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Background: Pulmonary hypertension (PH) is linked to higher rates of morbidity and mortality worldwide. Early diagnosis of PH is important for clinical treatment. The estimated pulmonary artery systolic pressure (ePASP ≥ 35 mmHg) measured by echocardiography helps screen PH patients. In this paper, we report a novel PH screening method through a mobile cardiac acoustic monitoring system.



Methods: In the retrospective study, patients admitted to our hospital between January 2022 and April 2023 were classified into PH and control groups using ePASP and compared with acoustic cardiographic parameters. According to ePASP, PH severity was classified as mild, moderate, and severe. We analyzed the first and second heart sound (S1, S2) characteristics, including amplitude (S1A, S2A), energy (S1E, S2E), and frequency (S1F, S2F).



Results: The study included 209 subjects, divided into PH (n = 121) and control (n = 88) groups. Pearson correlation analysis confirmed the positive correlation between S2F and ePASP. The diagnostic performance of S2F as assessed by the area under the ROC curve was 0.775 for PH. The sensitivity and specificity of diagnosing ePASP ≥ 35 mmHg when S2F ≥ 36 Hz were found to be 79.34% and 67.05%, respectively, according to ROC analysis. Severity classification was performed using S2F, the area under the ROC curve was 0.712–0.838 for mild PH, 0.774–0.888 for moderate PH, and 0.826–0.940 for severe PH.



Conclusions: S2F collected by the mobile cardiac acoustic monitoring system offers a convenient method for remote PH screening, potentially improving PH management and outcomes.
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1. Introduction

Pulmonary hypertension (PH) is a devastating progressive disease characterized by elevated pulmonary artery pressure along with pulmonary vascular resistance that ultimately leads to right heart failure and premature death (1). With the expansion of PH treatment options, the requirement for precise and non-invasive techniques to allow regular and safe estimation of pulmonary arterial pressure (PAP) has increased. PH is defined as an increase in mean pulmonary arterial pressure (mPAP) beyond the threshold of 20 mmHg during a resting state, evaluated using right heart catheterization (RHC) (2). RHC is recognized as the gold standard for the diagnosis of PH; nonetheless, the procedure is complex, invasive, and carries inherent risks, making it unsuitable for early diagnosis, routine screening, and sustained, longitudinal monitoring (3). Transthoracic echocardiography (TTE) is advocated as a non-invasive substitute for the screening of PH. The assessment of estimated pulmonary artery systolic pressure (ePASP) via TTE has demonstrated a robust association with measurements obtained through RHC (4, 5). Resting-state ePASP values of ≥35 mmHg measured by echocardiography indicate PH, with severity ranging from mild (35–45 mmHg) to moderate (45–60 mmHg) to severe (>60 mmHg) (6). Nonetheless, accurate TTE results require experienced and skilled staff. Consequently, it is necessary to develop new non-invasive methods to frequently and accurately assess ePASP and screen potential PH patients.

Acoustic cardiography is a noninvasive, safe, inexpensive, continuous monitoring method that quantifies the state of the heart and lung by synchronously analyzing phonocardiogram (PCG) and electrocardiogram (ECG) (7). In recent years, studies on acoustic cardiography have suggested that the characterization of the second heart sound (S2) can be used to estimate PAP (8, 9). The S2 consists of two audible components, the pulmonic closure sound (P2) and the aortic closure sound (A2). Thus, the S2 component is generated by hemodynamic events that occur immediately following the closure of the aortic and pulmonary valves. The vibrations of S2 occur at the end of ventricular contraction, identifying the beginning of ventricular relaxation and the end of mechanical contraction (10). As PAP increases, a notable elevation emerges in the pulmonary component of S2, establishing an interdependent relationship between PAP and the acoustic characteristics of heart sounds (8). However, the relationship between ePASP and S2 is not yet fully clarified, and whether the cut-off value of S2 can be applied to screen patients with PH remains to be investigated.

The objective of this study is to evaluate the correlations between ePASP and S2 using a mobile cardiac acoustic monitoring system, and to determine the value of S2 features in PH screening.



2. Methods


2.1. Study participants and design

This was a retrospective observational cohort study. Based on TTE findings, patients admitted to our ward were consecutively selected from January 2022 to April 2023 and divided into two groups as per the ePASP: PH group (ePASP ≥35 mmHg) and control group (ePASP <35 mmHg). This cut-off value was based upon the values suggested by the American Academy of Family Physicians (AAFP), which proposes that an ePASP of 35–40 mmHg or greater on echocardiography is suggestive of PH (6). The demographic and clinical baseline data were recorded for all subjects, including age, gender, medical history, the types of PH, and the severity of PH. Prior to enrollment, all participants voluntarily signed written informed consent. The study protocol was reviewed and approved by the Ethics Committee of the Shanghai Chest Hospital of Shanghai Jiao Tong University and conducted in accordance with the Declaration of Helsinki.



2.2. Inclusion and exclusion criteria

Inclusion criteria were patients aged ≥ 18 years hospitalized due to cardiovascular diseases. All subjects underwent echocardiography and acoustic cardiography on the same day. Participants were excluded from this study if they met any of the following criteria: severe valvular heart disease, severe ventricular arrhythmia, acute coronary syndrome, severe liver dysfunction, severe chronic obstructive pulmonary disease, constrictive pericarditis, end-stage renal failure, and psychological issues limiting adherence.



2.3. Acoustic cardiography

Acoustic cardiography was performed using the WENXIN® device (Wenxin Tech. and Bayland Scientific, Beijing, China and California, USA), and the details have been described previously (11). The device can simultaneously record PCG, ECG and frequency from the precordial V4 locations after patients have rested in a supine position for 5–10 min. The parameters of the first and second heart sounds (S1and S2) were analyzed, including amplitude (S1A, S2A), energy (S1E, S2E), frequency (S1F, S2F), S2/S1 amplitude ratio (S2/S1A), S2/S1 energy ratio (S2/S1E), and S2/S1 frequency ratio (S2/S1F) were measured by an automatic analysis software. The heart sound frequency is the frequency of maximal amplitude, which is obtained by the wavelet transform of the PCG signal (11). The sound spectrogram is a visual representation of an acoustic signal, with varying amplitude over time at different frequencies (10). Figures 1A,B shows the typical acoustic signals and spectral displays from a control and a PH patient. The heart sound audio of two patients is stored in Supplementary Videos S1, S2.


[image: Figure 1]
FIGURE 1
Acoustic cardiographic output for a control patient (A) and a patient with PH (B) showing frequency, PCG, and ECG. The scalogram time-frequency representation shows frequency on the vertical axis on a logarithmic scale from 0 to 200 Hz and time on the horizontal axis. The squared magnitude of the wavelet transform energy at each frequency is represented by colors ranging from light yellow to deep red. S1, the first heart sound; S2, the second heart sound; S1A, the first sound amplitude; S1E, the first sound energy; S1F, the first sound frequency; S2A, the second sound amplitude; S2E, the second sound energy; S2F, the second sound frequency.




2.4. Estimated pulmonary arterial systolic pressure (ePASP)

TTE was used to detect ePASP by measuring the tricuspid regurgitation velocity (TRV) doppler signal (Vivid E95 or Vivid E9, GE Medical Systems, Horten, Norway). Briefly, ePASP was determined by calculating the estimated trans-tricuspid regurgitation gradient (equivalent to 4 × TRV2) and adding the estimated right atrial pressure (12). TTEs were reviewed by an experienced echocardiographer blinded to all clinical data and acoustic cardiography findings.



2.5. Statistical analysis

The SPSS software package (Version 22.0, SPSS, Chicago, IL, USA) was used to perform statistical analysis. Descriptive statistics include the numbers and percentages for categorical data, and continuous data was represented by the mean ± standard error (SE). We tested the null hypothesis for any difference between groups using the one-way ANOVA or unpaired t-test for continuous data and chi-square analysis for dichotomous data. Univariate and multivariate logistic analyses were used to determine the predictive factors of heart sound parameters related to elevated ePASP. Linear logistic regression was performed to test the relationship between ePASP and the heart sounds parameters. Receiver operating characteristic (ROC) curve analysis was performed to explore the predictive value of heart sound parameters in detecting different degrees of ePASP elevation. The areas under the curve (AUC) and the optimal cut-off value of each parameter with the highest sensitivity and specificity were obtained from ROC analysis. Intraclass correlation coefficient (ICC) was calculated between ePASP measured by echocardiography and acoustic sound characteristics. All results were considered statistically significantly different at P-value < 0.05.




3. Results


3.1. Comparison of baseline clinical characteristics, ePASP in PH patients and controls

A total of 209 adult patients were included in this retrospective study between January 2022 and April 2023. Participants were divided into the PH group (n = 121) and control group (n = 88), according to whether the ePASP ≥ 35 mmHg by transthoracic echocardiography or not. Patients' baseline demographic characteristics and ePASP were presented in Tables 1, 2.


TABLE 1 Baseline clinical characteristics and ePASP of PH patients and controls.

[image: Table 1]


TABLE 2 Baseline clinical characteristics of PH patients.

[image: Table 2]



3.2. Acoustic cardiography measurements

The acoustic characteristics of S1 and S2 in the PH and control groups were shown in Figure 1 and Table 3. Heart rate and PR intervals were similar between the two groups. Patients with PH exhibited a slightly greater QRS duration. Among the PH patients, both the amplitude and frequency of S2 were increased compared with the controls. Hence, the S2/S1 amplitude and frequency ratios were significantly different between the two groups. Although there was no significant difference in S2 energy between the two groups, the S2/S1 energy ratio risen markedly in the PH patients compared with the controls.


TABLE 3 Acoustic cardiographic parameters of PH patients and controls.

[image: Table 3]



3.3. Relationship between acoustic cardiographic parameters and ePASP

As the acoustic cardiographic parameters of S2A, S2F, S2/S1A, S2/S1E, and S2/S1F were remarkably increased in the PH group, we investigated the relationship between ePASP and acoustic cardiographic variables including S2A, S2F, S2/S1A, S2/S1E, and S2/S1F across the cohort (Table 4). S2F and S2/S1E were independent multivariate predictor for ePASP, and S2F performed better than S2/S1E. As shown in Figure 2A, S2F was significantly correlated with increasing the severity of ePASP (R = 0.645, P < 0.001). In contrast to S2F, we observed that the correlation between S2/S1E and ePASP was only 0.201, P = 0.004 (Figure 2B).


TABLE 4 Multiple logistic regression analysis for elevated ePASP predictors of acoustic cardiographic parameters.

[image: Table 4]


[image: Figure 2]
FIGURE 2
Correlation between S2 frequency, S2/S1 energy ratio and ePASP. ePASP, estimate pulmonary artery systolic pressure; S2F, the second sound frequency; S2/S1E, S2/S1 energy ratio.




3.4. S2 frequency has strong diagnostic accuracy in identifying different degrees of PH

We assessed the predictive performance of S2 frequency as a cut-off value to detect PH (ePASP ≥ 35 mmHg) by constructing ROC curves using echocardiographic data from 121 PH cases and 88 controls. Figure 3 showed that the AUC ROC curve for S2F was 0.775 (P < 0.001), indicating the ability of S2F to identify PH (ePASP ≥ 35 mmHg). The optimum cut-off S2F for distinguishing PH was 36 Hz (sensitivity 79.34%, specificity 67.05%, likelihood ratio 2.408) according to Table 5. The ICC was 0.62 (95% confidence interval, 0.53–0.70) between echocardiography estimated ePASP and acoustic cardiography measured S2F.


[image: Figure 3]
FIGURE 3
Receiver operator characteristic curves (ROC) for S2F as predictors of different severity of PH. PH, pulmonary hypertension; ePASP, estimate pulmonary artery systolic pressure; S2F, the second sound frequency.



TABLE 5 Diagnostic accuracy of S2F by the severity of PH.

[image: Table 5]

Diagnostic accuracy using S2F for the three degrees of PH through ROC analysis was presented in Table 5. S2F correctly identified mild PH from the other levels with the AUC range from 0.712 to 0.838, and sensitivity and specificity ranges from 0.713 to 0.856 and from 0.567 to 0.760, respectively. For moderate PH identification by S2F, the AUC range was from 0.774 to 0.888, with sensitivity and specificity varying from 0.562 to 0.794 and from 0.716 to 0.846, respectively. The AUC range for identifying severe PH through S2F was 0.826–0.940, with sensitivity ranging from 0.742 to 0.985 and specificity ranging from 0.684 to 0.881.




4. Discussion

As far as we know, this study first presents the evidence that analyzing S2 frequency collected by the mobile cardiac acoustic monitoring system is a reliable and speedy diagnostic tool for screening PH. Our retrospective cohort study explored the quantitative correlation between S2 acoustic features and PH severity. The frequency of S2 was observed to rise in the PH group, concomitant with increased ePASP levels. Moreover, the diagnostic cut-off value for S2 frequency increases with degree of ePASP elevation among the PH patients.


