascular events; AIV, Alnfarct volume; ALVEF, ALeft

ventricular ejection fraction; ALVEDV, ALeft ventricular end-diastolic volume; NR, no report; CK-MB, Creatine Kinase

B casving 2k cxnlie tropcats B dTnT canlie tmneiin T OPs, ciidin tropol,
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Characteristics Essential hypertension H-type hypertension

TyG, n (%) 1,301 667 634 <0.001
<8.291 mg/dl 487 (37.4) 292 (43.8) 195 (30.8)
8.291-8.761 mg/d] 227 (17.5) 122 (183) 105 (16.6)
8.761-9.167 mg/dl 305 (23.4) 143 (21.4) 162 (25.5)
>9.167 mg/dl 282 (21.7) 110 (16.5) 172 (27.1)
BML 7 (%) <0.001
<185 kg/m* 50 (3.8) 30 (45) 20 32)
18.5-23.9 kg/m’ 709 (545) 406 (609) 303 (47.8)
2240 kg/m® 542 (41.7) 231 (346) 311 (49.0)
Education background, n (%) <0.001
Primary school and below 23018 16 (25) 7 (L1
Junior school 268 (206) 156 (24.6) 112 (16.8)
Senior school 440 (33.8) 195 (30.8) 245 (36.7)
College and above 570 (43.8) 267 (42.1) 303 (45.4)
Marital status, # (%) 0.098
Single 12 (0.9) 9(14) 3(05)
Married 1,289 (99.1) 658 (98.6) 631 (99.5)
Exercise, 7 (%) <0.001
No exercise 512 (393) 212 318) 300 (47.3)
Irregular exercise 421 (324) 281 (42.1) 140 (22.1)
Regular exercise 368 (28.3) 174 (26.1) 194 (30.6)
Smoking history, r (%) 0.158
Never smokes 1279 (983) 659 (98.8) 620 (97.8)
Current or former smokers 2(.7) 8(12) 14 22)
Drinking history, n (%) <0.001
No 1,260 (96.9) 657 (985) 603 (95.1)
Yes 41 (3.1) 10 (1.5) 31 (49)
Age (years) 560 (51.0,66.0) 540 (49.0,58.0) 640 (55.0,72.0) <0.001
WC (em) 852240 843194 8622329 0152
TG (mmol/L) 14 (102.0) 10 (1020) 10 (10.2.0) <0.001
TC (mmol/L) 46+12 46+12 46+1.1 0.249
LDL (mmol/L) 26 (21,32) 26 (21,31) 27 (21,33) 0.006
HDL (mmol/L) 10 (LO,L1) 10 (10,12) 10 (10,.0) 0.301
ALT (U/L) 160 (12.0,24.0) 160 (12.0,24.0) 160 (12.0,24.0) 0.635
Scr (pmol/L) 57.0 (50.0,24.0) 53.0 (47.0,60.0) 63.0 (54.0,77.0) <0.001
BUN (mmol/L) 60 (4.68.1) 7.0 (44, 9.0) 60 (5.080) <0.001
eGFR (ml/min) 98.0 (81.0,107.1) 104.0 (95.0,111.0) 86.4 (65.0,101.0) <0.001
FPG (mmol/L) 50 (4560) 50 (435.1) 50 (47,61) <0.001
TyG index, triglyceride glucose index; WC, waist : TG, ; TC, total HDL, high-density lipoprotein; LDL, low-density lipoprotein; ALT.

siAnine tarsarinass: Scr: et crestifine: SGFR. dlomsrilsr filtraton: BUN, blaod tinss nitroosn: FEG, fasting gkicose.
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Dynamic manoeuvres (n = 60) Lead screwing-in (n = 44) p value

LBBAP lead
Fluoroscopy (min) | 8391 | 104%117 0310
‘Time (min) [ 180£17.9 [ 204195 0.546
Paced QRS (ns-LBBP)
QRS duration (from onset) (ms) 1166+17.7 0.165
QRS duration (from stimulus) (ms) 1447192 1495224 0249
LB potential 35 (603) 2 (512) 0357
LB potential to QRS onset (ms) 21.7+68 20.1+65 0.388
Type of LBB capture 0032
LBB trunk 12 (20.7) 2(51)
Fascicular capture 46 (793%) 37 (94.9%)
Left anterior fascicle 4(87) 5(135)
Left posterior fascicle 16 (34.8) 17 (45.9)
Left septal fascicle 26 (56.5) 15 (406)
Electrical (acute setting)
R wave sensing (mV) 92:42 100+ 44 0.386
Impedance (Ohm) 101182325 9409 £191.7 0.102
‘Threshold (Volts) (x0.4 ms) 1107 08+04 0.042
‘Type of device implanted 0.743
SR 19 (31.7) 11 (25.6)
DR 38 (633) 29.(659)
 crrp 1(16) 246)
CRT-ICD 2(33) 2 (46)

Values are mean + standard deviation (SD) and n (%)
CRT-P, cardiac resynchronization therapy-pacemaker; CRT-ICD, cardiac resynchronization therapy-implantable cardioverter defibrillator: LB, left bundie; LBB, left bundle
brancly LVSD: laft ventriculiar seotsl nacine: ns-LBBE. nonselective left bundie Beanch pacing: IWHT. 1 wave pesk tine.
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qR/rSt” pattern (lead V1) 59 (98.3) 44 (100) 38 (864)
Paced V6-RWPT (ms) 78189 75096 X 4% 12 91992
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p value
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4318 51+22

Values are mean + standard deviation (SD).
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Dynamic manoeuvres (n = 60) Lead screwing-in (n =44) p value

Clinical variables

Age (years) 79.1+10.3 766+ 9.6 0216
BMI 29.7+6.1 276+43 0.051
Male 27 (45) 25 (568) 0234
Hypertension 53 (883) 34 (77.3) 0132
Diabetes mellitus 19 (31.7) 13 (29.5) 0817
AF 29 (483) 21 (483) 0951
CKD* 11 (18.6) 7 (15.9) 0718
Coronary heart disease 10 (167) 4000 0263
copD 7(11.7) 3(68) 0.407
Previous heart failure 14 (233) 11 25) 0844
Pacing indication 0.424
AV block 23 (383) 13 (302)
Slow AF/bradycardia-tachycardia syndrome 25 (41.6) 16 (37.2)
Sinus node disease 7 (11.7) 7(15.9)
CRT 3(5) 4(93)
Bifascicular block + syncope/alternant BBB 2(33) 4(93)
LVEF (%) 573111 57.6+114 0898
LVEF <40% 7(119) 6(14) 0755
LVEDD (mm) 46.1 6.6 47458 0.360
1VS thickness (mm) 123132 118228 0438
Left atrial volume (ml/m?) 45.7 +18.0 50.5+202 0.235
Baseline ECG characteristics
PR interval 1849 +54.5 190.2+ 748 0.792
Native QRS width (ms) 1134+297 11932348 0348
Qe interval 4363371 433.9+383 0809
Wide QRS complex (>120 ms) 23 (383) 20 (45.5) 0.466.
Baseline ECG morphology” 0.687
Isolated RBBB 7259 6(28.6)
RBBB + LFB 8 (296) 7(33.4)
LBBB 6(222) 4019
NIVCD 167) 00
Asystole/PM dependent 1(7) 3(143)
Values are mean + standard deviation (SD) and n (7). AF, atral fibrilation: AV, alrioventricular: BB, bundle branch block: BML. body mass index: CKD, Chronic kidney
disease; COPD, Chronic obstructive pulmonary disease; CRT, cardiac therapy; VS, septum; LBBB, left bundle branch block; LFB, left

fascicular block; LVEDD, Left ventricular end-diastolic diameter; LVEF, left ventricular ejection llacuon: LVSP, left ventricular septal pacing; ns-LBBP, non selective-left
bundie branch pacing; PM, pacemaker; RBBB, right bundle branch block

*Glomerular Filtration rate <60 mU/min/173 m?

bPercentages related to wide QRS complex patients.
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Treatment
Class

Immune
checkpoint
inhibitors

VEGEF inhibitors

Key Recommendations

All patients:

«  Check baseline ECG and biomarkers (BNP, cTn).
«  Monitor for symptoms/signs of myocarditis.
*High-risk patients:

« Consider checking baseline echo.

« Repeat CV assessment every 6-12 months.

All patients:

« Check BP at baseline and every clinical visit.

« Regular HBPM during the first cycle, after each VEGFI
dose increase, and every 2-3 weeks thereafter.

For VEGFI at increased risk of QT prolongation (e.g.
vandetanib, sorafenib, and sunitinib):

o Check ECG monthly during the first 3 months and
every 3-6 months thereafter.

**High- and very high-risk patients:

«  Check baseline and serial echoes.

ALK or
EGEFR inhibitors

Anthracycline

All patients before starting Osimertinib:

«  Check baseline echo.

« Consider serial echo every 3 months.

Patients treated with brigatinib, crizotinib, or lorlatinib:

« Consider HBPM

Patients on ALK inhibitor therapy:

«  Check ECG 4 weeks after starting therapy and every 3-6
months thereafter.

All patients:

+  Check baseline echo.

«  Repeat echo within 12 months after completing therapy.
**Moderate-risk patients:

«  Check echo after a cumulative dose of >250 mg/m* of
doxorubicin or equivalent.

**High- and very high-risk patients:

«  Check echo every 2 cycles and within 3 months of
treatment completion.

«  Check baseline BNP and ¢Tn.

+  Check BNP and cTn before every cycle and 3 and 12
months after completing therapy.

*Administration of dual ICI, combination ICI-cardiotoxic therapy, presence of noncardiac
immune-related adverse events, prior cancer therapy-related cardiac dysfunction, or

CVD (70).

**Risk based on Heart Failure Association-International Cardio-Oncology Society (HFA-
ICOS) cardio-oncology cardiovascular risk assessment tool prior to cardiotoxic anticancer
therapy (70, 91). This risk calculator includes the following data: previous history of CVD,
cardiac biomarkers, age, cardiovascular risk factors, previous cardiotoxic treatment, and

lifestyle risk factors.
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ALK inhibitors vs. EGFR/BRAF ROR 5.16
inhibitors combined
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Crizotinib vs. other ALK inhibitors ROR 1.91 1.22
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Ceritinib vs. other targeted ROR 3.43 2.02

NSCLC therapies - 581
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Bradycardia EU 1.1 (0.0-3.0)
USA 16.9 (10.5-24.7)
QT interval EU 1.0 (0.0-3.1)
prolongation
related events
USA 26.8 (17.6 - 36.9)
Cardiac failure EU 0.5 (0.0 - 2.1)
USA
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Marital status, <0001
i ith partner 3,966 (61.41%) 2,130 (6221%) 1,836 (60.63%)
Widowed/divorced/separated 1919 (22.16%) 1,326 (29.14%) 593 (1536%)
Never married 1,071 (16.43%) 342 (8.65%) 729 (24.01%)
Smoking status 0.003
Nonsmoker 3,505 (50.92%) 1,837 (48.70%) 1,668 (53.07%)
Smoker 3,451 (49.08%) 1,961 (51.30%) 1,490 (46.93%)
BMI <0001
Obese (230) 3,710 (55.20%) 2,174 (60.58%) 1,536 (50.02%)
Overweight (25-30) 2,110 (31.37%) 1,064 (28.69%) 1,046 (33.95%)
Normal (18.5-25) 925 (13.03%) 429 (10.34%) 496 (15.62%)
Underweight (<18.5) 37 (0.40%) 19 (0.39%) 18 (041%)
‘Waist circumference (cm) 107.40 (15.99) 109.99 (15.85) 104.95 (15.74) <0001
Total cholesterol (mmol/L) 522 (114) 519 (117) 5.26 (1.10) 0021
‘Triglyceride (mmol/L) 192 (1.63) 197 (1.48) 1.87 (1.76) 0.016
LDL-cholesterol (mmol/L) 3.08 (095) 2,98 (0.96) 318 (0.92) <0001
Serum urate (umol/L) 445.44 (56.82) 448.38 (61.83) 442.58 (51.33) 01
€GER (ml/min/1.73 m’) 33.14 (4159) 36.97 (39.03) 29.27 (43.69) <0001
Diabetes (%) <0001
Yes 1,234 (13.66%) 1,013 (2259%) 21 (4.96%)
No 5,722 (86.34%) 2,785 (77.41%) 2,937 (95.04%)
Stroke (%) <0.001
Yes 440 (4.81%) 363 (7.99%) 77 (1.70%)
No 6,516 (95.19%) 3435 (92.01%) 3,081 (98.30%)
Cancer (%) <0001
Yes 834 (11.69%) 634 (17.07%) 200 (6.45%)
No 6,122 (88.31%) 3,164 (82.93%) 2,958 (93.55%)
Heart failure (%) <0.001
Yes 524 (5.73%) 440 (9.56%) 84 (2.00%)
No 6,432 (94.27%) 3,358 (90.44%) 3,074 (98.00%)
Coronary artery disease (%) <0001
Yes 476 (5.58%) 386 (8.96%) 90 (2.29%)
No 6,480 (94.42%) 3412 (91.04%) 3,068 (97.71%)
Chronic kidney disease <0001
Yes 1,484 (18.74%) 1,186 (28.87%) 298 (8.48%)
No 4,648 (81.26%) 2,208 (71.13%) 2,440 (91.52%)

Continuous variables are presented as the means + standard deviations; categorical variables are presented as numbers and percentages. Wilcoxon rank-sum test for
complex Strvey svnples: chl-souars test Wwith Rao & Scott's sseond-order comsction. GED, osnersl sducational davsloprant.






OPS/images/fcvm-11-1306026/fcvm-11-1306026-t002.jpg
Comorbidity Unadjusted Adjusted
association association”

95% Cl | P-value | OR | 95% Cl | P-value
Hypertension 119 | 203, 237 .001 | 1.8, 2.22
Diabetes .96 | 085, 1.07 4090080, 101
Stroke 25| 187,271 <0.001 | 180, 264
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Overall Hyperuricemia Non-hyperuricemia P-value

(N =38,644) N 956) (N=31,688)

Weighted participants (%) 159,679,793 27,638,230 (17.32%) 132,021,563 (82.68%)
Age (year) 4672 (16.80) 5091 (17.72) 45.84 (16.46) <0.001
Age group (%) <0.001
20-39 years 12,942 (35.75%) 1,658 (28.43%) 11,284 (37.28%)
40-59 years 12,019 (36.65%) 1,946 (33.98%) 10,073 (37.21%)
60-79 years 9,739 (19.40%) 2,345 (26.18%) 7,394 (17.98%)
>80 years 3,944 (8.19%) 1,007 (11.41%) 2,937 (7.52%)
Sex (%) <0001
Male 18,649 (48.15%) 3,856 (56.88%) 14,793 (4632%)
Female 19,995 (51.85%) 3,100 (43.12%) 16,895 (53.68%)
(%) <0.001
Mexican American 6,637 (8.22%) 829 (5.63%) 5,808 (8.77%)
Other Hispanic 3,203 (5.19%) 437 (3.93%) 2,766 (545%)
Non-Hispanic White 17,732 (69.25%) 3,380 (71.74%) 14,352 (68.72%)
Non-Hispanic Black 7,759 (10.71%) 1,736 (12.38%) 6,023 (10.36%)
o iraci 3,313 (6.64%) 574 (6.33%) 2,739 (6.70%)
Poverly income ratio 301 (164) 293 (1.61) 3.02 (1.64) 0.004
Educational attainment (%) <0.001
Less than 9th grade 4,528 (5.99%) 808 (6.24%) 3,720 (5.94%)
9-11th grade 5,661 (11.12%) 1,037 (11.35%) 4,624 (11.07%)
High school graduate/GED 8,913 (23.25%) 1,752 (26.01%) 7,161 (22.67%)
Some college or AA degree 11,042 (3139%) 2,031 (32.71%) 9,011 (31.12%)
College graduate or above 8,500 (28.24%) 1,328 (23.70%) 7,172 (29.20%)
Marital status (%) <0.001
ith partner 23,510 (64.38%) 3,966 (61.41%) 19,544 (65%)
Widowed/divorced/separated 8371 (18.13%) 1,919 (22.16%) 6,452 (17.29%)
Never married 6,763 (17.49%) 1,071 (16.43%) 5,692 (17.71%)
Smoking status (%) <0.001
Nonsmoker 20975 (53.78%) 3,505 (50.92%) 17,470 (5438%)
Smoker 17,669 (46.22%) 3,451 (49.08%) 14,218 (45.62%)
BMI (%) <0001
Obese (230) 13,593 (34.63%) 3,710 (55.20%) 9,883 (30.35%)
Overweight (25-30) 12,959 (33.82%) 2,110 (31.37%) 10,849 (3433%)
Normal (18.5-25) 10,808 (29.91%) 925 (13.03%) 9,883 (33.42%)
Undenweight (<18.5) 609 (1.64%) 37 (0.40%) 572 (1.90%)
‘Waist circumference (cm) 98.15 (16.09) 107.40 (15.99) 9625 (15.44) <0.001
Total cholesterol (mmol/L) 5.08 (1.09) 522 (1.14) 5.05 (1.08) <0001
Triglyceride (mmol/L) 151 (1.35) 192 (1.63) 1.42 (1.26) <0001
LDL-cholesterol (mmol/L) 2,98 (091) 3.08 (0.95) 2.96 (0.90) <0001
€GFR (ml/min/1.73 m’) 4890 (50.12) 33.14 (4159) 5218 (51.11) <0.001
Hypertension (%) <0.001
Yes 13,092 (30.08%) 3,798 (49.34%) 9,294 (26.05%)
No 25,552 (69.92%) 3,158 (50.66%) 22,394 (73.95%)
Diabetes (%) <0001
Yes 4,624 (8.81%) 1,234 (13.66%) 3,390 (7.80%)
No 34020 (91.19%) 5,722 (86.34%) 28,298 (92.20%)
Stroke (%) <0.001
Yes 1,378 (2.67%) 440 (4.81%) 938 (2.22%)
No 37,266 (97.33%) 6,516 (95.19%) 30,750 (97.78%)
Cancer (%) <0001
Yes 3,478 (927%) 834 (11.69%) 2,644 (8.77%)
No 35,166 (90.73%) 6,122 (88.31%) 29,044 (91.23%)
Heart failure (%) <0.001
Yes 1205 (232%) 524 (5.73%) 681 (1.60%)
No 37,439 (97.68%) 6,432 (94.27%) 31,007 (98.40%)
Coronary artery disease (%) <0.001
Yes 1561 (331%) 476 (5.58%) 1,085 (2.83%)
No 37,083 (96.69%) 6,480 (94.42%) 30,603 (97.17%)
Chronic kidney disease (%) <0001
Yes 3,116 (697%) 1,484 (18.74%) 1,632 (4.52%)
No 31,002 (93.03%) 4,648 (81.26%) 26,354 (95.48%)