4.1. Increased loudness of S2 is a typical feature of heart sounds in patients with PH

The prevailing and widely accepted theory regarding the origin of heart sounds is the “cardiohemic model”. According to this paradigm, the sounds are produced by the vibration of the entire structure and internal components of the heart (13). This vibration is stimulated by specific cardiac valve closure, with the mitral valve governing the genesis of S1 and the combined interaction of the aortic and pulmonic valves dictating the origin of S2. S2 arises from a complex interplay involving the dynamic processes accompanying the relaxation of the left and right ventricles, the closure of the aortic and pulmonary valves, and the compliance of the aorta and main pulmonary artery (14, 15). The onset of S2 implies the end of mechanical ventricular systole as well as the beginning of ventricular diastole. The aggravation of the pulmonic component of S2 reflects strong closure of the pulmonary valve, suggesting RV pressure overload. Considering A2 and P2 of S2 are usually very close in the time axis, clinical indicators of PH can be concluded as the increased loudness of P2 of S2 and increased transmission of P2 to the cardiac apex. However, it should be noted that a small percentage of cases where only increased A2 loudness causes false positives (i.e., LV systolic dysfunction or left-to-right shunting). The presence of abnormal auscultatory observations manifested as notable frequency was documented in the Primary Pulmonary Hypertension Registry supported by the National Institutes of Health. Specifically, a discernible augmentation in the second component (P2) of S2 was documented in a substantial majority, accounting for 93%, among a cohort of 187 individuals diagnosed with PH (16). However, conventional cardiac auscultation is a challenging process and can be impacted by various factors, such as patient characteristics and the clinical experience of the physicians, leading to inconsistent results obtained by different observers (17, 18). In this research, the wavelet-based signal processing analysis was utilized for handling continuous digital acoustic data, which yielded the measurements of amplitude, energy, and frequency, thereby resulting in more objectively and realistically reflecting characteristics of the heart sounds.



4.2. S2 frequency, as an inherent characteristic of sound waves, can better reflect the changes in PH

Using acoustic cardiography, the auscultatory heart sounds were collected, quantified, and recorded as sound waveforms. The waveform characteristics of increased loudness of S2 were then reflected as amplitude, frequency, and energy (10, 19). The sounds' amplitude depends on the force generated by valve closure, which in turn relies on the pressure gradient across the valve during the closing. The volume and contents of the heart are also important, in determining the resonance of the cardiohemic system (20). As previously demonstrated, the frequencies of heart sounds can be determined by the volume of the vibrating mass and the tension produced in the walls of the heart and great vessels (21). As the pressure rises, the resonant frequency also increases. The energy value calculated based on the heart sound waveform is coupled with the influence of both amplitude and frequency factors. The greater the amplitude, the higher the energy value; and the greater the frequency, the higher the energy level (22). The amplitude varies with the body weight, acquisition position, and posture. However, as an inherent feature of sound waves, the frequency does not change with the influence of the acquisition conditions or the environment, thus can better reflect the changes in heart sounds.

The subjects were classified into the PH and control groups, depending on whether ePASP was greater than 35 mmHg, which was consistent with the current definition and diagnostic recommendations for PH (4). There was a significant statistical difference in the echocardiography-measured ePASP between the two groups (50.26 ± 1.51 vs. 30.02 ± 0.32 mm Hg; P < 0.001) in Table 1. In the current study, we analysed the acoustic characteristics of S1 and S2 in both groups, and the results indicated that S1A, S1E, S1F, and S2E were similar between the PH and control groups (see Table 3).

The high-frequency components of S2 may be caused by increased wall tension in the right heart and pulmonary artery. In Table 3, we found a significant increase in the frequency of S2 in patients with PH (51.42 ± 2.09 vs. 32.57 ± 1.27 Hz, P < 0.001), which aligned with the previous observation of S2 frequently being perceived as abnormal in this condition (23). It is encouraging to distinguish subjects with PH from patients with normal ePASP by extracting the constituent features of S2 in the frequency domain.

It has been shown that the amplitude of heart sounds is directly related to myocardial contractility in adult patients undergoing stress testing (24). In our study, the S2 amplitude increased in PH patients (979.78 ± 78.12 vs. 767.17 ± 69.93mv; P = 0.044). There was a gradual increase in the size of the amplitude waveforms associated with PH as shown in Figure 1B. This phenomenon can be effortlessly clarified by the established impact of elevated ePASP on myocardial contractility. The increased rate of PAP during right ventricle during systole may lead to an increased force of tricuspid valve closure, thus resulting in a higher amplitude of S2.

The control group had a relatively small sample size, and there was an absence of age or sex matching with the PH group. Nevertheless, we adjusted for possible intersubject anthropomorphic differences by calculating the S2/S1 amplitude, frequency, and energy ratios. The results of this study demonstrated that the S2/S1A, S2/S1F, and S2/S1E in the PH group were markedly higher than that in controls, and all the differences were statistically significant (Table 3).



4.3. S2 frequency is reliable and effective in assisting PH screening

We examined the correlation between ePASP and digitally recorded precordial acoustic characteristics in PH and control groups. In this study, we found S2A, S2/S1A, and S2/S1F were not strong indicators of PH. As shown in Table 4, only S2F and S2/S1E were considered significant independent predictors of PH based on the multivariate analysis. Furthermore, the Pearson correlation analysis indicated that ePASP correlated more strongly with S2F than with S2/S1E in Figure 2. S2F and ePASP had a significantly positive correlation (R = 0.645, P < 0.001). This can be explained based on the differences in mechanism. The amplitude is mainly determined by the closing force of the heart valves, while the frequency can be affected by the closing force, cardiac volume, and the resonance frequencies of the heart and the great vessels. Therefore, differences in pressure and intravascular volume could lead to more variation of frequency than amplitude and energy in PH patients, thus resulting in a more significant statistical correlation between S2F and ePASP. Other scholars have discussed the use of frequency components as measures of intravascular pressure and wall tension (25, 26). However, to our knowledge, there have been no reports that frequency can characterize the PAP state of the heart. In addition, we found a reciprocal link between S2 and S1 that may relate to ventricular interaction in PH patients. We observed that S2/S1E was an independent multivariate predictor of ePASP, which was in line with other researches examining S2 acoustic properties and pulmonary artery pressure determined from TTE or RHC (27, 28). The QRS duration was shorter in subjects with PH (118.53 ± 1.17 vs. 110.74 ± 1.16 ms; P < 0.001). A widened QRS duration or delayed right heart conduction time might influence the splitting interval between A2 and P2 but not the frequency of S2. Age, BMI, and concurrent disorders were not statistically significantly different between the two groups, indicating that these factors were not the cause of the disparities in S2 frequency.

These findings support the established conception that elevated PAP leads to forceful closure of the pulmonic valve and indicate the reliability and validity of S2F in assisting PH screening.



4.4. Different cut-off values of S2 frequency in patients with different severity of PH

We found significant variations in S2F regardless of the severity of PH. According to Figure 3 and Table 5, the accuracy for S2F's PH severity varied from 0.712 to 0.838 for mild PH, 0.774–0.888 for moderate PH, and 0.826–0.940 for severe PH. These findings were comparable to those obtained using echocardiographic monitoring, where it was noted that the diagnosis accuracy for PH type ranged from 0.689 to 0.8 (29–31).

Due to the relatively high NPV values found in severe PH (NPV = 0.9858), S2F may also have the potential to identify individuals with less severe PH (ePASP<60 mmHg). There are various situations when S2F can be employed in clinical settings. For instance, an individual who has S2F greater than or equal to 47 Hz is suspected to have severe PH. S2F greater than or equal to 37 Hz, and smaller than 45 Hz indicates possible mild PH (Table 5).Outpatient use of S2F as a screening tool can selectively separate patients for further examinations like echocardiographic measurement or RHC.



4.5. The superiority of acoustic cardiography in evaluating PH

The advantages of applying acoustic cardiography in screening for PH patients include relatively low cost, non-invasiveness, ease of use, and early identification of elevated ePASP.

Since acoustic cardiographic parameters can be easily obtained through non-invasive devices equipped with ECG and PCG sensors (32), they can serve as useful indicators for screening PH. Patients can conveniently record their daily acoustic cardiography on their own terms due to the portability and usability features of these devices. The long-term trend of these data provides valuable insight to detect PH deterioration prior to adverse events, allowing physicians to consider preventative interventions proactively. However, further evaluation of this technology is required to assess its actual efficacy in remote monitoring of diverse patient ranges.



4.6. Limitations of the study

There are still some limitations to acoustic cardiography. First, the quality of data may be compromised by both endogenous and exogenous noises, such as respiratory and background noise. During the heart sound recording process, keeping quiet and breathing calmly as much as possible helps to ensure high-quality data collection. Second, we only studied the association of ePASP estimated by echocardiography and acoustic variables and did not further investigate the relationship between RHC parameters and heart sound parameters. Finally, the 2022 ESC/ERS Guidelines for the diagnosis and treatment of PH suggested using the peak tricuspid regurgitation velocity (TRV) as a crucial factor to determine the echocardiographic likelihood of PH. A peak TRV above 2.8 m/s could suggest the possible presence of PH; nevertheless, the presence of PH cannot be reliably determined by TRV alone, and ePASP is the most used parameter for screening PH in clinical practice.




5. Conclusions

In summary, we demonstrated that S2F was associated with elevated ePASP and had different cut-off points in patients with different severity of PH. Using the mobile cardiac acoustic monitoring system, S2F measurements offer a convenient ambulatory method for PH screening, making it more user-friendly than the standard examination.
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Objective: To compare machine learning (ML)-based CT-derived fractional flow reserve (CT-FFR) in patients before transcatheter aortic valve replacement (TAVR) by observers with differing training and to assess influencing factors.



Background: Coronary computed tomography angiography (cCTA) can effectively exclude CAD, e.g. prior to TAVR, but remains limited by its specificity. CT-FFR may mitigate this limitation also in patients prior to TAVR. While a high reliability of CT-FFR is presumed, little is known about the reproducibility of ML-based CT-FFR.



Methods: Consecutive patients with obstructive CAD on cCTA were evaluated with ML-based CT-FFR by two observers. Categorization into hemodynamically significant CAD was compared against invasive coronary angiography. The influence of image quality and coronary artery calcium score (CAC) was examined.



Results: CT-FFR was successfully performed on 214/272 examinations by both observers. The median difference of CT-FFR between both observers was −0.05(−0.12-0.02) (p < 0.001). Differences showed an inverse correlation to the absolute CT-FFR values. Categorization into CAD was different in 37/214 examinations, resulting in net recategorization of Δ13 (13/214) examinations and a difference in accuracy of Δ6.1%. On patient level, correlation of absolute and categorized values was substantial (0.567 and 0.570, p < 0.001). Categorization into CAD showed no correlation to image quality or CAC (p > 0.13).



Conclusion: Differences between CT-FFR values increased in values below the cut-off, having little clinical impact. Categorization into CAD differed in several patients, but ultimately only had a moderate influence on diagnostic accuracy. This was independent of image quality or CAC.



KEYWORDS
aortic stenosis, computed tomography coronary angiography, coronary angiography, coronary artery disease, transcatheter aortic valve implantation, diagnostic accuracy, machine learning, computed tomography fractional flow reserve





1. Introduction

Patients evaluated to be treated with transcatheter aortic valve replacement (TAVR) are generally elderly and have a high prevalence of coronary artery disease (CAD) (1–3). CAD is recommended to be excluded and if needed to be treated before the procedure (3–7). Coronary computed tomography angiography (cCTA) is the first line diagnostic tool for the exclusion of CAD in other patient groups (7) and its high negative predictive value (NPV) is known to be preserved also in patient before TAVR (3, 6, 8). Thus, its use is increasingly recognized as part of the standard CT evaluation protocol for TAVR-planning (3–8). However, cCTA remains limited by its low specificity, particularly in this patient group. CT-derived fractional flow reserve (CT-FFR) has been described as a promising tool to mitigate this limitation by non-invasively predicting hemodynamic relevance (9–11) also in patients prior to TAVR (12–16).

Machine learning (ML)-based CT-FFR is a computationally less demanding approach, which makes on-site computation of CT-FFR feasible on standard workstations and is known to correlate well with the more conventional computational fluid dynamics (CFD) approach (17). As opposed to the commercial off-site approaches, where the exact segmentation process is unknown, the user himself performs the segmentation in ML-based CT-FFR. While a high reliability of segmentation is presumed, the significance of the segmentation process and observer experience on the reliability of CT-FFR has not been well examined (18, 19), with no systematic analysis as of now.

In this study, we systematically compared the ML-based CT-FFR measurements carried out by two observers with differing expertise, on segment, vessel and patient level in a large group of patients before TAVR. Furthermore, we analyzed the frequency of conflicting categorizations and the influence of image quality and coronary artery calcium score (CAC).