Continuous variables are presented as the means + standard deviations; categorical variables are presented as numbers and percentages. Wilcoxon rank-sum test for
Somplak Sirvey samples: chi-souars Sast with Rso B Scott's seeand-crder comsction. GED, genersl adicationsl devslopment.
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Intervention

Study population

Primary outcome

Secondary outcomes

Aims or conclusion

SGLT2-TAMI | Observational Patients (n = 583) with DM | The following inflammatory markers were evaluated at different | Type 2 diabetic AMI patients
PROTECT registry chronic and AMI undergoing PCI time points: white-blood-cell count, NLR, PLR, NPR, and CRP. | receiving SGLT2-1 exhibited
(NCT05261867) | SGLT21 therapy vs. Infarct size was assessed by echocardiography and by peak | significantly reduced
non-SGLT21 users troponin levels inflammatory response and
smaller infarct size,
independently of ghicose-
metabolic control
EMMY Empagliflozin 10 mg | Patients (n = 476) with AMI | Change in NT-proBNP levels | Changes in NT-proBNP levels | Among AMI patients, early
(NCT03087773) | vs. matching placebo | accompanied by CK >800 U/ | from 1o week 26 | from ion to Week | initiation of empagliflozin
once daily L, with or without DM 6, echocardiographic resulted in a significantly
parameters, ketone body, greater median NT-proBNP
glycated hemoglobin, body | reduction than with placebo
weight over 26 weeks
EMPACT-MI Empagliflozin 10 mg | Patients with MI must have | Time to first hospitalization | Total HHF or all cause EMPACT-MI will inform
(NCT04509674) | vs. placebo once daily | new signs or symptoms of | for HE or all-cause mortality | mortality, clinical practice regarding the
pulmonary congestion Total non-elective CV role of empagliflozin in
requiring treatment or new hospitalizations or all-cause | patients after an MI with
LVEF <45%, and at least 1 mortality, high- risk for the
additional risk factor for Total non-elective all-cause | development of future HF and
development of future HF hospitalizations or all-cause | mortality
mortality,
Total hospitalizations for MI
o all-cause mortality,
Time to CV mortality
DAPA-MI Dapagliflozin 10 mg | Patients without known Hierarchical composite Consist of the same composite | DAPA-MI trial will explore
(NCT04564742) | vs. placebo once daily | diabetes or established HF, | outcome: as the primary outcome, opportunities to improve
presenting with MI and (1) Death (first CV death, | excluding body weight further the outcome of
impaired left ventricular followed by non-CV death), | reduction ‘patients with impaired LV
systolic function or Q-wave | (2) Hospitalization due to function after MI
MI heart failure, (3) Nonfatal M,
(4) AF/flutter event, (5) New
onset of T2DM, (6) NYHA
functional classification at last
visit, (7). Body weight decrease
of at least 5% at last visit
DM, diabetes mellitus; AMI, acute myocardial infarction; CK, creatine kinase: NLR, ration; PLR, pl ratio; NPR, P

platelet ratio: CRP, c-reactive protein: LV, left ventricular: CV. cardiovascular: HF, heart failure.
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Author

Study design

Patients, n; group

Primary endpoint

Follow-up

Marfella | An observational, Total: 377 patients with | MACE defined as cardiac death, re- 1 year ‘The incidence of ISR-related MACE was
etal. (28) | prospective study T2DM and AMI infarction, and heart failure related to ISR higher in never SGLT2i-users (22.1%; n =
undergoing PCL. 44) compared with SGLT2i-treated patients
Never SGLT2i users (1 (102%; n=18) (HR = 0418, 95%
=200). CI=0.241-0.725, P=0002)
Current SGLT2i users
(n=177)
Zhuetal | A single-center Total: 786 patients with | MACE including overall deaths, heart Median ‘The incidence of MACE: 118 (18.3%) in the
(42) retrospective analysis | AMI undergoing PCL | failure, nonfatal MI, nonfatal stroke, and | follow-up of | DAPA-free group and 12 (8.5%) in the
study DAPA-free (n=645). | unplanned repeat revascularization (URR) | 23 months | DAPA group). DAPA was significantly
DAPA (= 141) associated with the reduced risk of MACE
(HR =0.170, 95% CI=0.078-0373, p <
0.001)
Hashikata | An open labeled, single- | Total: 28 diabetes Thickeness of neointimal tissue at 12- 12months | In OCT analysis, neointima was significantly
etal (98) | center, randomized patients with CAD month follow-up after stenting, which was less in the empagliflozin group than the
(1:1), two-arm clinical | planned for evaluated as the mean NIH thickness OGLD group (mean NIH thickness: 137 + 32
trial DES stenting. (NIT) using OCT vs. 168+ 39 um, p = 0.02)
empagliflozin group (
=15)
oGLD group; n=13)
Livetal. | A retrospective cohort | Total: 188 patients with | The in-crease in LVEDV of 6 months ‘The reduction of LVEDV 6 months after
(23) study anterior wall STEMI | echocardiography 220% after 6 months admission in the dapagliflozin group was
who received emergency | compared to the period of admission was significantly higher compared to the control
PCI regarded as the standard of ventricular group (P <0.01); the increase in LVEF 6
Control group (N =96) | remodeling months after admission in the dapagliflozin
Dapaglifiozin group (N group was higher than that in the control
=82) group (P<001)
Paolisso | Multicenter Total: 646 diabetic AMI | A composite of cardiovascular death, Median After adjusting for confounding factors, the
(43) international registry | patients undergoing | recurrent AMI, and hospitalization for HF | follow-up of | use of SGLT2i was identified as independent
PCL 24213 predictor of reduced MACE occurrence
SGLT2-Tusers (n =111). months (HR =057; 95% CI: 033-0.99; p =0.039)

Non-SGLT-T users (1=
535)

5 95% CI:
021-0.98;

and HF hospitalization (HR = 0.4
041)

ISR, intrastent restenosis; MACE, major adverse cardiovascular events; DAPA, dapagliftozin; OCT, optical coherence tomography; oGLD, other hypoglycemic drugs; LVEDY,
left ventricular end-diastolic volume: LVEF, left ventricular ejection fraction: AMI, acute myocardial infarction: HF, heart failure.
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562 patients evaluated at 6 weeks post-partum

|97 controls in Lausanne | [397 PEin Geneva | [ 68 P in Lausanne |
[ 62 (63.9%) exclusions* | [ 257 (64.7%) exclusions* | | 17 (25.0%) exclusions* \
35 controls in Lausanne | [140 PE in Geneva | [51PEin Lausanne |

35 control included 191 PE included

* Excluded owing to missing values on copeptin and/or uromodulin
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LVESD, mm

Overall
n=357
380 [300, 50.0]

375 (290, 49.0]

50.0 [42.3, 59.3]

p-value

LVEDD, mm 550 [47.0, 62.0] 530 [460, 61.0] 615 [56.3, 67.0] <0001
LVESV, ml 58.7 365, 94.9] 544 [352, 885 1075 [61.0, 162.7] <0001
LVESV index, ml/m’ 3058 [199, 49.1] 289 195, 46.7) 48.8 (295, 79.1] <0.001
LVEDV, ml 1127 [812, 1543] 1096 [80.0, 146.6] 1647 1028, 218.1] <0001
LVEDV index, ml/m” 619 [459, 81.5] 607 [455, 79.0] 82.5 [58.8, 106.5] <0001
LVEF, % 47.5 [349, 58.1] 487 [364, 59.1] 349 (263, 47.9] <0.001
LVEF index, %/m’ 256 (183, 32.7] 263 (194, 33.0] 183 [13.7, 243] <0.001
IVSD, mm 101 [8.7, 11.6] 100 (88, 11.6] 104 (8.2, 12.0] 0897
PWD, mm 9.7 [87,110] 9.8[89, 11.1] 89 (82,97 <0.001
LV mass, g 209.7 (1585, 266.3] 2069 [156.9, 261.3] 2502 [205.3, 294.7] 0.007
LV mass index, g/m’ 1118 [909, 142.6] 1105 [900, 140.4] 125.4 (1023, 155.3] 0027
LAV, ml 749 59, 97.7) 721 [57.5, 95.2] 102.1 (817, 150.7) <0001
LAV index, ml/m’ 416 (323, 526] 403 [315, 51.6] [ 500 [42.1, 77.1] <0001
MV annulus diameter, mm 360 [320, 39.0] 350 [320, 38.0] 40.0 [365, 420] <0001
Etiology of MR
PMR/mix, n (%) | 132 (37.0) 124 (38.5) 8 (229) 0.09
SMR, 7 (%) | 225 (63.0) 198 (61.5) 27 (77.1)
MR grade, n (%)
1+ 0(0.0) 0(0.0) 0(00) 0.001
2+ 41 (11.5) 39 (12.1) 2(57)
3+ 242 (67.8) 225 (69.9) 17 (486)
4 74 (207) 58 (18.0) 16 (45.7)
MR vena contracta, mm 68 [6.0,7.6] 68 (59, 7.6] 7.3 64, 78] 0.046
TR grade, n (%)
0-1+ 150 (42.3) 131 (40.9) 19 (54.3) 0677
2+ 110 (31.0) 101 (31.6) 9 (25.7)
3+ 78 (22.0) 72 (225) 6 (17.1)
4 1161 10 (3.1) 129)
5+ 6(17) 6(19) 0(00)

(n=355) (n=320)

LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; LVESY, left ventricular end-systolic volume; LVEDV, left ventricular end-

diastolic volume; IVSD, interventricular septum diameter; PWD, posterior wall diameter; LV mass, left ventricular mass.

Values are median [Q1 Q3] or n (%).
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Overall - p-value
n=357

Demographics

Age, years 800 [75.0, 83.0] 80.0 [76.0, 840] 760 (730, 79.5]
Sex (male), n (%) 190 (53.2) 167 (51.9) 23 (65.7)
Height, mm 169.0 1640, 175.0] 168.0 [164.0, 175.0] 1700 [167.5, 176.0]
Weight, kg 740 [65.0, 82.0] 735 650, 81.0] 760 [68.0, 88.5]
BMI kg/m’ 257 [23.6, 28.0] 256 (237, 27.8] 270 [235, 29.4]
BSA, m’ 183 [1.72, 1.98] 183 (172, 197) 192 (175, 2.02]

NYHA functional class, n (%)

2(0.6) 2(06) 0 (00)
57 (16.0) 52 (162) 5 (143)
215 (60.4) 190 (59.2) 25 (714)
82(23.0) 77 (240) 5(143)
(n=356) (n=321)

Past medical history
Hypertension, n (%) 316 (88.8) 291 (904) 25 (735)
Diabetes mellitus, (%) 97 (272) 89 (27.6) 8(229)
Chronic kidney disease, 7 (%) 175 (49.0) 158 (49.1) 17 (48.6)
Atrial fibrillation, n (%) 267 (74.8) 237 (73.6) 30 (85.7)
COPD, n (%) 49 (13.7) 47 (146) 2(57)

Pacemaker/ICD/CRT, (%) 97 (27.2) 84 26.1) 13 (37.1)
Previous PCI, 7 (%) 223 (62.6) 209 (65.1) 14 (40.0)
Previous CABG, n (%) 58 (16.2) 53 (165) 5 (143)
Previous stroke, 1 (%) 28 (7.8) 27 (8.4) 129)

Medication
Beta blocker, n (%) 291 (81.7) 261 (81.3) 30 (85.7)
RAS inhibitor, r (%) 285 (80.1) 255 (79.4) 30 (85.7)
Diuretics agents, n (%) 335 (94.1) 303 (94.4) 32 (914)
MRA, n (%) 282 (79.0) 253 (78.3) 29 (829)
Laboratory data
BNP, pg/ml 545.0 [269.5, 1,081.0] 563.0 [273.0, 1,095.0] 359.0 [239.5, 819.3]
Creatinine, mg/dl 131 [1.01, 1.79] 132 [1.01, 1.81] 121 (097, 1.48]

‘Troponin I, pg/ml 205 (10.7, 42.6] 199 [109, 43.4] 242 (83, 357]

Risk
EuroSCORE 1T [ 49 [3.4,73] [ 5.0 [35, 7.6] [ 45 [32,61] | 0.305

BP, brain natriuretic pep(lde BMI, body mass index; BSA, body surface are: CABG coronary artery bypass graft; COPD, chronic obstructive pulmonary disease; CRT.
cardiac rapy; ICD, i : MRA, receptor antagonist; PC, percutaneous coronary intervention:

RAS, renin-angiotensin syslem.
Values are median [Q1 Q3] or n (%),
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subjects from NHANES

between 2017 and 2020.3

N =15561

Excluded: cancer; pregnant

women; less than 20 years

data in any of the following areas:

Questionnaire Data. (n=5869)

pre-hypertension (N=892) hypertension (N=3527) normal (N=3654)

menn =515 ; womenn =377 menn=1792 ; women n =1735 menn = 1702 ; women n <1952
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Time to MACE Presumed cause | Indication for Target N Ne:y P2Y12
MACE (days) | presentation of MACE index PCl vessel diameter length inhibitor
(mm)
1 20 UA ccs Proximal RCA 40 30 Prasugrel
2 15 Silent ischemia® ACS (UA) Mid LAD 20 40 Prasugrel
3 131 Silent ischemia® ccs LM/Ostial- 30 40 Clopidogrel
Distal LCX
4 56 CV death - ccs Ostial-Distal 40 40 Clopidogrel
LAD
5 12 CV death - ccs LM/LAD/LCX 30 40 Clopidogrel

ACS, acute coronary syndrome; CCS, chronic coronary syndrome; CV death, cardiovascular death; SCB, crystalline sirolimus coated balloon; MACE, major adverse
cardiovascular events; LAD, left anterior descending coronary artery: LCX, left circumflex coronary artery: LM, left main; PCI, percutaneous coronary intervention; RCA,
right coronary artery; UA, unstable Angina,

*This indicates the maximal diameter and length of crystalline sirolimus coated balloon applied at the index intervention.

"Restenosis in all 3 cases was attributable to recoil

“Those 2 patients showed angiographically significant restenosis on follow-up angiograms.
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Overall® De novo

Patients at follow-up (%) 117 (92) 92 (93) 25 (93)
MACE, n (%; 95% CI) 5(42-9) 3319 | 28129
TLR 2(205-55) | 1(1;01-5) | 1(403-19)
TV-MI 0 0 0
Cardiac death 3(31-7) | 2(23057) | 1(403-18)
TVR, n (%; 95% CI) 0 0 0
All-cause death, n (%; 95% CI) 3 (31-7) 2(05-7) | 1(403-18)
CABG, n (%; 95% CI) 1(501-4) | 1(1;01-5) 0
Thrombotic vessel closure, 0 0 0
(% 95% CI)'
Stroke,  (%; 95% CI) 1(1501-4) | 1(101-5) 0

Data are presented as number (percentage} and represent cumulative event rates
(with 95% confidence intervals).

CABG, coronary artery bypass grafting; ISR, in-stent restenosis; MACE, major
adverse cardiac events; TLR, target lesion revascularization; TV-MI, target vessel
myocardial infarction: TVR, target vessel revascularization: CI, confidence interval
“There were no significant differences between the groups.

"This includes (acute) vessel closure following DCB treatment as well as any kind of
-
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Overall De ISR
(n=126)| novo |(n=27)
(n=99)

p-value

Access (%)
Radial

10060 | 8182 [ 2008 | o4

Femoral 2500 | 1808) | 706 | 06
Vessel treated (%)

Left anterior descending artery | 51 (41) | 42(42) | 9(33) | 09

Left circumflex artery 41 (32) 36 (36) 5(19) 0.5

Right coronary artery 3407 | 1909 | 1566 | 02
SYNTAX score 15510 | 16210 | 139

ACC/AHA lesion classification (%)

Type B1 51(40) | 41(a1) | 10(37)

Type B2 38(30) | 33(3) | 509

Type C 37 (30) 25(26) | 12 (44)
Aorto-ostial lesions (%) 336 | 211 | 12(44) | 005
Bifurcation lesions (%) 45 (36) 37 (34) 8 (30) 09

Medina (1,1,1) 2107) | 1505 | 6(2)

Medina (1,1,0) 120) | nay | 10

Medina (0,1,1) 200 | 100 | 1640
CTO lesions (%) 119 | 1000 | 140 | 09
Moderate to severe calcifications (%) | 59 (47) | 43 (43) | 16 (59)
‘Type of pre-dilatation balloons (%)
SC balloons

16(13) | 1303) | 301

NC balloons 81(64) | 61(62) | 20(74) 03
Super NC balloons 112 (89) | 89 (90) | 23(85) 09
Cutting balloons 88 (70) 81 (82) 7 (26) <0.001
VL 10(79) | 4¢40) | 6(22) 003

Rotational atherectomy 1(08) 0 | 167

Largest pre-dilatation balloon
diameter (mm = SD)