2. Material and methods


2.1. Study design and patient population

The patient population and study design have previously been reported on (8, 13). In short, consecutive examinations with retrospectively ECG-gated CT for TAVR-planning over a period of 7 months were screened. Only patients having undergone invasive coronary angiography (ICA) within 3 months of CT were considered for the current analysis. Of the 388 patients, 272 had at least one coronary stenosis (≥50%) on cCTA being of interest for CT-FFR evaluation (Figure 1).


[image: Figure 1]
FIGURE 1
Flowchart of the study population. Flowchart of the study population and reasons for exclusion. CAD, coronary artery disease; cCTA, coronary computed tomography angiography; CT-FFR, CT-derived-fractional-flow-reserve; ECG, electrocardiogram; ICA, invasive coronary angiography; QCA, quantitative coronary angiography.




2.2. CT acquisition

The scan protocol has previously been described in detail (8). Briefly, a retrospectively ECG-gated helical CT of the heart was performed from caudal to cranial, immediately followed by a high-pitch helical CT in the opposite direction for depiction of the aorta and iliofemoral access route using a single bolus of 70 ml iodinated contrast medium. All patients were examined with the same scanner (Somatom Definition Flash; Siemens). No beta blockers or nitrates were given. The ECG-gated scan of the heart was used for computation of the ML-based CT-FFR.



2.3. cCTA and CT-FFR analysis

Coronary arteries were analyzed morphologically by segment according to the 18-segment model (20). When a stenosis of ≥50% diameter was identified on cCTA, CT-FFR values were obtained approximately 2 cm distal to the stenosis (21). The standard of reference was ICA with quantitative coronary analysis (QCA) with the same threshold and ≥70% for a secondary evaluation.

ML-based CT-FFR (cFFR version 3.2.0, Siemens; not commercially available) was performed by observer B on all examinations previously analyzed by observer A (13). The ML-based prototype used for this study has been described in detail before (13, 17, 22). The computationally less demanding process enabled on-site computation on a desktop workstation.

Per-segment interpretations were combined to form per-vessel and per-patient ratings, considering the respective worst segment (highest grade of stenosis; lowest CT-FFR value). CT-FFR values of ≤0.80 were considered as hemodynamically significant CAD (CADf+) (23).

Both observers received the same instructions for segmentation and measurement of CT-FFR. Observer A had received several weeks of training in coronary artery imaging, including formal reading of cCTA and case discussions with correlation to ICA. Observer B only received comprehensive instructions on coronary artery segmentation and handling of the CT-FFR prototype at hand. Both measurements were taken within 18 months. The methods adopted for this study comply with the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) (24).



2.4. Statistical analysis

Continuous variables are presented as median and [interquartile range (IQR)]. Differences between the two observers in CT-FFR values and evaluation times were assessed using the Wilcoxon signed-rank test. Interobserver agreement for CT-FFR values was evaluated using intra-class correlation (ICC) type ICC (1, 3) according to the convention proposed by Shrout and Fleiss (25). For interpretation of ICC coefficients, we followed the guidelines given by Cicchetti, which identify values <0.5 as a poor, 0.5–0.75 as moderate, 0.75–0.9 as a good, and >0.9 as an excellent correlation (26). Interobserver agreement with respect to categorization into hemodynamically significant CAD according to CT-FFR was assessed using Cohen's kappa and interpreted as proposed by Landis and Koch, which classifies correlation as follows: <0.2 slight, 0.2–0.4 fair, 0.4–0.6 moderate, 0.6–0.8 substantial, >0.8 almost perfect (27). Correlation between CT-FFR differences and covariates was calculated using Spearman's rank correlation (quantitative image quality measures and calcium burden) or Kendall's rank correlation (qualitative image quality). Correlation between mismatched coronary artery disease categorization and covariates was determined using the point-biserial correlation (quantitative image quality and CAC) or rank-biserial correlation (qualitative image quality). A p value of <0.05 was considered statistically significant. Statistical analysis was performed using R (version 4.1.2; R Foundation for Statistical Computing, Vienna, Austria).




3. Results


3.1. (Re)evaluation with ML-based CT-FFR

In total, 214 of the 272 examinations with signs of CAD on cCTA were successfully evaluated with ML-based CT-FFR by observer A and B (Figure 1). Two patients could not be reevaluated by observer B, because of an error with the prototype not prompted earlier. Reasons for initial exclusion were insufficient or borderline image quality hindering continuous segmentation of the coronary tree, and anatomical variants outside the model boundaries of the CT-FFR prototype (13). Evaluation time was significantly lower for observer A (observer A: 24 (18–32) min; observer B: 28 (22–35) min; p < 0.001).

Of the included patients 90 (42.1%) were female and the mean body mass index was 29.2 ± 5.5 kg/m2.



3.2. Differences in CT-FFR values

CT-FFR values were significantly different between observer A and B with the largest median differences on patient level (n = 214; −0.05[−0.12–0.02]; p < 0.001). Median differences on vessel level were also significantly different between the observers (left anterior descending artery [LAD] >left circumflex artery [LCX] >right coronary artery [RCA]). The LM had a much lower number of stenoses (n = 13) and thus could not be considered for analyses (Table 1).


TABLE 1 Interobserver variability of absolute CT-FFR values.

[image: Table 1]

Patients recategorized as false negative (FN) from true positive (TP) by either observer showed CT-FFR values closest to the cut-off of ≤0.80 (observer A: n = 17, 0.85 [0.83–0.87]; observer B: n = 28, 0.84 [0.82–0.89]). The distribution of CT-FFR values of both observers is shown in Figure 2. Observer A measured more outliers, particularly in the RCA and LCX. Discrepancies of CT-FFR values between the observers were smaller for high CT-FFR values, and larger for low values (Figure 3).


[image: Figure 2]
FIGURE 2
Distribution of absolute CT-FFR values. Box plots of CT-FFR values measured by two observers on patient (A) and vessel level (B–D). Observer B measured higher median CT-FFR values with a smaller interquartile range on patient and vessel level (p ≤ 0.003) (A–D). The difference between both observers were larger on patient level (A) compared to vessel level (patient: 0.05> RCA: 0.05; LAD: 0.04; CX: 0.04) (B–D). Observer A shows more outliers, especially in RCA and LCX (B,C). CT-FFR, CT-derived fractional flow reserve; LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery.



[image: Figure 3]
FIGURE 3
Median difference of CT-FFR values in dependence of absolute values. Median difference of CT-FFR values at different cut-offs between both observers at patient (A) and vessel level (B–D). The median difference of CT-FFR values is higher for low absolute values and lower for high values. Note, there is no discrete cut-off for all levels of observation, but differences are higher below the clinical cut-off CT-FFR ≤0.80. The dashed red lines correspond to the CT-FFR cut-off used to characterize hemodynamically significant CAD. The lines of the graph have been smoothed with a Gaussian filter to help avoid over-interpretation of small steps. CT-FFR, CT-derived fractional flow reserve; LAD, left anterior descending artery; LCX, left circumflex artery; RCA, right coronary artery.




3.3. Interobserver variability

Analysis on patient level showed fair-good agreement between both observers (ICC coefficient: 0.567; p < 0.001). On vessel level, correlation between both observers was fair-good in the RCA and LAD. Agreement of measured values in the LCX was fair (Table 1).

Categorization into hemodynamically significant CAD according to CT-FFR correlated between both observers. On patient level, interobserver agreement was moderate-substantial (Cohen's kappa: 0.570; p < 0.001). Correlation in the RCA was moderate-substantial, in the LAD fair, and in the LCX fair (Table 2).


TABLE 2 Interobserver agreement of categorization according to CT-FFR.

[image: Table 2]

Observer B recategorized 14/214 patients from negative to positive and 23 patients from positive to negative, with 13 recategorizations being incorrect in regard to the standard of reference, resulting in a difference of diagnostic accuracy of Δ−6.07%. Specificity and negative predictive value (NPV) on patient level were decreased by Δ−1.82% and Δ−12.84%, respectively. On patient and vessel level, more recategorizations occurred from positive to negative than vice versa (Table 3). Gross frequency of different categorizations on vessel level was LCX: 38.6% >LAD: 23.2% >RCA: 20.9%, resulting in a net difference of Δ−3.34% in accuracy. On vessel level, specificity was slightly higher for observer B (Δ+0.73%), while other test metrics were slightly lower (Table 3). There was no discernable trend towards a differing frequency in discrepant categorizations on segment level, e.g., in the distal segments. The gross rate of discrepant categorizations into CADf+ or CADf−on segment level is shown in Appendix 1. On segment level the difference in accuracy was Δ+1.46%.


TABLE 3 Differences in categorization and changes in diagnostic performance.

[image: Table 3]



3.4. Standard of reference and diagnostic performance

Overall, observer B rated fewer stenoses CADf+ on patient level, resulting in a lower specificity, NPV and diagnostic accuracy compared to observer A (Table 3). If the ICA cut-off were changed to ≥70% diameter lumen narrowing, the overall differences between observer A and B became much smaller (specificity: Δ+2.08 vs. Δ−1.82; NPV: Δ−6.56 vs. Δ−12.84; accuracy: Δ−1.40 vs. Δ−6.07) (Table 3).



3.5. Influence of image quality and coronary artery calcifications

Absolute CT-FFR values did not correlate with quantitative image quality (CNR, HU). CT-FFR values correlated weakly with qualitative image quality on patient level and in the RCA (patient: r = −0.116; RCA: r = −0.16; p < 0.03). CT-FFR values correlated weakly with CAC on patient level and in the LAD (patient: r = 0.18; LAD: r = 0.206; p < 0.009).

Categorization into CAD was independent of quantitative or qualitative image quality and of CAC (Table 4).


TABLE 4 Influence of image quality and coronary arterial calcifications.
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4. Discussion

Interobserver variability of ML-based CT-FFR has not been studied extensively on a large patient cohort with a high prevalence of CAD. This study on patients before TAVR was carried out by observers with differing levels of experience and rendered somewhat different results. This led to occasional differences in categorization of hemodynamically significant CAD and moderate changes in diagnostic performance. Recategorization of patients was independent of image quality or CAC.

Absolute values of CT-FFR showed significant differences between the observers from 0.03 to 0.04 on vessel and 0.05 on patient level (Table 1). This led to occasional recategorizations into hemodynamically significant CAD when CT-FFR values fell close to the cut-off [grey zone 0.75–0.80 (28)] and likely was the most relevant reason for differences in diagnostic performance between both observers. No observer was clearly superior to the other, with observer A having higher diagnostic accuracy on patient and vessel level and observer B performing slightly better on segment level. The difference in measured values between the observers was lower for high CT-FFR values and much larger for low values. There is no clear cut-off for all levels of observation, but differences are higher below the clinical cut-off CT-FFR ≤0.80 (Figure 3). A possible explanation for this observation could be that segmentation of larger vessel lumina is easier and thus more reproducible; while the opposite is true for small vessels. This is consistent with our observation of the smallest vessel, the LCX, having the weakest interobserver agreement. The higher discrepancy of small values is of little concern, as values far below the common cut-off (0.80 or 0.75) are of little to no significance for clinical decision-making (21, 29). Absolute CT-FFR values measured by the more experienced observer (observer A) had higher variance compared to observer B (Figure 2). A possible reason for this may be a more conservative segmentation of the contrasted lumen, while observer B may have tried to extrapolate the lumen in the presence of blooming artifacts at heavily calcified lesions in a more generic way (30).

Correlation of CT-FFR values in RCA and LAD and on patient level was moderate or borderline-good. Regardless, overall correlation in our patient cohort was lower than that reported in other patient groups. Ko et al. reported a median difference of 0.03 on patient level vs. 0.05 in this study. Studies with more experienced observers reported good-to-excellent interobserver agreement (18, 19, 31). Observers with less training showed higher discrepancies and moderate agreement (32, 33). The studies consisted of much younger patient groups (60.0 ± 8.5 years; 64.6 ± 8.9 years; 61.8 ± 10.2 years; 62.7 ± 8.9 years vs. 78.9 ± 9.7 years) with fewer stenoses per patient [0.53; 1.47; 0.33; 1.22 (stenosed vessels) vs. 1.6 stenoses per patient] (18, 19, 32, 34). Median evaluation time was vastly different (Ko et al.: 27 min; Donnelly et al.: 9 min; Yang et al.: 50 min; Ihdayhid et al.: 24–38 min; current study: 24 and 28 min). In addition to the lower experience of the observers, the most likely cause for the weaker interobserver agreement in our study lies in the much different and more challenging patient group of patients prior TAVR with more frequent and perhaps higher grade and frequently calcified stenoses. Overall, more experienced observers had better agreement, while less experience only had moderate agreement between the observers (18, 32, 33). This is a direct result of differences in lumen segmentation by the user himself in ML-based CT-FFR. Resulting differences are thus no different from the reproducibility of other techniques e.g., of cCTA with good interobserver and intraobserver agreement between trained observers, and moderate agreement between untrained observers (35, 36), or even ICA interpretation (37). Other CT-FFR solutions, namely the only commercially available and FDA approved CFD-based technique has not publish data concerning observer experience and reliability. Overall, observer experience seems to have a large influence on reliable CAD diagnosis. Standardized training and certification may likely improve reliability of ML-based CT-FFR further.

Interobserver agreement of categorization of patients into hemodynamically significant CAD was similar to the correlation of absolute values with moderate and sometimes moderate-to-good correlation for the RCA, LAD and patient level. This may be reassuring as in clinical decision making most commonly a discreet cut-off is used. Despite the agreement between the observers not being optimal, it can be considered fair, taking into account the observer's differing experience (Table 2). Notably, the LCX had the lowest correlation of absolute values and lowest agreement between categorized values. Although there is no definitive answer for this observation, the LCX is generally the smallest vessel with relatively few and short segments and the second highest rate of motion during the cardiac cycle (38). This may contribute to motion- and step-artefacts consequently decreasing diagnostic performance (39) and ultimately making segmentation the most challenging in this vessel.

Observer B showed lower diagnostic performance on patient level, with especially lower sensitivity (Δ−10.58%). However, on vessel level, specificity of observer B was higher (Δ+0.73%) (Table 3). A possible explanation may be a different, more conservative segmentation approach for the less experienced observer B, e.g., when encountering artifacts. The much lower NPV on all levels of observation might be caused by observer B's lack of clinical experience, possibly leading to a generic extrapolation of the lumen in calcified lesions and failure to differentiate plaque from artifact and vice versa. Thus, more hemodynamically relevant stenoses were missed (higher false-negative count). However, it must be kept in mind that the standard of reference in this study was anatomical (ICA with QCA). The hemodynamic significance of stenosis in ICA, especially in the context of aortic valve stenosis (AS) and subsequent left ventricular (LV) hypertrophy, is unclear. Because CT-FFR is derived from the vessel cross-section and dependent on specific vessel anatomy and LV mass, AS may influence this technique and generate different values than in patients without AS and none of the resulting adaptations.

The change in diagnostic performance and specificity (Δ−1.82%) on patient level is dependent on the standard of reference. The very conservative cut-off of ≥50% for QCA might not be optimal for clinical decision-making, as it likely includes many stenoses without hemodynamic relevance. Meanwhile, CT-FFR may have classified these as not hemodynamically relevant causing false-negative categorizations. A higher ICA cut-off (e.g., QCA ≥70%) would lead to fewer false-negative categorizations by CT-FFR. Changing the standard of reference to this more stringent cut-off would decrease sensitivity, potentially increase specificity and may decrease the differences in diagnostic performance between both observers (accuracy: Δ−6.07–Δ−1.40; Table 3).

Overall, observer A likely evaluated stenoses more strictly, which explains the higher sensitivity. More clinical experience is the most probable reason for the better performance on the clinically relevant levels of observation, namely patient and vessel level. Minute differences in segmentation of the lumen may lead to different categorization into CAD whenever values fall close to the cut-off. Notably, specificity remains very similar between the observers. This can be explained by many true-negative categorizations of values relatively clearly above the cut-off. The patients that are categorized as false-negative presented CT-FFR values closer to the grey zone (0.75–0.80) than other patients (Observer A: 0.85; Observer B: 0.84). These borderline cases are prone to recategorization between both observers. As many recategorizations are correct in regard to ICA and cancel each other out, their influence on diagnostic performance is much smaller than their number leads to believe. This is supported by the number of differing CAD categorizations being larger than the actual change in diagnostic performance (recategorizations: 37/214; accuracy: Δ−6.07).

Image quality and calcium burden may interfere with the correct assessment of coronary arteries. However, the categorization into hemodynamically relevant CAD with CT-FFR was independent of CAC and image quality, which is encouraging for the use of CT-FFR in the group of patients prior to TAVR. Small, likely not clinically relevant correlations of absolute CT-FFR values and image quality and CAC were noted. Considering the number of tests performed, these findings should not be overestimated. Our findings with little to no influence of CAC on CT-FFR are consistent with the literature, with only Tesche et al. finding a degrading effect CAC on CT-FFR with very high scores (18, 19, 30, 39, 40), even though also patients with much higher CAC were included in our study. The virtual lack of correlation of CT-FFR values to image quality suggests that once a certain threshold of image quality is reached, CT-FFR may be expected to be performed reliably. Even a new deep learning algorithm for the improvement of image quality was not able to increase diagnostic performance of CT-FFR further (30).

Patients prior to TAVR assessed with ML-based CT-FFR by two observers with differing experience were sometimes categorized differently into having hemodynamically relevant CAD or not. This was independent of image quality or CAC. This can easily be understood if values fall close to the cut-off and CT-FFR is only measured at a single point in a fixed distance distal to the stenoses (Figure 4). However, hemodynamical implications of luminal narrowing can manifest distal to that point of measurement (21). On the other hand, diffuse arteriosclerosis without a distinct stenosis may have a cumulative effect (41) additive to or independent of the stenosis measured. Instead of a single measurement with a fixed cut-off, a relative decrease of CT-FFR values along the coronary tree could perhaps prove more representative for the global hemodynamic situation (21, 41–44) of the coronary arterial vasculature.


[image: Figure 4]
FIGURE 4
Patient with severe LAD stenosis and discrepant categorization according to CT-FFR values. Patient with severe stenosis (arrow in a-d) in the middle LAD (S7) on ICA (QCA: 78%) (A,B) and results of CT-FFR of observer A (C) and observer B (D) CT-FFR values were taken approximately 2 cm distal to the stenosis (asterisk in C,D). The CT-FFR value measured by observer A was 0.79, indicating hemodynamically significant CAD (C), the value measured by observer B was 0.86, indicating non-significant CAD (D) The threshold for hemodynamically significant CAD was ≤0.80. CAD, coronary artery disease; CT-FFR, CT-derived fractional flow reserve; ICA, invasive coronary angiography; LAD, left anterior descending artery; QCA, quantitative coronary analysis.



4.1. Limitations

Several important limitations to our study must be noted. First, the standard of reference in this study was morphological, not functional with the conservative cut-off of ≥50% diameter on QCA. We explored how discrepancies with a more stringent cut-off would change. But ultimately, a functional standard of reference like invasive FFR would be desirable, particularly in the patient group before TAVR with hemodynamical changes, likely also in coronary artery physiology. Independently of the applied standard, the observed differences in CT-FFR values between the observers are real and likely to be similar in practical application and should be considered whenever performing CT-FFR for clinical decision making. Furthermore, patients before TAVR generally have severe AS with subsequent LV-hypertrophy. As ML-based CT-FFR also considers LV-mass in addition to vessel cross section and specific vessel anatomy for its computation, AS and underling secondary changes may influence computed CT-FFR values. Though different, clinical experience of both observer A and B was limited and may not reflect clinical practice at academic centers with dedicated experts performing such analysis, it can be assumed that expert observers are more consistent (18, 19). However, so far no data is available about the segmentation process of the commercially available off-site solution. Furthermore, the limited experience of the observers likely amplified the differences in read values, perhaps even allowing for a better evaluation of the potential disturbing factors of image quality and CAC.




5. Conclusion

Measurement of ML-based CT-FFR in patients prior to TAVR by observers with different clinical experience lead to discrepancies in CT-FFR values and CAD categorization, with larger discrepancies in low values and smaller discrepancies in high values. This caused a moderate difference in diagnostic accuracy. Image quality and CAC appear not to influence categorization according to CT-FFR. It seems advisable for segmentation to be performed by expert observers, particularly when values around the “grey zone” are to be expected.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the local ethics committee of the University of Leipzig (reference number: 435/18-ek). The study was 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 of the retrospective design and no identifiable data was being used.



Author contributions

RG: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Supervision, Writing – original draft, Writing – review & editing. AS: Conceptualization, Data curation, Formal analysis, Investigation, Writing – original draft, Writing – review & editing. KP: Data curation, Investigation, Writing – review & editing. PS: Conceptualization, Data curation, Investigation, Methodology, Writing – review & editing. NM: Investigation, Writing – review & editing. HH: Investigation, Validation, Writing – review & editing. LH: Investigation, Writing – review & editing. KR: Investigation, Writing – review & editing. SD: Investigation, Writing – review & editing. SL: Investigation, Writing – review & editing. TN: Investigation, Writing – review & editing. PK: Investigation, Writing – review & editing. CK: Investigation, Writing – review & editing. CL: Investigation, Writing – review & editing. SE: Investigation, Writing – review & editing. MB: Writing – review & editing. HT: Investigation, Writing – review & editing. CP: Methodology, Software, Writing – review & editing. MA-W: Data curation, Resources, Validation, Writing – review & editing. MH: Formal analysis, Writing – original draft, Writing – review & editing. MG: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Software, Supervision, Visualization, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

We acknowledge support from Leipzig University for Open Access Publishing.



Conflict of interest

CP was employed by Siemens Healthcare GmbH.

The remaining 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 JU declared a past co-authorship with the author RFG to the handling editor.



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. Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo M, et al. Transcatheter aortic-valve replacement with a balloon-expandable valve in low-risk patients. N Engl J Med. (2019) 380:1695–705. doi: 10.1056/NEJMOA1814052

2. Popma JJ, Deeb GM, Yakubov SJ, Mumtaz M, Gada H, O’Hair D, et al. Transcatheter aortic-valve replacement with a self-expanding valve in low-risk patients. N Engl J Med. (2019) 380:1706–15. doi: 10.1056/NEJMOA1816885

3. Francone M, Budde RPJ, Bremerich J, Dacher JN, Loewe C, Wolf F, et al. CT and MR imaging prior to transcatheter aortic valve implantation: standardisation of scanning protocols, measurements and reporting—a consensus document by the European society of cardiovascular radiology (ESCR). Eur Radiol. (2020) 30:2627–50. doi: 10.1007/S00330-019-06357-8

4. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, Gentile F, et al. 2020 ACC/AHA guideline for the management of patients with valvular heart disease: a report of the American college of cardiology/American heart association joint committee on clinical practice guidelines. J Am Coll Cardiol. (2021) 77:e25–e197. doi: 10.1016/J.JACC.2020.11.018

5. Grover FL, Vemulapalli S, Carroll JD, Edwards FH, Mack MJ, Thourani VH, et al. 2016 annual report of the society of thoracic surgeons/American college of cardiology transcatheter valve therapy registry. J Am Coll Cardiol. (2017) 69:1215–30. doi: 10.1016/J.JACC.2016.11.033

6. Blanke P, Weir-McCall JR, Achenbach S, Delgado V, Hausleiter J, Jilaihawi H, et al. Computed tomography imaging in the context of transcatheter aortic valve implantation (TAVI)/transcatheter aortic valve replacement (TAVR): an expert consensus document of the society of cardiovascular computed tomography. JACC Cardiovasc Imaging. (2019) 12:1–24. doi: 10.1016/J.JCMG.2018.12.003

7. Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, et al. 2021 ESC/EACTS guidelines for the management of valvular heart disease. Eur Heart J. (2022) 43:561–632. doi: 10.1093/EURHEARTJ/EHAB395

8. Gohmann RF, Lauten P, Seitz P, Krieghoff C, Lücke C, Gottschling S, et al. Combined coronary CT-angiography and TAVI-planning: a contrast-neutral routine approach for ruling-out significant coronary artery disease. J Clin Med. (2020) 9:1623. doi: 10.3390/jcm9061623

9. Patel MR, Nørgaard BL, Fairbairn TA, Nieman K, Akasaka T, Berman DS, et al. 1-year impact on medical practice and clinical outcomes of FFRCT: the ADVANCE registry. JACC Cardiovasc Imaging. (2020) 13:97–105. doi: 10.1016/J.JCMG.2019.03.003

10. Fairbairn TA, Nieman K, Akasaka T, Nørgaard BL, Berman DS, Raff G, et al. Real-world clinical utility and impact on clinical decision-making of coronary computed tomography angiography-derived fractional flow reserve: lessons from the ADVANCE registry. Eur Heart J. (2018) 39:3701–11. doi: 10.1093/EURHEARTJ/EHY530

11. Nørgaard BL, Leipsic J, Gaur S, Seneviratne S, Ko BS, Ito H, et al. Diagnostic performance of noninvasive fractional flow reserve derived from coronary computed tomography angiography in suspected coronary artery disease the NXT trial (analysis of coronary blood flow using CT angiography: next steps). JACC. (2014) 63:1145–55. doi: 10.1016/j.jacc.2013.11.043