Maximal pre diktation pressure
(atm = SD)

DCB diameters (mm = SD)
DCB inflation pressure (atm =SD) | 6+3 62 | 9+4
Man numberof DCBused (nSD)| 1.7+1 | 1609 | 19=13 | 01

Intravascular imaging (%)
ocr 57(5) | 43(3) | 1452 [ 08
US 324 | 200 | 167)
Dissections post-DCB (%)
Type A

0(0) 00 00

Type B 108) | 100 | 0@
Type C 7(56) | 6(60) | 1(37)
Type D 108) | 1) | 0@
TypeE 108 | 1) | 0@

Type F 1(08) 1(1) 0(0)
Bailout stenting (%) 1080 | 90 | 167 | 07

Data are mean (standard deviation) or number (percentage), as appropriate; CTO,

ES, drug eluting stents; IVUS,
ISR, in-stent restenosis; NC,
non-compliant; No., number; OCT, optical coherence tomography; SC, semi-
compiiant batloon.
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Overall ISR
(n=126)
Age (years) 6810
Males (%) | 108 (86)
Presentation (%)

p-value

6811
20 (74)

oz

ccs 78 (62) 57 (58) 21 (78)

ACS 48 (38) 42 (42) 622 009
NSTEMI 24 (19) 21 (24) 622 04
STEMI 6 (5) 6 (6) 0(0)

Cardiovascular risk factors (%)

Arterial hypertension | 92 (73) 70 (71) 22.81)

Diabetes mellitus 39 31) 28 (28) 11 (41) 06

Dyslipidemia 104 (82) 79 (80) 25 (93) 06

Current smoking 19 (15) 15 (15) 4(15) 1.0

Previous MI (%) 54 (43) 39 (39) 15 (56) 06
Previous CABG (%) 12 (9.5) 6 (6.1) 6(22) 02
HF (%) 17 (13) 15 (15) 2(74) 08
Antithrombotics (%)

Aspirin 109 (87) 86 (87) 23 (85) 10

Clopidogrel 58 (46) 46 (46) 12 (49) 10

Ticagrelor 3125 24 (24) 726 10

Prasugrel 27 (21) 22(22) 5(18) 1.0

Oral anti 16 (13) 14 (14) 2(74) 0.8

Data are mean (standard deviation), median (interquartile range) or number
(percentage), as appropriate.

ACS, Acute coronary syndrome; CABG, Coronary artery bypass grafting; CCS
Chronic coronary syndrome; HF, heart failure with reduced ejection fractior
(LVEF <40%); ISR, in-stent restenosis; MI, myocardial infarction; STEMI, ST-
segment elevation myocardial infarction; NSTEMI, non-ST segment elevatior
myocardial infarction: No., number.
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Xlimus (117 pts) | Synergy (60 pts)
Age (mean) 62 (10) 63 (10)
Gender % (M/F) 8218 84/16
BMI mean (SD) 27.(39) 26 (3.6)
Hypertension 75% 80%
Diabetes 30% 2%
Hypercolestherolemia 54%
‘Smoking habit 30%
Family history of CAD 33%
Prior MI 24%
Prior PCI
coPD
Atrial fibrillation
CKD >2grade (GFR <60 ml/min)
TIA/stroke
LVEF <40%
Stable ible ischemia
UA/NSTEMI
Multivessel disease

Aspirin
DAPT (at the time of PCI)
Beta blockers

Calcium antagonist
ACE/ARBs

Lipid lowering therapy
Raised CK-MB, Tnl (% of patients)

BMI, body mass index; CAD, coronary artery disease: MI, myocardial infarction; PC,
percutaneous coronary intervention; COPD, chronic obstructive pulmonary
disease; CKD, chronic kidney disease; TIA, transient ischemic attack; LVEF, left
ventricle ejection fraction; UA, unstable angina; NSTEMI, non-ST elevatior
myocardial infarction; DAPT, dual antiplatelet therapy; ACE, angiotensir
converting enzyme: ARB. snciotensin recestor blocisr:
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Radial access

Xlimus
(117 pts)
95%

Synergy
(60 pts)

Multivessel disease

45%

Caulprit lesion (LAD/Diag)

50%

Caulprit lesion (LCX/OM)

26%

Culprit lesion (RCA)

24%

Culprit lesion length, mm (mean/SD)

2101

22 (14)

‘Treated lesion (LAD/Diag)

55%

55%

Treated lesion (LCX/OM)

24%

28%

Treated lesion (RCA)

21%

17%

Diameter stenosis % (mean, SD)

82(9)

82 (11)

Reference vessel diameter, mm (mean/SD)

29 (0.5)

29 (04)

“Total number of implanted stents

198

102

Number of implanted stents per patient
(min-max)

17 (1-3)

16 (1-3)

Number of implanted stents per lesion

13

12

Stent length (mean/SD)

22.58 (11.94)

2339 (14.11)

Stent diameter (median, IQR)

3(25-35)

3 (25-4)

Pre-dilatation (%)

95 (81%)

48 (80%)

Max balloon diameter (median, IQR)

25(2-3)

25 (2-3)

Max balloon inflation pressure
(median, IQR)

12 (8-20)

12 (8-22)

Post-dilatation (%)

85 (73%)

48 (80%)

Max balloon diameter (median, IQR)

35 (3-375)

35 (3-35)

Max balloon inflation pressure (median,
1QR)

20 (10-26)

20 (08-26)

Procedural success at 24 h

192 (97%)

100 (98%)

Device success at 24 h

196 (99%)

102 (100%)

Residual syntax score (mean; median)

391 (4.96)

279 (343)

Residual stenosis >20%

0%

0%

T
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Xlimus Synergy
(N=117 pts, |(N=60 pts,
198 stents) | 102 stents)
Neointimal area calculated at the site 142 (110) 126 (1.35)
of minimal lumen area (mm®)
Stent area (mm?) 724 (252) 7.58 (2.64)
Lumen area (mm”?) 622 (2.58) 6.68 (2.45)
MLA (mm’) 425 (1.94) 469 (1.93)
Minimal stent area (same 579 (226) 6.01 (2.11)
cross section of MLA)
Covered struts (%) ) 98
Apposed struts (%) 9 %
Neointimal hyperplasia thickness per 55 (22) 59 (18)
struts, y (mean, SD) |

Incomplete stent apposition distance, 188 (100) 194 (98)
| (mean, SD)
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Model type OR (95% Cl)

Q3

Prrend

1.692 (1.482-1932) 2.054 (1.797-2.348) 2713 (2.370-3.107)
Model 1 Ref 1.313 (1.125-1531) 1.448 (1.235-1.697) 1.692 (1.434-1997) 0000
Model 2 Ref 1.936 (1.683-2.227) 2.490 (2.154-2.880) 3.389 (2913-3.943) 0.000
Model 3 Ref 1452 (1.240-1.701) 1.560 (1.327-1.834) 1.882 (1.587-2231) 0000
Model 4 Ref 1571 (1.362-1.812) 1.821 (1.576-2.103) 2.276 (1.965-2.637) 0000
Model 5 Ref 1.396 (1.176-1.658) 1.499 (1254-1.791) 1.645 (1.360-1.989) 0.000

Model 0: unadjusted.
Model 1: contrliing for demographic information (sex, age, edu, race, marry, poor).

Model 2: controliing for anemia and inflammation-related indicators (WBC, RBC, hemoglobin, HSCRP).
Model 3: controlling for BMI, waist, some potentially confounding medical history (CAD, T2DM, HTC, thyroid disease, COPD, liver disease, kidney disease, etc) and related

metabolic indicators (A1C, TC, HDL, ALT, ALP, CPK, UA, UACR, GGT, etc).

Model 4: controlling for smoking, alcohol consumption, diet, sleep, exercise and other lifestyle habits and depression scores.

Model 5: controlling for factors with significant differences above-mentioned.
OR, odd ratio; Cl, confidence interval; Q, quartile.
P, P-values for trend analysis of the relationship between SF and hypertension.
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Optimal feature subset

Random Age; BMI; waist; WHER; SBP; DBP; F_CRE; UACR; Fe; HDALG; ]Y.
Forest
XGBoost Age; SBP; DBP; T2DM; overweight; kinds; JY; JY2; HTC; ReTC;

HUQO10; HUQU51; drink0; sleep disorder.

LightGBM | Age; Fe; waist; SBP; DBP; LBXRBCSE; LBXPLTSI; TC; HsCRP;
F_CRE;UCR; UACR.

Extra trees | JY; age; BMI; waist; WHR; SBP; DBPUA; HDAIC.