12. Gutberlet M, Krieghoff C, Gohmann R. Werden die karten der CT-koronarangiographie mit der FFR CT neu gemischt? Herz. (2020) 45:431–40. doi: 10.1007/s00059-020-04944-w

13. Gohmann RF, Pawelka K, Seitz P, Majunke N, Heiser L, Renatus K, et al. Combined cCTA and TAVR planning for ruling out significant CAD: added value of ML-based CT-FFR. JACC Cardiovasc Imaging. (2022) 15:476–86. doi: 10.1016/J.JCMG.2021.09.013

14. Brown AJ, Michail M, Ihdayhid A-R, Comella A, Thakur U, Cameron JD, et al. Circulation: cardiovascular interventions feasibility and validity of computed tomography-derived fractional flow reserve in patients with severe aortic stenosis the CAST-FFR study. Circ Cardiovasc Interv. (2021) 14:9586. doi: 10.1161/CIRCINTERVENTIONS.120.009586

15. Hamdan A, Wellnhofer E, Konen E, Kelle S, Goitein O, Andrada B, et al. Coronary CT angiography for the detection of coronary artery stenosis in patients referred for transcatheter aortic valve replacement. J Cardiovasc Comput Tomogr. (2015) 9:31–41. doi: 10.1016/j.jcct.2014.11.008

16. Peper J, Becker LM, van den Berg H, Bor WL, Brouwer J, Nijenhuis VJ, et al. Diagnostic performance of CCTA and CT-FFR for the detection of CAD in TAVR work-up. JACC Cardiovasc Interv. (2022) 15:1140–9. doi: 10.1016/J.JCIN.2022.03.025

17. Coenen A, Kim Y-H, Kruk M, Tesche C, de Geer J, Kurata A, et al. Diagnostic accuracy of a machine-learning approach to coronary computed tomographic angiography–based fractional flow reserve. Circ Cardiovasc Imaging. (2018) 11:1–11. doi: 10.1161/CIRCIMAGING.117.007217

18. Donnelly PM, Kolossváry M, Karády J, Ball PA, Kelly S, Fitzsimons D, et al. Experience with an on-site coronary computed tomography-derived fractional flow reserve algorithm for the assessment of intermediate coronary stenoses. Am J Cardiol. (2018) 121:9–13. doi: 10.1016/J.AMJCARD.2017.09.018

19. Yang DH, Kim YH, Roh JH, Kang JW, Ahn JM, Kweon J, et al. Diagnostic performance of on-site CT-derived fractional flow reserve versus CT perfusion. Eur Heart J Cardiovasc Imaging. (2017) 18:432–40. doi: 10.1093/ehjci/jew094

20. Leipsic J, Abbara S, Achenbach S, Cury R, Earls JP, Mancini GJ, et al. SCCT guidelines for the interpretation and reporting of coronary CT angiography: a report of the society of cardiovascular computed tomography guidelines committee. J Cardiovasc Comput Tomogr. (2014) 8:342–58. doi: 10.1016/j.jcct.2014.07.003

21. Nørgaard BL, Fairbairn TA, Safian RD, Rabbat MG, Ko B, Jensen JM, et al. Coronary CT angiography-derived fractional flow reserve testing in patients with stable coronary artery disease: recommendations on interpretation and reporting. Radiol Cardiothorac Imaging. (2019) 1:e190050. doi: 10.1148/ryct.2019190050

22. Itu L, Rapaka S, Passerini T, Georgescu B, Schwemmer C, Schoebinger M, et al. A machine-learning approach for computation of fractional flow reserve from coronary computed tomography. J Appl Physiol. (2016) 121:42–52. doi: 10.1152/japplphysiol.00752.2015.-Frac

23. Chinnaiyan KM, Akasaka T, Amano T, Bax JJ, Blanke P, De Bruyne B, et al. Rationale, design and goals of the HeartFlow assessing diagnostic value of non-invasive FFRCT in coronary care (ADVANCE) registry. J Cardiovasc Comput Tomogr. (2017) 11:62–7. doi: 10.1016/J.JCCT.2016.12.002

24. Kottner J, Audigé L, Brorson S, Donner A, Gajewski BJ, Hróbjartsson A, et al. Guidelines for reporting reliability and agreement studies (GRRAS) were proposed. J Clin Epidemiol. (2011) 64:96–106. doi: 10.1016/J.JCLINEPI.2010.03.002

25. Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reliability. Psychol Bull. (1979) 86:420–8. doi: 10.1037//0033-2909.86.2.420

26. Cicchetti DV. Guidelines, criteria, and rules of thumb for evaluating normed and standardized assessment instruments in psychology. Psychol Assess. (1994) 6:284–90. doi: 10.1037/1040-3590.6.4.284

27. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics. (1977) 33:159. doi: 10.2307/2529310

28. Tang CX, Liu CY, Lu MJ, Schoepf UJ, Tesche C, Bayer RR, et al. CT FFR for ischemia-specific CAD with a new computational fluid dynamics algorithm: a Chinese multicenter study. JACC Cardiovasc Imaging. (2020) 13:980–90. doi: 10.1016/j.jcmg.2019.06.018

29. Brandt V, Schoepf UJ, Aquino GJ, Bekeredjian R, Varga-Szemes A, Emrich T, et al. Impact of machine-learning-based coronary computed tomography angiography-derived fractional flow reserve on decision-making in patients with severe aortic stenosis undergoing transcatheter aortic valve replacement. Eur Radiol. (2022) 32:6008–16. doi: 10.1007/S00330-022-08758-8

30. van Hamersvelt RW, Voskuil M, de Jong PA, Willemink MJ, Išgum I, Leiner T. Diagnostic performance of on-site coronary CT angiography–derived fractional flow reserve based on patient-specific lumped parameter models. Radiol Cardiothorac Imaging. (2019) 1:1–9. doi: 10.1148/ryct.2019190036

31. Fujii Y, Kitagawa T, Ikenaga H, Tatsugami F, Awai K, Nakano Y. The reliability and utility of on-site CT-derived fractional flow reserve (FFR) based on fluid structure interactions: comparison with FFRCT based on computational fluid dynamics, invasive FFR, and resting full-cycle ratio. Heart Vessels. (2023) 38(9):1095–107. doi: 10.1007/S00380-023-02265-6

32. Ihdayhid AR, Sakaguchi T, Kerrisk B, Hislop-Jambrich J, Fujisawa Y, Nerlekar N, et al. Influence of operator expertise and coronary luminal segmentation technique on diagnostic performance, precision and reproducibility of reduced-order CT-derived fractional flow reserve technique. J Cardiovasc Comput Tomogr. (2020) 14:356–62. doi: 10.1016/J.JCCT.2019.11.014

33. Kumamaru KK, Angel E, Sommer KN, Iyer V, Wilson MF, Agrawal N, et al. Inter- and intraoperator variability in measurement of on-site CT-derived fractional flow reserve based on structural and fluid analysis: a comprehensive analysis. Radiol Cardiothorac Imaging. (2019) 1:1–7. doi: 10.1148/RYCT.2019180012

34. Ko BS, Cameron JD, Munnur RK, Wong DTL, Fujisawa Y, Sakaguchi T, et al. Noninvasive CT-derived FFR based on structural and fluid analysis: a comparison with invasive FFR for detection of functionally significant stenosis. JACC Cardiovasc Imaging. (2017) 10:663–73. doi: 10.1016/J.JCMG.2016.07.005

35. Nicol ED, Stirrup J, Roughton M, Padley SPG, Rubens MB. 64-channel cardiac computed tomography: intraobserver and interobserver variability (part 1): coronary angiography. J Comput Assist Tomogr. (2009) 33:161–8. doi: 10.1097/RCT.0B013E31817C423E

36. Kerl JM, Schoepf UJ, Bauer RW, Tekin T, Costello P, Vogl TJ, et al. 64-slice multidetector-row computed tomography in the diagnosis of coronary artery disease: interobserver agreement among radiologists with varied levels of experience on a per-patient and per-segment basis. J Thorac Imaging. (2012) 27:29–35. doi: 10.1097/RTI.0B013E3181F82805

37. Murphy ML, Galbraith JE, de Soyza N. The reliability of coronary angiogram interpretation: an angiographic-pathologic correlation with a comparison of radiographic views. Am Heart J. (1979) 97:578–84. doi: 10.1016/0002-8703(79)90184-4

38. Achenbach S, Ropers D, Holle J, Muschiol G, Daniel WC, Moshage W. In-plane coronary arterial motion velocity: measurement with electron-beam CT. Radiology. (2000) 216:457–63. doi: 10.1148/RADIOLOGY.216.2.R00AU19457

39. Leipsic J, Yang TH, Thompson A, Koo BK, John Mancini GB, Taylor C, et al. CT angiography (CTA) and diagnostic performance of noninvasive fractional flow reserve: results from the determination of fractional flow reserve by anatomic CTA (DeFACTO) study. Am J Roentgenol. (2014) 202:989–94. doi: 10.2214/AJR.13.11441

40. Tesche C, Otani K, De Cecco CN, Coenen A, De Geer J, Kruk M, et al. Influence of coronary calcium on diagnostic performance of machine learning CT-FFR: results from MACHINE registry. JACC Cardiovasc Imaging. (2020) 13:760–70. doi: 10.1016/J.JCMG.2019.06.027

41. Takagi H, Ishikawa Y, Orii M, Ota H, Niiyama M, Tanaka R, et al. Optimized interpretation of fractional flow reserve derived from computed tomography: comparison of three interpretation methods. J Cardiovasc Comput Tomogr. (2019) 13:134–41. doi: 10.1016/J.JCCT.2018.10.027

42. Cami E, Tagami T, Raff G, Fonte TA, Renard B, Gallagher MJ, et al. Assessment of lesion-specific ischemia using fractional flow reserve (FFR) profiles derived from coronary computed tomography angiography (FFRCT) and invasive pressure measurements (FFRINV): importance of the site of measurement and implications for patient referral for invasive coronary angiography and percutaneous coronary intervention. J Cardiovasc Comput Tomogr. (2018) 12:480–92. doi: 10.1016/J.JCCT.2018.09.003

43. Gohmann RF, Seitz P, Pawelka K, Majunke N, Schug A, Heiser L, et al. Clinical medicine combined coronary CT-angiography and TAVI planning: utility of CT-FFR in patients with morphologically ruled-out obstructive coronary artery disease. J Clin Med. (2022) 11:1331–44. doi: 10.3390/jcm11051331

44. Iwasaki K, Kusachi S. Coronary pressure measurement based decision making for percutaneous coronary intervention. Curr Cardiol Rev. (2009) 5:323. doi: 10.2174/157340309789317832


Appendix


TABLE 1 Difference in CAD categorizations between observers.

[image: Table 5]











	
	TYPE Original Research

PUBLISHED 05 January 2024
DOI 10.3389/fcvm.2023.1305526






[image: image2]

Do blood flow patterns in the left atriums differ between left upper lobectomy and other lobectomies? A computational study

Wentao Yi1, Tomohiro Otani1*, Shunsuke Endo2 and Shigeo Wada1

1Department of Mechanical Science and Bioengineering, Graduate School of Engineering Science, Osaka University, Osaka, Japan

2Saitama Medical Center, Jichi Medical University, Saitama, Japan

EDITED BY
Hitomi Anzai, Tohoku University, Japan

REVIEWED BY
Kenichiro Suwa, Hamamatsu University School of Medicine, Japan
Mingzi Zhang, Macquarie University, Australia

*CORRESPONDENCE Tomohiro Otani otani.tomohiro.es@osaka-u.ac.jp

RECEIVED 01 October 2023
ACCEPTED 15 December 2023
PUBLISHED 05 January 2024

CITATION Yi W, Otani T, Endo S and Wada S (2024) Do blood flow patterns in the left atriums differ between left upper lobectomy and other lobectomies? A computational study.
Front. Cardiovasc. Med. 10:1305526.
doi: 10.3389/fcvm.2023.1305526

COPYRIGHT © 2024 Yi, Otani, Endo and Wada. 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: Left atrial (LA) hemodynamics after lung lobectomies with pulmonary vein (PV) resection is widely understood to be a risk factor for LA thrombosis. A recent magnetic resonance imaging study showed that left upper lobectomy (LUL) with left superior pulmonary vein resection tended to cause LA flow patterns distinct from those of other lobectomies, with flow disturbances seen near the PV stump. However, little is known about this flow pattern because of severe image resolution limitations. The present study compared flow patterns in the LA after LUL with the flow patterns of other lobectomies using computational simulations.



Methods: The computational simulations of LA blood flow were conducted on the basis of four-dimensional computed tomography images of four lung cancer patients prior to lobectomies. Four kinds of PV resection cases were constructed by cutting each one of the PVs from the LA of each patient. We performed a total of five cases (pre-resection case and four PV resection cases) in each patient and evaluated global flow patterns formed by the remaining PV inflow, especially in the upper LA region.



Results: LUL tended to enhance the remaining left inferior PV inflow, with impingements seen in the right PV inflows in the upper LA region near the PV stump. These flow alterations induced viscous dissipation and the LUL cases had the highest values compared to other PV resection cases, especially in the LV systole in three patients, and reached three to four times higher than those in pre-resection cases. However, in another patient, these tendencies were weaker when PV inflow was stronger from the right side than from the left side, and the degree of flow dissipation was lower than those in other PV resection cases.



Conclusion: These findings suggest marked variations in LA flow patterns among patients after lobectomies and highlights the importance of patient-specific assessment of LA hemodynamics after lobectomies.
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left atrium, lobectomy, pulmonary vein, computational fluid dynamics, hemodynamics





1 Introduction

Left atrial (LA) thrombosis has received much attention as a cause of cerebral infarction. Although LA thrombosis is thought to occur in pathological conditions such as LA fibrillation (1), recent cohort studies have shown that lung lobectomy, which is a common surgical treatment for lung cancer patients (2), is a significant risk factor for LA thrombosis even in patients with no prior history of cardiac disease (3–5). A lobectomy requires an associated pulmonary vein (PV) resection from the LA and thrombus formation in the PV stump, where the remaining PV resected, was reported for 3.6% of 193 patients (6). Several potential factors of thrombus formation have been proposed such as LA hemodynamic alteration (7–11), PV stump morphologies (7), and inflammatory responses (12). However, thrombus formation after lobectomy is rare (approximately 5% of LUL cases (5)), and the mechanism of the thrombosis in the PV stump therefore remains unclear.

Furthermore, several clinical studies reported that left upper lobectomy (LUL) with left superior PV (LSPV) resection has a relatively high risk of thrombus formation (5, 6, 13), while this causal mechanism is unknown. To clarify the characteristic differences of the LUL from viewpoints of LA hemodynamics, Umehara et al. (14) compared LA flow patterns among four types of lobectomies, i.e., LUL and left-lower, right-upper, and right-lower lobectomies regardless of the thrombus formation by four-dimensional flow magnetic resonance imaging (MRI). They reported that LUL likely caused flow disturbances around the LSPV stump, which was absent in almost all cases treated with the other types of lobectomies. However, these findings were based on flow pathlines derived from flow velocity fields on MRI scans with severely limited spatiotemporal resolution. These LA flow patterns were variable and complex, characterized by multiple intermixing PV inflows, and little is known about them given the limited MRI data.

To address this issue, computational fluid dynamics (CFD) simulation of LA hemodynamics is a promising approach to describe flow patterns after lobectomies and associated PV resections. We previously investigated the possible effects of LUL (15) and associated physiological changes (16) on LA hemodynamics, and found remarkable LA flow changes associated with left and right PV inflow impingement after LUL. Because the computational approach can represent lobectomies with PV resection virtually in each patient, CFD simulations of LA hemodynamics with virtual PV resection could reveal the distinctive LA flow patterns after LUL implied by MRI studies through comparison with those after other lobectomies.

This study investigated LA flow patterns after different types of lobectomies using four-dimensional computed tomography (4D-CT)-based computational simulations and analyzed distinctive flow patterns after LUL. Following CFD simulation of LA blood flow and virtual PV resections, as developed in our previous study (16), we compared LA blood flow patterns before and after PV resection in four patients.



2 Material and methods

This study conducted CFD simulations of LA hemodynamics using 4D-CT images of four lung cancer patients before lobectomy. They received an LUL at the Department of Thoracic and Cardiovascular Surgery at Jichi Medical University Hospital. Thrombus formation in the PV stump was not found for each patient after the LUL. CT images were acquired in previous studies (15, 16). The study was approved by the Institutional Review Board of Jichi Medical University.


2.1 Preprocessing

First, 4D-CT images of four lung cancer patients (participants 1–4) were obtained using a 128-slice multi-detector CT scanner (SOMATOM Definition Flash; Siemens, Berlin, Germany) at Jichi Medical University Hospital and reconstructed over 20 phases of the cardiac cycle from ventricular end-diastole. The cardiac length T in each participant was shown in Table 1.


TABLE 1 Participant information: cardiac length T (ms) and cross-sectional area (mm2) of each pulmonary vein (PV) in each participant (left superior PV: LSPV, left inferior PV: LIPV, right superior PV: RSPV, right inferior PV: RIPV).

[image: Table 1]

LA surface shapes in each phase were reconstructed using Mimics software (version 23; Materialise, Inc., Yokohama, Japan), in which cuts were made in proximal parts of the PVs before the first bifurcation, where the PV cross section was orthogonal to the PV direction. Figure 1 shows a representative LA surface (a) and time courses of the LA and left ventricle (LV) volume in each participant (b). The PV cross-sectional area is shown in Table 1. In each patient, the cross-sectional areas of the left and right superior PVs (LSPV and RSPV, respectively) tended to be larger than those of the left and right inferior PVs (LIPV and RIPV, respectively), except for the LSPV in participant 4.


[image: Figure 1]
FIGURE 1
Representative left atrium surface (anterior and posterior views) of participant 1 at phase 9(a), and time courses of the left atrium and left ventricle volume (b).


LA wall displacements in a cardiac cycle were estimated from non-rigid point registration (17, 18) and temporally interpolated by Fourier series expansion. Cylindrical tubes were attached to sections of the PVs and mitral valve (MV) to reduce the effects of artificially set boundary conditions on LA blood flow (19). Furthermore, the time courses of LV volume were interpolated using Fourier series expansion to compute the total flow rate through the MV in LV diastole.


2.1.1 Virtual PV resection

To compare LA blood flow patterns with different PV resections, each PV resection case was constructed for each subject, as shown in Figure 2. Each one of the PVs was cut and smoothly filling the incision to form a stump-like structure as in Yi et al. (16). Consequently, a total of five cases (one pre-cases and four PV-resection cases) was prepared in each participant.


[image: Figure 2]
FIGURE 2
Representative left atrium surfaces with virtual pulmonary vein (PV) resections of the left-superior (LS), left-inferior (LI), right-superior (RS), and right-inferior (RI) PVs for participant 1.





2.2 Computational fluid dynamics simulation

In the CFD simulations, LA blood flow was treated as a prescribed moving-wall boundary problem using moving LA surfaces. The simulations were performed using a Cartesian grid CFD solver developed in (15, 20). Blood was assumed to be an incompressible Newtonian fluid, and continuity and incompressible Navier-Stokes equations were adopted to yield the governing equation:

[image: Eq]

where v is the velocity vector, p is pressure, blood density ρ = 1.05 × 103 kg/m3, and dynamic viscosity η = 3.5 × 10−3 Pa⋅s. Governing equations are discretized using the finite difference method in conventional staggered grids, and flow velocities and pressure are updated in a step-by-step manner. For details of the computational schemes and spatiotemporal discretization, please see our previous work (15).

The boundary conditions are as follows. The no-slip boundary condition was assigned on the wall boundary using the boundary data immersion method (21). The MV was assumed to be a wall boundary when it was closed during LV systole, whereas a uniform transient velocity profile was set at the MV when the MV opened during LV diastole. The MV flow rate profile was determined by the time course of the LV volume change shown in Figure 1B. On each PV cross-section, we applied uniform pressure boundary conditions of pressure PPV, expressed as PPV = P0 + KiQPV, where P0 is the baseline, Ki is the terminal resistance at each PV, and QPV is the flux through the PV cross section. We set P0 = 0 Pa and Ki to be inversely proportional to the corresponding cross-sectional area of each PV, assuming that the velocity was the same for all PVs (22).

The computational domain was discretized as uniform Cartesian grids of 256 × 256 × 256, where the grid size was 0.6 mm in each direction in accordance with a test of grid size dependencies conducted in our previous study (15). The time increment was chosen to ensure that the Courant–Friedrichs–Lewy number was less than 0.1. Each computational simulation was conducted over three cardiac cycles, and the Results section shows the solution in the third cycle unless otherwise noted.



2.3 Postprocessing

To clarify the global LA blood flow pattern in each PV resection case from a fluid mechanical sense, we adopted Lagrange-based flow descriptors which extract flow characteristics from flow velocity fields. First, the flow pathline from 0T to 0.35T was depicted by mass-less tracers Xp set in each PV section before PV resection to confirm the PV inflow directions. Next, backward finite-time Lyapunov exponents (FTLEs) in the cross-sectional plane of the upper LA region were visualized in all cases to capture PV inflow before and after each PV resection. The backward FTLE can be understood as Lagrange coherent structure, which is locally the most strongly attracting material surface (i.e., flow boundaries) according to dynamical systems theory (23, 24), and thus is effective in quantifying complex LA flow topologies created by multiple PV inflows. The FTLEs were computed from the flow map [image: Eq] with respect to mass-less tracers at initial time t0 by solving the advection in the LA blood flow in finite time τ (23), given by

[image: Eq]

Here, We adopted τ = 50 ms. For negative τ (<0), the FTLE ridges show directions of high flow stretching, known as attracting Lagrange coherent structure. Trajectories of mass-less tracers were computed by fourth-order Runge-Kutta method, and flow velocity fields were linearly interpolated in space and time in each grid.

Furthermore, global flow characteristics in the LA were evaluated on the basis of the flow kinetic energy and dissipation rate, given by

[image: Eq]

where Ωf is the LA domain and S indicates the symmetric components of ∇v.




3 Results


3.1 Flow pathlines

Figure 3 shows representative flow pathlines of participant 2 before the lobectomies. LSPV inflow entered along the LA roof and LIPV inflows entered underneath the LSPV inflow. The inflows from the right PVs flowed directly into the inferior region of the LA, almost in parallel. These characteristics were also observed in other participants.


[image: Figure 3]
FIGURE 3
Representative pre-resection flow pathlines from 0T to 0.35T for participant 2 (LSPV: left superior pulmonary vein, LIPV: Left inferior pulmonary vein, RSPV: right superior pulmonary vein, RIPV: right inferior pulmonary vein). Colors of pathlines show each PV inflow and white arrows show the inflow direction from the pulmonary veins.


The flow pathlines in each virtual PV resection are shown in Figure 4. In LSPV resections, LIPV inflows entered directly, flowed toward the anterior LA wall, and impinged on the RSPV inflows. In RSPV resections, LSPV inflows also reached the right side of the LA and flowed downward. The changes in the remaining inflow patterns were relatively small in LIPV and RIPV resections.


[image: Figure 4]
FIGURE 4
Same as Figure 3, but in cases with virtual PV resections.




3.2 Backward finite-time Lyapunov exponents

Figure 5 shows the backward FTLEs in the cross-sectional plane of the upper LA regions before PV resection, as well as each PV resection at end-systole (t = 0.35T) and early-diastole (t = 0.55T). Supplementary Video 1 shows time courses of FTLEs in all virtual PV resection cases over one cardiac cycle. Here, boundaries between PV inflows are shown in a high-FTLE region (attracting Lagrange coherent structure). In the LSPV resection, flow impingement was found between LIPV and RSPV inflows, and flow disturbances occurred near the LSPV stump. In the RSPV resection, the LSPV inflows reached the right side of the LA, while flow impingement was not found in the upper LA region and flow in the RSPV stump was isolated. In LIPV and RIPV resections, FTLE distributions generated by remaining PV inflows were almost the same as those in pre-resection cases.


[image: Figure 5]
FIGURE 5
Spatial distribution of the backward finite-time Lyapunov exponent on the cross-sectional plane of the left atrial upper region, at t = 0.35T (systole) and t = 0.55T (diastole) in participant 2 before PV resection (LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein). Representative PV resection cases are also shown. These time courses are shown in a whole cardiac cycle in Supplementary Video 1.


Figure 6 shows the backward FTLE distribution in participant 4 at end-systole (t = 0.35T) and early-diastole (t = 0.55T). Both LSPV and LIPV resection caused flow disturbances in the center region, whereas the flow boundaries of the right PV inflows were almost the same as the pre-resection ones. Conversely, RSPV resection enhanced the RIPV inflows, which extended to the anterior side of the LA. Similarly, in the RIPV resection case, RSPV inflows entered the posterior side of the LA.


[image: Figure 6]
FIGURE 6
Same as Figure 5 but for participant 4.




3.3 Global energetic states

Figure 7 shows time courses of the flow kinetic energy and dissipation rate in the LA before and after each PV resection in each participant. Overall, the kinetic energy and dissipation rate in a whole cardiac cycle showed similar trends in pre-resection and PV resection cases, while in PV resection cases they were relatively larger than the pre-resection ones in all participants. The kinetic energy had three local maximum peaks at mid-systole, early to mid-diastole, and late diastole. In participants 1–3, the kinetic energy increased moderately during the LV systole phase and reached at most 3 mJ in all participants, whereas those in the LSPV resection cases showed the highest values at systole peak compared to other PV resection cases (approximately two to three folds higher than those in pre-resection cases). Also, the dissipation rate in the LV systole phase was almost constant in pre-resection cases (at most 3 mJ/s), whereas those in the LSPV resection case had the highest values at the systolic peak and approached three to four folds higher than those in pre-resection case. On the contrary, the values for LSPV were lower than those for the other PV resections in participant 4, for whom RSPV showed the greatest flow dissipation during a cardiac cycle.