WHIR, waist-to-height ratio; F_CRE, creatinine, refrigerated serum (umol/L); UACR,
albumin creatinine ratio (mg/g): Fe serum, ferritin: HbAIC, glycohemoglobin (%)
Y, reduction in salt intake recommended by doctors; T2DM, whether had Type
2 diabetes; overweight Whether overweight or not kinds how many
cardiovascular diseases suffered (including angina, stroke, coronary heart
disease, heart failure, heart disease, etc); JY2 follow doctors’ advice to reduce
salt intake; HTC, whether had high cholesterol; ReTC, whether took cholesterol-
lowering drugs; HUQOI0, general health condition; HUQOS0, times receive
healthcare over past year: drink0, Ever had a drink of any kind of alcohol (a drink
mean a 12 0z. beer, a 5 oz. glass of wine, or one and a half ounces of liquor);
sleep disorder, Ever told doctor had trouble sleeping; LBXRBCSI, Red blood cell
count  (million cells/ul); LBXPLTSI, Platelet count (1000 celis/ul; TC, tota
cholesterol (mmol/L); HsCRP, high-sensitivity C-reactive protein (hs-CRP)
(ma/L): UCR, creatinine, urine (umol/L): UA, uric acid.
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OCT studies | IVUS studies

(n=42) (n=26)

imaging features, n (%)

Calcium 26 (62) 12 (46)
Lipids 26 (62) =
Fibrotic tissue 13 (31) 1(4)
Fibrous cap thickness/TCFA 707) 2(8)
Plaque burden (EEM + lumen border) 4 (10) 15 (58)
Pathological intimal thickening 4(10) =

i 30 =
Macrophages 30) -
Calcified nodules 1) =
Cholesterol crystals 1Q) -
Microchannels 1) -

EEM, external elastic membrane border: TCFA, thin-cap fibroatheroma.
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EVR OSR WMD Weight
Study N Mean SD N Mean SD with 95% CI (%)
1.RCT
BASIL trial 2005 224 3635 5139 228 46.14 53.87 -9.79[-19.50, 0.08] 024
ZILVERPASS Study 2020 13 25 35 107 8.1 6 | | -5.60[ -6.89, -4.31] 3.93
BEST-CLI (Cohort 1) 718 75 62 716 59 73 160 090, 2.30] 4.89
BEST-CLI (Cohort 2) 197 6.4 53 199 54 66 1.00[ -0.18, 2.18] 4.12
McQuadeK 2009 50 9 8 50 31 18 W -220[ -275, -1.65] 509
Lepéntalo M 2007 60 17 175 60 45 2 W| -280[ -347,-213] 493
Enzmann FK 2022 103 3 35 106 9 43 [ ] -6.00[ -7.06, -4.94] 4.31
Heterogeneity: ©* = 7.29, I* = 97.25%, H’ = 36.35 260 -4.75, -0.45]
Test of 6= 6 Q(6) = 218.11, p = 0.00
2.Cohort
Bodewes TCF 2018 (CLTI) 1792 2 175 2010 6 2 W | <400 412 388 542
Bodewes TCF 2018 (Claudication) 1,013 1 25 1,183 3 75 -2.00[ -2.05, -1.95] 544
Chen SL2017 (CLTI,Claudication) ~ 1497 36 7.4 3200 73 78 M| 370 417,323 5.8
Dayama A 2019 821 717 116 534 11.87 9.52 | | -4.70[ -5.88, -3.52] 4.12
Elbadawi A 2021 201,562 7 25 140,690 8 15 -1.00[ -1.01, -0.99] 544
Haga M 2021 62 198 352 55 313 29 ——————— -11.50[-23.28, 0.28] 0.7
Hynes N 2004 72 15 23.75 28 37 47 -22.00[-35.92, -8.08] 0.12
Katib N 2015 125 152 2282 67 316 36.897 _ 16.40[-24.86, -7.94] 0.31
Kudo T 2006 153 26 49 84 77 83 W | 510 -678 342 330
Lee KB 2021 6,661 58 89 10,532 96 85 | | -3.80[ -4.07, -3.53] 535
Liang P 2019 (CLTI) 3160 3 175 6151 7 2 W | <400 -408 392 543
Liang P 2019 (Claudication) 206 1 .25 2758 3 .75 2.00[ 203, 1.97] 544
Mohapatra A 2018 312 3 15 105 7 125 W | 400[ -432 -368] 532
Mohapatra A 2019 138 48 54 200 726 49 W| -246[ -357,-1.35] 424
Ramanan B 2019 535 583 948 486 972 9.39 | ] -3.89[ -5.05, -273] 4.15
Vossen RJ 2019 231 48 72 131 103 75 = -5.50[ -7.07, -3.93] 347
Linnakoski H 2013 74 12 14 6 41 25 M| -290[ 353, -227] 4.99
Kim TI 2021 466 3 6.7 466 6.4 72 | | -3.40[ -4.29, -251] 4.60
Heterogeneity: ©* = 1.11, I = 99.85%, H’ = 648.40 ] -3.49[ -4.05, -2.92]
Test of 6, = 6;: Q(17) = 11022.85, p = 0.00

Favours EVR

Random-effects DerSimonian-Laird model

Favours OSR

20 -10
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OCT studies | IVUS studies
(n=42) (n=26)

Study characteristics
Year of publication, 7 (%)

2010-2016 1 6 (14) | 7@27)

2017-2023 | e | 190y
Study design, n (%)

Prospective [ 102) [ 0(0)

Retrospective | wes | 26000
Funding source, n (%)

Industry related 00 [X0)

Non-industry related 36 (86) 19 (73)

Both 2(5) 0O

Not available o) 727
Approval for clinical use®, n (%)

FDA approval 0 0

CE/EMA approval 0 0

Not available 42.(100) 26 (100)
Study protocol available, n (%)

Yes | 15 (36) | 4(15)

No | 27 (64) | 22 (85)
Reference method, (%)

Manual 34 (81) 26 (100)

Histology 6(14) 1(4)

Both Manual and Histology 205 0
Clinical setting, n (%)

CAD 34 (81) 25 (96)

‘Type of CAD not reported 15 (36) 14 (54)

ccs 819 7@

Both ACS/CCS syndromes 5019 4015

Specimen (Cadaver) 6 (14) 1(4)

Both in-vivo and specimen 2(5) 0(0)
Number of patients

Total® [ 3,959 | 1711

Median (IQR) | wases | 180042
Number of coronary segments

Total® [ 4662 | 3316

Median (IQR) | w088y | 350 (3255)
Artificial intelligence method, n (%)

NN [ ooy [ eem)

Other [ ney | e
Development & validation process, 1 (%)

Training dataset [ 42 (100) | 26 (100)

Testing dataset Y 24 (92)

ACS, acute coronary syndrome; CAD, coronary artery disease; CNN, convolutiona
neural network; IQR, interquartile range; CCS, chronic coronary syndromes.
*Based on what is reported in the corresponding paper.

"Number of individuals not available in 9 OCT studies and 2 IVUS studies
eNumber of coronary ssgments not avasilable in 6 OCT studies and 19 NUS studies.
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Complication

Frequency (%) (N=

Resolved residual shunts 55 (13.5%)
Mild AT 15 (3.7%)
Significant AT 7 (17%)
Significant residual shunts 6 (15%)
Recurrence of RSOV 6 (1.5%)
Hemolysis 5 (1.2%)
Device embolization 4(1%)
RVOT obstruction 2 (05%)
Pulmonary effusion 2 (0.5%)
Transient atrioventricular block 2(0.5%)
LV dysfunction 2 (05%)
Death 2 (05%)
Heart block 3 (0.7%)
‘Thrombosis 1(02%)
Premature Ventricular Contractions 1(02%)
Left Coronary Artery compression 1(02%)
Femoral Arteriovenous fistula 1(02%)
Right bundle branch block 1(02%)
Infective endocarditis 1(02%)
Myocardial infarction 1(02%)
ST depression 1(02%)
RCC prolapse 1(02%)

RSOV, Ruptured Sinus of Valsalva; Al, Aortic Insufficiency; LV, Left Ventricle; RVOT,

Right Ventricular Outflow Trac!

CC. Right Coronary CLisp.





OPS/images/fcvm-11-1337679/fcvm-11-1337679-g001.jpg
. 1.4 Macropinocytosis
1.3 Phagocytosis Lamellipodia-like
Circular ruffle

Bleb

Clathrin
. ¥ Fiosome
®
P 1.1 Clathrin-mediated
Endosome q endocytosis
Transcytosis /\ enf;gm
«—

1.2 Caveolae-mediated
endocytosis

N5

P
@ Ny
# m Caveolin

Recycling endosome





OPS/images/fcvm-11-1337679/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-11-1310300/fcvm-11-1310300-t002.jpg
SBP

B (95% CI)

P value

DBP
B (95% CI)

P value

eGFR
B (95% Cl)

P value

ACR

B (95% CI)
00 (<02 10 0.4)

P value

Copeptin —05 (~45 10 3.4) —14 (-46 10 1.8) -18 (=59 10 22)
Control 99 (05-19.3) 0039 87 (-23 10 198) 0123
PE —24 (<67 10 1.7) 0254 —33 (7.6 10 0.9) 0131
Uromodulin 12 (-14 to 4.0) 0364 08 (-13 to 3.1) 0448 3.4 (05-64) 0020 —02 (~0.4 to ~0.0) 0.040

SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; ACR, urinary albumin to creatinine ratio; PE, preeclampsia; BMI, body

mass index.