[image: Figure 7]
FIGURE 7
Time courses of the flow kinetic energy (left) and dissipation rate (right) in the left atrium over a whole cardiac cycle in the pre-resection case (Pre-res), left superior pulmonary vein (LSPV) resection case (RLSPV), left inferior pulmonary vein (LIPV) resection case (RLIPV), right superior pulmonary vein (RSPV) resection case (RRSPV), and right inferior pulmonary vein (RIPV) resection case (RRIPV), in each participant.





4 Discussion

The effect of LUL on LA hemodynamics has received much attention because of its association with LA thrombosis (5, 7). A recent MRI study pointed out the distinctive blood flow patterns in the LA after LUL compared with other lobectomies regardless of thrombus formation (14), but detailed flow characteristics remain elusive because of severe image resolution limitations. Therefore, this study conducted CFD simulations with virtual PV resections and analyzed the resulting LA blood flow patterns.

The blood flow pattern in the LA for each PV resection was visualized using Lagrange descriptors, especially in the upper region of the LA, and the global energetic states were calculated. Before PV resection, the left PV inflow was horizontal and flowed toward the right side of the LA without impingement, whereas both right PV inflows flowed downward in parallel (Figure 3). This asymmetric flow pattern is well known, being shown by existing measurements (25, 26) and CFD simulations (27). As a representative case, in participant 2 in this study, LSPV resection increased LIPV inflow, and the LIPV reached the anterior LA wall with impingement of the right PV inflows causing flow disturbances around the LPSV stump (Figure 5). In contrast, the RSPV resection also enhanced the remaining LSPV inflow, while flow disturbances in the upper LA region were relatively weak, and the effects of LIPV and RIPV resections on the global LA flow patterns were small. These tendencies were also reflected in the global energetic states as relatively strong flow dissipation (Figure 7) in participants 1–3, and these findings are consistent with the clinical observation that LSPV resection tends to form distinctive flow patterns with flow disturbances occurring near the PV stump (14). Because these flow patterns may be induced by asymmetric LA flow patterns originating from anatomically complex LA geometries (25), the LA blood flow alteration after LUL noted above is likely typical in clinical datasets.

However, LA and PV geometries varied markedly among patients, and thus the resulting blood flow patterns also had large variations, as seen in participant 4 in this study. In this case, the LSPV cross-sectional area was the smallest among all PVs (Table 1), and the effects of LSPV resection were smallest on the global energetic state of the LA (Figure 7). In contrast, RSPV resection induced strong flow dissipation, which may have resulted from enhanced flow impingement between the left PV inflows and the remaining RIPV inflows caused by the RSPV resection (Figure 6). Although the LIPV tended to be smallest among all PVs, large patient-specific variations in PV morphologies have been documented (28). Given that PV location and flow rate balance have been considered as factors influencing LA blood flow even for the MV plane and LA appendage (29–31), patient-specific variations in PV morphologies and the remaining PV inflows are essential when considering patient-specific flow characteristics in the PV stump.

It should be noted that this study investigated global LA flow patterns after PV resections, and thus evaluated the flow kinetic energy and dissipation rate in a whole LA domain as indicators of global hemodynamic states. Because the same total flow rate through the LA was set in both pre and post-resection cases based on measurements in our previous studies (15, 16), a PV resection increased the inflow rate and associated flow velocity through the remaining PVs. Furthermore, this inflow enhancement tended to induce flow impingement with viscous dissipation (Figure 5). Therefore, we believe that the relatively high kinetic energy and dissipation rate in post PV resection (Figure 7) are reasonable from a fluid mechanical viewpoint.

This study had four main limitations. First, it aimed to clarify the distinctive LA blood flow patterns after LUL observed in clinical practice, and the association between LA flow patterns and PV stump thrombosis was beyond its scope. Although global LA flow patterns and its flow disturbances are considered one of the risk factors for thrombus formation in the PV stump (7, 9, 14), thrombus formation in PV stump is rare (approximately 5% (5)) depending on several influential factors not only the LA hemodynamics but also PV stump morphologies (7) and physiological factors such as inflammatory responses (12). In addition, due to shortages of patient datasets, four participants recruited in this study are not cases of PV stump thrombosis after LUL. Thus, systematic studies with large patient datasets are necessary to identify the essential factors in PV stump thrombosis. Second, lobectomies may cause physiological changes in the remaining PV inflow, as well as in LA and LV function, as discussed in our previous study (16). Thus, CFD simulation with virtual PV resection may over- or underestimate LA flow alteration after lobectomies. However, comparison of LA flow patterns among PV resections within the same participant is clinically infeasible, and computational modeling is a possible alternative to estimate the effects of each PV resection on LA hemodynamics. Third, this study assumed that the flow velocity was identical among PV inflows and did not consider patient-specific inflow rates. Flow rate balance among PVs is not only determined by the lung lobe volume (32) but is also influenced by body posture (33); therefore, it is difficult to identify even within a single patient. Furthermore, lobectomies lead to expansion of the remaining lung lobes to compensate for the resected lobe function (34). Lobectomies may also alter the inflow rate balance among remaining PV inflows, although to our knowledge no studies have examined PV inflow rate changes after lobectomies. Further clinical investigation of PV inflows would provide valuable insights into the mechanisms underlying the LA blood flow patterns associated with thrombosis. Fourth, quantification of the global LA blood flow patterns by possibly a single parameter is an interesting topic for clinical usage, while these issues include multi-scale turbulent flow dynamics and are still challenging, even in the turbulent research field, to our knowledge. As an alternative approach, we considered visualizing the flow topology from flow velocity fields and extracted the flow boundaries formed by multiple PV inflows. Such postprocessing is effective in interpreting characteristic behaviors of spatiotemporally varying velocity fields while limiting quantitative discussion for further analyses using large patient datasets. For this issue, a data science approach that can handle big data problems would be reasonable to quantify the complex blood flow patterns.



5 Conclusions

This study considered the distinctive LA blood flow patterns after LUL pointed out by recent MRI studies relative to those of lobectomies performed in other sites. We performed 4D-CT-based CFD simulations of LA blood flow without and with virtual PV resections, which modeled the effects of lung lobectomy, and compared the blood flow patterns, especially for the remaining PV inflows. LSPV resection tended to enhance LIPV inflow such that it reached the LA anterior wall, resulting in impingement of the right PV inflows in the upper LA region with relatively severe flow disturbances around the PV stump. However, LA flow patterns after PV resections showed large patient-specific variations because of the LA and PV geometries, and the relative effects of each PV resection on the LA flow patterns differed among participants. These results suggest the marked patient-specific variations and highlights the importance of patient-specific assessment of the LA hemodynamics after lobectomies.
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Background: The concepts of “individualization” and “preventive treatment” should be incorporated into the precise diagnosis and treatment of coronary heart disease (CHD). Both hemodynamics and Chinese medicine constitution studies align with these two concepts.



Methods: This study utilized data from 81 patients with CHD, including 12 patients with balanced constitution (BC), 20 patients with blood stasis constitution (BSC), 17 patients with phlegm-dampness constitution (PDC), 15 patients with qi-deficiency constitution (QDC), and 17 patients with other constitutions. Clinical data provided information on the patients' blood property, heart function, degree of coronary stenosis, coronary hemodynamics, and so on. These parameters were compared between patients with balanced constitution vs. biased constitutions as well as between those with blood stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution.



Results: Compared to biased constitution (BC), patients with balanced constitution exhibited lower total cholesterol (TC) levels and low-density lipoprotein (LDL) levels. Additionally, they had lighter stenosis degrees in the Left anterior descending branch (LAD) and Left circumflex branch (LCX) branches. The hemodynamic condition of the LAD and LCX was better for those with balanced constitution; however there was no difference in heart function. Among the groups categorized by blood stasis, phlegm dampness or qi deficiency constituions, patients classified under phlegm dampness had higher levels of LDL compared to those classified under blood stasis or qi deficiency, while patients classified under qi deficiency had higher levels of blood glucose compared to those classified under blood stasis or phlegm dampness. Hemodynamic environments also differed among the LAD and LCX for each group but there were no significant differences observed in heart function or degree of coronary stenosis among these three groups.



Conclusion: The balanced constitution demonstrates superior blood property, degree of coronary artery stenosis, and coronary hemodynamics compared to the biased constitution. Furthermore, among the three constitutions with CHD, variations in blood property and certain hemodynamic parameters are observed. These findings emphasize the significant clinical value of incorporating physical factors into the diagnosis and treatment of patients with CHD.



KEYWORDS
coronary artery, coronary heart disease, traditional Chinese medicine constitution, hemodynamics, modeling and simulation





1 Introduction

Coronary heart disease is a prevalent cardiovascular disorder (1, 2) caused by stenosis in the coronary artery that impedes blood perfusion. The primary cause of this stenosis is the development of atherosclerotic plaque (3). Atherosclerotic plaques form within the coronary artery and subsequently obstruct it, leading to inadequate blood supply to the distal end of the artery and resulting in symptoms such as angina pectoris. In order to achieve precise diagnosis and treatment for coronary heart disease, it is essential to adopt the concepts of “individualization” and “preventive treatment”. The term “individualization” implies that even if patients exhibit similar examination results, their diagnosis and treatment decisions should still be tailored specifically for each individual. Similarly, “preventive treatment” emphasizes not only focusing on current coronary artery stenosis but also assessing future coronary blood flow transport capacity and preventing risk factors among potential patients with coronary heart disease. These two concepts are effectively implemented in hemodynamics theory and TCM constitution.

Hemodynamics is a scientific discipline that investigates the impact of blood flow and vascular physiology. Hemodynamic factors play a pivotal role in the onset and progression of coronary heart disease. Research has demonstrated that stable high wall shear stress (WSS) promotes the expression of endothelial cells' anti-atherogenic genes, whereas low WSS and high Oscillating shear index (OSI) facilitate the expression of atherogenic genes (4, 5). Analyzing the cardiovascular hemodynamic environment in patients enables an assessment of their risk for developing coronary heart disease, facilitating personalized prevention and treatment strategies for patients.

The constitution is a comprehensive and relatively stable trait of morphological structure, physiological function, and mental state that develops based on innate endowment and acquired factors. In traditional Chinese Medicine, the study of constitution characteristics, evolution rules, influencing factors, and classification standards aims to understand different constitutions starting from human beings. TCM has a complete theoretical and practical system for preventing, diagnosing, treating, rehabilitating, and preserving health in diseases. The balanced constitution is the most prevalent among the general population in China, comprising 32.14% according to epidemiological survey data conducted by academician Qi Wang across 9 provinces and cities with a sample size of 21,948 individuals. Meanwhile, the biased constitution accounts for 67.86%. Coronary heart disease (CHD) is a chronic disease with high incidence and risk where the concept of “arguing body to judge treatment” based on TCM constitution can significantly contribute to its diagnosis and treatment. Among the prevalent constitutional types observed in patients with CHD, the predominant three are blood stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution, accounting for 20.96%, 18.46%, and 15.86% respectively (6). The TCM constitution is closely associated with the severity of coronary artery stenosis and the number of affected branches, as well as blood properties such as density, hemodynamic viscosity, and other cardiovascular characteristics.

Both hemodynamics and TCM constitution incorporate the principles of “personalized” and “preventive treatment” in the diagnosis and management of coronary heart disease. Simultaneously, they also examine CHD from a holistic perspective, considering patients' overall health status as well as local blood flow characteristics within the coronary artery. Consequently, this study aims to investigate the correlation between patients' constitution and hemodynamic factors associated with CHD, encompassing the relationship between constitution and blood properties, constitution and cardiac function, constitution and morphological structure of coronary arteries, as well as constitution and coronary hemodynamics.



2 Method


2.1 Patient data collection

The clinical patient data utilized in this study were obtained from the Heart Center of Peking University People's Hospital between 2021 and 2023. The following are the selection criteria for inclusion by our patients.


2.1.1 Inclusion and exclusion criteria of patients

Inclusion criteria:


	①Age ≥18 and ≤90:

	②Completed coronary CTA, echocardiography and blood routine examination in the hospital;

	③The informed consent shall be signed by the applicant or his/her immediate family member.

	④The TCM Constitution Classification and Judgment Scale should be filled in truthfully under the guidance of TCM doctors.



Exclusion criteria:


	①Age <18 years or >90 years;

	②Received coronary stent or coronary artery bypass graft surgery;

	③Unclear consciousness, can not express subjective symptoms and psychiatric patients;

	④Accompanied by more than one serious secondary progressive malignant tumor or other serious wasting disease.