Sub-group associations in control and PE patients are presented when interaction with PE status s significant.
All models are adjusted for PE status, age, ethnicity and BMI

Bold values indicate p < 0.05.
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Control (N without HTN/albuminuria (N PE with HTN/albuminuria (N

Clinical characteristics
Age (years) 327251 314257 B2152 0079
Ethnicity -
Caucasian 35 (100%) 48 (67.6%) 70 (58.3%)
Afro-American 0 0%) 11 (154%) 27 (22.5%) 0001
Hispanic 0 (0%) 11 (154%) 20 (16.6%)
Asian 0 (0%) 1 (14%) 3@5%)
BMI (kg/ml) 24443 29.1+4.7 289+6.5 <0.001
Smoker 1(33%) 21 (295%) 11 (9.4%) <0.001
Essential HTN 0 0%) 3 (42%) 11 (9.3%) 0094
Gestational DM 0 0%) 7 (95%) 7 (6.0%) 0143
Primiparity 18 (60.0%) 16 (65.7%) 74 (63.7%) 061
Gestational weeks 10 (38-10) 38 (36-40) 36 (33-38) <0001
Prior PE 0(0%) 4 (56%) 10 (8.6%) 0217
Evaluation at 6 weeks post-partum
SBP (mmHg) 11202116 1154293 12735 154 <0001
DBP (mmHg) 712£103 76365 8835119 <0001
HTN® 1 (28%) 0 (0%) 88 (73.3%) <0.001
GER (ml/min/L.73 ) 9732162 11192186 10845188 <0001
ACR (mg/mmol) 10 (06-2.1) 12 (07-16) 37 (16-7.6) <0.001
Albuminuria® 7 (20.0%) 0. 0%) 72 (60.0%) <0.001
Serum copeptin and urinary uromodulin at 6 weeks post-partum
Copeptin (pmol/L) 40 (26-52) 45 (3.2-64) 12 (3.0-6.1) 0.451
Uromodulin (mg/g) 264 (22.3-32.2) 8.9 (5.7-26.6) 16.5 (8.6-24.3) <0.001

PE. preeclampsia; HTN, hypertension; BMI, body mass index; DM, diabetes melitus; SBP, systolic blood pressure; DBP, diastolic blood pressure; eGFR, estimated
glomerular fitration rate; ACR, urinary albumin to creatinine ratio.

P values indicated in the table apply to comparisons between the three presented groups.

Bold values indicate p < 0.05.

*Defined as SBP > 140 mmHg or DBP > 90 mmHg.

bDefined as ACR > 3 ma/mmol.
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# | Author/ Year | N Age Male Site of Defect size | QP/QS | Device type, | Device size | F/U Duration Complication (n) Associated Success
(n)

(mean, gender | defect, (n) | median and (mm), (n) | (mon), median untreated rate (%)
range or | n (%) range or and range or significant
SD, y) mean + SD mean + SD lesions (n)
(mm)

Yang (1) 39(13-72) |14(538) |RCS-RA 13 |7 (3-14) ~PDAO (LifeTech 24(1-84)in25 | AR:2 Moderate-to-severe
RCS-RV, 6 Scientific Corp), 25 patients Residual shunting: 3 TR: 1
NCS-RA, 7 ~VSDO ( Starway Recurrence of RSOV: 1
Medical Moderate PE: 1
Technology Co), 1
2 | Galecza (12) 16 | 39.9 (15-79) | 11 (69) RCS-RA,2 |94 (4-16) 14-37 |-ADO, 22 ~ADO 8/6, 1 Rnage: 1-132 Unresolved residual Coarctation of the | 100%
RCS-RV, 2 -ASO, 1 ~ADO 14/12, 5 shunting: 1 aorta
NCS-RA, 12 ~MVSDO, 3 ~ADO 10/8, 2 PVC and supraventricular | BAV with
~ADO 12/10, 4 tachycardia:1 significant AR: 1
~ADO 16/14, 1 Recurrence of RSOV: 3
~ADO 22/20, 1
~ASO 6,1
~MVSO 10, 1
3 | Samson (13) 24349123 |18 (75) RCS-RA 4 | 63%17 NR ~PDAO Cardi-O- | -PDA Device | 8 (median ) Postprocedural LV systolic | AL: 3 91.70%
RCS-RV, 10 Fix, 2 size: dysfunction (pulmonary
RCS-RV, 2 ~PDAO, 21 4/6, 1 edema): 1
RCC-LY, 1 ~Vascular Plug I1: | 6/8, 1 Death: 1 Significant residual
NCS-RA, 4 8mm 1078, 3 shunting: 1
NCS-RV, 3 12/10,5 Trivial residual shunting: 5
14112, 4 Pulmonary device
16/14, 5 embolization: 1
18/16, 4
4 | Yang (14) 29039 (13-72) |15 (52) RCS-RA, 12 | 64+24 Range: | NR ~PDAO (LifeTech | 43 %17 mm (2- | 30 (1-83) Trivial AR: 2 VSD: 2 100%
RCS-RV,7 [ (3-14) Scientific Corp), 28 | 8 mm larger than Resolved residual shunting: | BAV: 1
NCS-RA, 8 ~VSDO ( Starway | defect) o Moderate MR: 1
NCS-RV, 1 Medical Recurrence of RSOV: 1 Mild PE: 1
RCSRAV, 1 Technology Co), 1 (referred for surgery)
5 | Xiao (15) 29(367+111 |21(72) | RCS-RV,15 | Mean: 6 13-28 | -VSDO, 18 VSDO: mean= | 894 %349 Severe AL 1 (was excluded) | VSDO: 2 96.70%
RCS-RA,7 | Range (4-10) ~PDAO, 11 10 mm Mild residual shunting: 1 | AR: 1 Counting 1
NCS-RA, 7 PDAO: mean = PDA: 1 residual shunt
14 mm and sever AI All
30
Cases were
closed
successfully.
6 | Awasthy (16) | 12383 (21-59) | 10 (84) NCS-RA, 8 NR ~PDAO (LifeTech), | 16/14, 9 30 (1-84) 1 had cardiac arrest in an 100%
NCS-RVOT, 1 12 14712, 1 attempted crossing of the
RCS-RA, 1 12/10, 1 RSOV (excluded)
RCS-RVOT, 2 10/8, 1
7 | sinha (17) 8 261269 | 5(603) RCS-RA, 1 13 (9-17) NR ~CDO (Vascular | 20718, 2 12 (9-26) Resolved mild residual BAV: 1 100%
RCS-RV, 1 Innovation), 8 12110, 2 shunting: 3 Severe TR: 2
NCS-RA, 6 18/16, 2 RVD: 2
16/14, 2
8 | Mahimarangiah | 24 29 (14-72) |NR RCS-RA, 4 | Range: 4-16 16-38 | -PDAO, 20 PDAO: 8/6-20/18 | Rnage: 6-54 Residual leakage: 2 Small VSD: 1 88%
(18) RCS-RV, 7 ADO-IL 4/6-6/6 | ~ADO-L, 2 Severe AR: 1 *BAV: 3
RCS-RVOT, 7 ~MVSDO, 4 MVSDO: 7-10 Recurrence: 1
NCS-RA, 3
NCS-RV, 3
9 | sinha (19) 7 |25(16-48) |3 (43) RCS-RA, 1 | 8(6-10) Mean2.8 | -CDO (Vascular | 10/8, 2 34 (1-55) Resolved residual shunting: | BAV: 1 100%
RCS-RVOT, 3 Innovation) 12110, 2 1
NCs- RA, 3 14/12, 2
10 | Zhong (20) 22303 (18-48) | 15 (68) RCS-RA,2 | Mean: 7 13-25 |-ADO (AGA),19 | -ADO: Mean:19 Residual shunting: 2 BAV: 1 91%
RCS-RVOT, 8 | Range: (5-10) ~MVSDO (AGA), 1 | 12/10,9 Range: (3-35) Severe AR (leading to AVR: 1
NCS-RA, 11 The device used for | 14/12, 7 surgery): 2
NCS-RV, 1 2 patients resulted | 16/14, 2
in Al (werenot | 8/6, 1
reported) ~MVSD 8, 1
11| Fang (21) 1633 (4-58) | 8 (50) RCS-RA,3 |75 (4-13) 11-30 | -PDAO 8/6, 1 Rnage: 18-102 Incomplete RBBB: 1 VSD: 1 100%
RCS-RV, 9 108, 7 Hemolysis (due to small
NCS-RA, 1 12/10, 4 residual shunting leading to
NCS-RV, 3 14112, 2 repeat device closure): 1
18/16, 1 Ist degree AVB: 1
12 | Tong (22) 13 | 311 (18-38) |9 (69) RCS-RA,3 | 92(6-12) NR ~DO (AGA or 12/10, 2 43 (12-60) Resolved small residual None 100%
RCS-RV, 5 Starway) 16/14, 4 shunting: 4
NCS-RA, 1 108, 3
NCS-RV, 3 14712, 4
LCS-RVOT, 1
14| Lin (23) 24[45 2474 |15 (63) RCSRA, 7 54 (4-8) 16-4* | SWDO, 17 ~SWDO A4B2, 14 | 19 (6-96) Hemolysis: 2 VSD: 3 92%
NCSRA, 7 MDO, 5 ~SWDO A6B2, 3 Trivial residual shunting: 3 | Significant AR: 1
RCSRV, 7 Asymmetric, 2 Mild AlL: 5 at discharge and
NCSRV, 3 just 1 mild AT at follow-up
15 | Guan (24) 10 |40 (19-63) | 6 (60) RCS-RA, 2 104 (7-15) 14-31 | PDAO, 8 ~PDAO 2-4mm | Range: 13-48 AR: 1 Small subaortic 100%
RCS-RV, 6 VSDO, 2 larger than defect Myocardial infarction: 1 | VSDO: 2
NCS-RA, 2 ~VSDO 3-5 mm Previous IE: 1
larger than defect VSD: 2
16 | Li (25) 4 | 462 (40-59) |3 (75) RCS-RA,2 |78 (6-11) NR PDAO (Starway | 10-17 Rnage: 8-30 Resolved mild residual None 100%
RCS-RVOT, 1 Medical shunting: 1
RCS>RY, 1 Technology Inc)
17 | Kerkar (26) 18 (27 21-52) | 10 (56) RCS-RA, 4 |9 (4-11) 15-32 | ADO (AGA) 16/14, 6 24 (1-60) Small residual shunting: 4 | BAV: 1 100%
RCS-RVOT, 5 14112, 4 (resolved in 2 patients) CoA: 1
NCS-RA, 8 12/10, 4 Resolved moderate residual | ASD: 1
NCS-RV, 1 10/8, 2 shunting: 1
8/6, 4 Trivial AL 4 (resolved in 2)
Hemolysis:
18 | Sivadasanpillai | 7 | 448 (28-62) | 4 (57) RCS-RA, 4 |83 (3-12) 15-36 | NDO 14112,2 93 (8-17) Resolved trivial residual BAV 1 100%
@7 RCS-RV, 1 16/14, 1 shunting: 2 Surgical repair
RCS-RVOT, 1 18/16, 1 recurrence +
NCS-RA, 1 12/10,1 ventricular failure +
1078, 1
6/4,1 Biventricular failure:
1
19| Sen (28) 8 |328+100 | 5(63) RCS-RA, 2 |NR NR PDAO (LifeTech | 10/8, 2 13241 Transient sinus bradycardia: | None 100%
RCS-RVOT, 2 Scientific) 12/10,3 1
NCS-RA, 3 14112, 2 AL1
NCS-RVOT, 1
20 | Szkumik 29) |4 | 322 23-51) |3 (75) RCS-RA,3 [ 6(5-13) 1722 | ADO, 5 ~ADO: 136 (9-19) ToF correction: 1 | 100%
RCS-RV, 1 AS0, 1 14712, 1 Surgical closure of
NCS-RA, 1 1078, 2 RSOV: 1
816, 2
-ASO: 6
21| Zhao (30) 1037 (7-69) | 4 (40) RCS-RV,5 | Mean: 6 12-27 | ADO (AGA) 85 3 Resolved traces of a residual 100%
RCS-RA,3 | Range: (2-10) 10,2 shunt: 1
NCS-RA, 2 41
61
12,1
22 | Chang (31) 4 270847 |2(50) NCSV-RA, 1 | Range: (4-8) 14-26 | ADO, 3 -ADO Rnage: 3-18 Resolved small residual VSDO and AVR | 100%
RCSV-RA, 1 GCO, 1 12/10,1 shunting in a patient with | due to IE: 1
RCSV-RV, 2 1078, 2 GCo (excluded)
~GCO 3885, 1
23 | Arora (32) 8 | 241 (14-35) | 8 (100) RCS-RV,5 | Range:(7-12)  |2-35 | RUD,2 -RUD: 2 Rnage: 2-96 Residual shunting, RVOT | None 87.50%
NCS-RA, 3 ASO, 1 ~ASO 16,1 obstruction and persistent
ADO, 6 ~ADO hemolysis referred for
14112, 5 surgery: 1
12/10,1 1 died 6 months afer
progressive CHF
24 | Mumtaz (33) 1238215 8 (67) RCS-RVOT, 9 [10=3 NR DO Initial device size | 52 (1-75) IE: 1 VSD: 12 100%
RCS or 10/8, 4 VT (ablation leading to
NCS-RV, 1 12/10,1 complete heart block and
NCS-RA, 3 14712, 1 pacemaker implantation): 1
16/14, 3
18/16, 3
In 3 patients the
upsize device was
selected.
25| Case Reports |72 |308+143 |53 (765%) | NCS-RV, 3 Range: (3-18) | NR ADO, 28 225 61+9 Mild shunting: 19 VSD: 4 93%
(34-104) NCS-RA, 27 PDA, 15 Significant shunting: 3 ASD: 3
RCS RV, 26 ASO, 2 Device emboli: 3 AVR: 3
RCS-RA, 10 VSDO, 14 Mild AL 1 BAV: 2
RCSLY, 1 PFOO, 3 Significant AL 3 CoA: 2
LCS-LV, 1 cDpo, 3 RVOT obstruction: 1 DORV: 1
LCSRA L RU, 1 Thrombus: 1 PEO: 1
LPSRV, 1 VP, 4 Transient block: 2 Previous RSV: 1
NCS-AVC, 1 Coil, 1 Transient LV dysfunction: 1 | Sub Aortic
NR, 1 DDO, 1 membrane: 1
PDA: 1 Coronary
cameral Fistula: 1
TGA: 1
ADO, amplatzer Al aortic iency; AR, aortic i ASD, ASO, atrial septal occluder: AV, AVP, amplatzer vascular plug: AVR, aortic valve replacement; BAV, bicuspid aortic valve; CDO,
cardifix duct occluder; CHF, congestive heart failure; CoA, coarctation of the aorta; DORV, double-outlet right ventricle: EJ, int itis; GCO, ptal occluder; LA, left atrium; LCA left coronary artery; LCS, left coronary

sinus; MDO, muscular duct occluder; MR, mitral regurgitation; MVSDO, muscular ventricular septal defect occluder; NCS, non-coronary sinus; NDO, it duct occluder; NR, not reported; PA, pulmonary artery; PDAO, patent ductus arteriosus
occluder; PE. pleural effusion; PFOO, patent foramen ovale occluder; RA, right atrium; RBBB, right bundle branch block: RCS, right coronary sinus; RSOV, ruptured sinus of valsalva; RUD, rashkind umbrella device; RV, right ventricle; RVD, right
s dsfanctons BYOIT. Figit verinii aitin taet BWEILE Srak wait diibis-cusr aechiier Tok §uspadbo af the arst Atenss TOE tetidady 57 ESlot 15, tieikril meunsiaton YEDOE ventcular saptal defect cecliver
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Symptom Frequency (%) (N=
Dyspnea 152 (37.3%)
Chest pain 65 (16%)
Palpitations 65 (16%)
Lower extremity edema 50 (12.3%)
Fatigue 20 (49%)
Orthopnea 5 (12%)
Syncope 5 (1.2%)
Dizziness 3 (0.7%)
Coughs 3 (07%)
Headaches 1(0.2%)
Vomiting 1(02%)
Abdominal pain 1(02%)
Diarrhea 1(02%)
‘White-foamy sputum 1(02%)
Excessive sweating 1(02%)
Failure to Thrive 1(02%)
Recurrent respiratory infection 1(02%)

Hypotension 1(02%)
Asymptomatic 36 (8.8%)
NR 36 (8.8%)

New York Heart Association Classification

44 (10.8%)
115 (283%)
111 (27.3%)
41 (10.1%)
Not Reported 96 (23.6%)
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Device
Patent Ductus Arteriosus Occluder

Frequency (%) (N=407)
172 (41.7%)

Amplatzer Duct Occluder

85 (20.6%)

Other Duct Occluders

43 (104%)

VSD Occluder
Cardifix Duct Occluder

36 (8.7%)
18 (4.4%)

‘Small Waist Double-Duct Occluder

17 (4.1%)

Muscular VSD Occluder

11 27%)

Nit Duct Occluder

7 (1.7%)

Atrial Septal Occluder

5 (1.2%)

Vascular Plug

5 (1.2%)

Rashkind Umbrella Device

3 (0.7%)

Patent Foramen Ovale Occluder

3 (0.7%)

ASYMMETRIC DO

2 (0.5%)

Gore Cardioform Septal Occluder

1(0.2%)

Modified double-disk ventricular occluder

1(0:2%)

Coil

1(02%)

Not Reported

2 (0.5%)
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Records Identified through electronic database
searching: Scopus (n=237), PubMed (n=437),
Embase (n=307)

D

Records after duplicates removed
Screened by Title/Abstract
(N=668)

Records Excluded Based on
Title/Abstract

(N=530)

-

Full-text articles assessed for eligibility

(N=138)

D

Full text excluded after assessments
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(N=45)
Full texts not found (N=1)

Studies included from other sources (N=2)
Studies included in the final review
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