Coronary CTA enables the acquisition of the number, stenosis rate, and stenosis length for each branch of the LAD, LCX, and right coronary artery (RCA). Additionally, it facilitates 3D reconstruction of the coronary artery to calculate hemodynamics for each vessel. Echocardiography was employed to measure ejection fraction (EF), left ventricular end-diastolic diameter (LVEDD), and left atrial diameter (LA). Blood tests were conducted to determine TC levels, LDL levels, and blood glucose levels.

TCM constitution identification was accomplished by guiding patients through completion of the TCM Constitution Classification and Judgment Scale. Patients answered all questions on a 5-point scale within this questionnaire. Original scores were calculated alongside transformation scores to evaluate each patient's constitution type. In cases where patients exhibited more than two biased constitution, their main constitution type was identified based on higher transformation scores. A healthy constitution was defined as balanced while other constitutions were classified as biased constitution. Among patients with CHD, common constitution types included blood stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution. This paper compares different constitutions in two aspects: firstly comparing balanced vs. biased constitution; secondly comparing blood stasis constitution against phlegm-dampness constitution and qi-deficiency constitution.




2.2 Construction of coronary hemodynamic model and data collection


2.2.1 3D coronary artery model construction

In this study, a 0D-3D coupled multi-scaled modeling method was utilized to construct a coronary hemodynamic model. The coronary artery CTA data were used for 3D reconstruction, and tetrahedral grids were employed for meshing. All grids passed sensitivity analysis. Then, the vessel properties and blood properties were set as rigid wall, the blood was set as incompressible viscous Newtonian fluid, the density of the blood was set as 1,050 kg/m3, and the kinetic viscosity was set as 0.0035 Pa·s. The governing equation of blood flow is Navier-Stokes equation (N-S equation), and the flow is set to laminar flow.



2.2.2 Construction of coronary 0D-3D coupled multi-scaled model

In this study, the lumped parameter model (also known as 0D model) was used to provide boundary conditions for the 3D model, so it is necessary to design 0D model of different structures according to the parts connected by the inlet and outlet of the 3D model. The inlet of the 3D model was the heart, and its outlet included the distal of the aorta and its bifurcation vessels, as well as the distal of the coronary vessels. Therefore, the 0D model for this study consists of three modules: the heart module, the systemic circulation module and the coronary circulation module. The design structure of these three modules is shown in Figure 1.


[image: Figure 1]
FIGURE 1
Coronary 0D-3D coupled multi-scaled model. (A) is the heart module, which provides boundary conditions for the aortic inlet of the model; (B) is the systemic circulation module, which provides boundary conditions for the aortic outlet of the model; and (C) is the coronary module, which provides boundary conditions for the coronary outlet of the model.


For the heart module, its structure is shown in Part A of the figure. In order to provide a boundary condition for the aortic inlet of the 3D model, our heart model only contains the left heart part, and omits the right heart part. In the left heart, the blood enters the left ventricle through the left atrium and the mitral valve. The left ventricle pushes the blood out of the aorta and then the systemic circulation is completed. Ula in part A of the picture is a constant voltage source, representing the pressure in the left atrium, This is because the stress in the left atrium is small and does not fluctuate significantly with the cardiac cycle, so a constant voltage source can be used instead. The two diodes represent the mitral valve and the aortic valve from left to right respectively, which ensures the unidirectional conduction of the current; the resistance Rla and the inductance Lla represent the blood flow resistance and the blood flow inertia flowing through the mitral valve respectively; the resistance Rlv represents the blood flow resistance flowing through the aortic valve. C(t) is a time-varying capacitance that reflects the periodic contraction and relaxation of the left ventricle over time, and its value is regulated by the pressure-volume relationship of the left ventricle.

For the systemic circulation module, it is shown in part B of the figure. The resistance Rp represents the resistance of arterial blood flow, the resistance Rd represents the sum of the resistance of the arterial end, the microcirculatory system and the venous system, and the capacitance C represents the elasticity of the arterial blood vessel.

For the coronary module, unlike other vessels, the coronary vessel reaches its peak blood flow during diastole. In order to simulate the special phenomenon of coronary artery, the lumped parameter model of coronary artery needs to consider the influence of myocardial contraction, and the general method is to add a pressure source synchronous with the ventricular pressure in the lumped parameter model. Part C in the figure is the structural diagram of the coronary lumped parameter model. The resistance R represents the coronary blood flow resistance, the resistance R_m represents the coronary microcirculation blood flow resistance, and the resistance R_v represents the venous blood flow resistance. Capacitor C represents the coronary artery. The capacitance C_im represents the vascular compliance of coronary microcirculation. The lower end of the capacitance C_im is connected with a voltage source which represents the extrusion of the myocardial motion to the coronary artery, and the change of the value follows the change of the pressure of the left ventricle.

After determining the structure of the lumped parameter model, the next task is to select the appropriate parameters for each component of the model. In this paper, the genetic algorithm is used to optimize the parameters, and the problem of matching the parameters of the components with the physiological data is solved with the patient's personalized physiological characteristics data as the target (9).

Using the data of systolic pressure, diastolic pressure, heart rate and cardiac output of normal people, the aortic pressure waveform and cardiac output waveform of normal people are fitted as two optimized target waveforms. Based on the research of Kim (8), the parameter values of the lumped parameter model are adjusted manually to the extent that the output waveform matches the target waveform, and the parameters at this time are used as the reference values of the subsequent personalized parameters. In this process, two important points should be noted: (1) the total coronary flow accounts for 4% of the cardiac output, and the left coronary flow and the right coronary flow account for 60% and 40% of the total coronary flow, respectively; (2) the blood flow of the coronary branches accounts for 2.7 power.

Then, the 3D model and 0D model were coupled with specific interface conditions and coupling algorithms, and the coronary 0D-3D coupled multi-scaled model was constructed as shown in Figure 1. The 0D model provides the flow conditions at the entrance and the pressure boundary conditions at the exit for the 3D model. After calculation, the 3D model is the return pressure at the entrance and the discharge at the exit of the 0D model. The specific construction process of 0D-3D coupled multi-scaled model can be referred to the previous research of our research group (9, 10–12).



2.2.3 Extraction of hemodynamic results

After constructing the multi-scaled model and completing the calculation, the hemodynamic results of the three main branches of the coronary artery were extracted, including WSS, wall shear stress gradient (WSSG), OSI and other parameters. At the same time, the 0D model was adjusted to make the afterload become 0.24 times of the resting state to simulate the maximum hyperemia state. The model was calculated under this state, and the FFR (fractional flow reserve) at the distal end of the three main coronary branches was extracted (13, 14).




2.3 Construction of coronary artery repair model

Traditional Chinese medicine constitution is good at analyzing the vulnerability and tendency of different people to diseases, which emphasizes “prevention before disease onset”. The effect of hemodynamics on blood vessels can also be revealed through a certain period of time. In order to study the long-term development of coronary heart disease in patients with different constitutions, a coronary artery repair model was constructed based on a real coronary artery model, as shown in Figure 2.


[image: Figure 2]
FIGURE 2
True coronary artery model (left), coronary artery repair model (right).


In this study, the diameter of the anterior and posterior ends of the coronary artery stenosis was averaged as the reference diameter, and then the coronary artery stenosis was repaired using virtual surgical software to make its diameter into the reference diameter, so that the coronary artery repair model without stenosis was obtained. The coronary artery repair model was used to simulate the state of patients when they were “normal”, and to study whether there were differences in hemodynamics between patients with different constitutions when they were normal. The subsequent modeling methods and the extraction process of hemodynamic results of the coronary repair model were consistent with the real coronary model.



2.4 Statistical method

One-way analysis of variance (ANOVA) was utilized to compare the differences between two groups, namely balanced constitution and biased constitution, as well as three groups including blood stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution. The statistical analysis was conducted using SPSS software. This method effectively enables us to explore the variations in mean values among different groups and subsequently verify our research hypothesis. Prior to conducting the analysis, normal distribution and homogeneity of variance were confirmed for all data. Results were expressed as means with standard deviations. P-value less than 0.05 indicated a significant difference between groups.




3 Results


3.1 Patient baseline data and constitution type

The data utilized in this study were obtained from the Heart Center of Peking University People's Hospital during the period from 2021 to 2023, encompassing a total of 81 patients. The baseline data and constitution classifications are presented in Table 1.


TABLE 1 Baseline data and constitution types of patients.

[image: Table 1]



3.2 Comparison of blood properties and cardiac function in patients with different TCM constitutions

In this study, TC, LDL, blood glucose, left ventricular ejection fraction (LVEF), LVEDD, LA and other parameters were obtained according to blood examination and cardiac ultrasound examination of patients, and their comparison in different TCM constitution groups was as follows. For the grouping of balanced constitution and biased constitution, the results are shown in Table 2.


TABLE 2 Comparison of blood properties and cardiac function between balanced and biased constitution.

[image: Table 2]

Table 2 demonstrates significant disparities in TC and LDL levels between patients with balanced and biased constitution. The balanced constitution group exhibited lower levels of both TC and LDL, whereas the biased constitution group displayed higher levels of both biomarkers. These differences were statistically significant. Furthermore, there was a discernible distinction in blood glucose levels between patients with balanced and biased constitution. However, this disparity did not meet the criteria for statistical significance. Notably, no significant variations were observed between the two groups regarding other cardiac function measures such as LVEF, LVEDD, and LA. For the groups of blood stasis, phlegm dampness, and qi deficiency, the results are shown in Table 3.


TABLE 3 Comparison of blood property and cardiac function of blood stasis constitution, phlegm dampness constitution and qi-stagnation constitution qualities.

[image: Table 3]

According to Table 3, significant differences were observed in LDL and blood glucose levels among patients with blood stasis constitution, phlegm-dampness, and qi-deficiency constitutions. Post hoc multiple comparisons revealed that the LDL level was significantly higher in patients with phlegm-dampness constitution compared to those with blood stasis constitution and qi-deficiency constitutions. Additionally, the blood glucose level was significantly higher in patients with qi-deficiency constitution compared to those with blood stasis constitution and phlegm-dampness constitutions. However, no significant differences were found in TC levels and various cardiac function indexes among the three constitutional types.



3.3 To compare the severity of coronary artery stenosis among patients with different traditional Chinese medicine constitutions

In this study, all patients were examined for the three main branches of the coronary artery. The degree of coronary artery stenosis was determined based on CTA data, which primarily included the maximum stenosis rate of each coronary artery, the corresponding length of stenosis at the maximum rate, and the FFR measurement at the distal end of each coronary artery. Table 4 presents the findings for both groups with a balanced constitution and biased constitution.


TABLE 4 Comparison of the degree of coronary artery stenosis between the balanced constitution and the biased constitution.

[image: Table 4]

According to Table 4, there were statistically significant differences observed between patients with balanced and biased constitution in terms of the maximum rate of stenosis in LAD, as well as the FFR values for both LAD and LCX. Specifically, the maximum rate of stenosis in LAD was significantly higher in the biased constitution group compared to the balanced constitution group. Additionally, the FFR value for LAD was significantly lower in the biased constitution group than in the balanced constitution group. These findings suggest a higher likelihood of coronary stenosis occurring specifically within LAD among patients with a biased constitution. Similarly, LCX FFR values were significantly lower in the biased group compared to those with a balanced constitution, indicating a more severe degree of coronary stenosis within LCX among patients with a biased constitution.

The results for the groups with blood stasis constitution, phlegm dampness, and qi-deficiency constitution are presented in Table 5. It is evident that there were no statistically significant differences observed in the degree of stenosis among the three coronary arteries across these groups.


TABLE 5 Comparison of the degree of coronary artery stenosis of blood stasis, phlegm dampness and qi deficiency.
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3.4 Comparison of coronary hemodynamics in patients with different TCM constitutions

The coronary 0D-3D coupled multi-scaled model was constructed using coronary CTA in this study, and the hemodynamic parameters WSS, WSSG, and OSI were extracted from LAD, LCX, and RCA after calculation. Based on the coronary artery repair model, the hemodynamic parameters in the “normal” state were calculated and extracted. Table 6 presents the results for grouping based on balanced constitution and biased constitution.


TABLE 6 Comparison of coronary hemodynamics between balanced constitution and biased constitution.

[image: Table 6]

In the real coronary model, significant differences in WSS and WSSG were observed between patients with a balanced constitution and those with a biased constitution, as presented in Table 6. The WSS and WSSG values were higher in the biased constitution group compared to the balanced constitution group, particularly in the LAD and LCX coronary branches. No significant differences were found for OSI among different coronary artery branches. However, no significant variations in hemodynamic parameters of each coronary artery were observed between the two groups in the coronary repair model.

Table 7 presents the results for the groups categorized by blood stasis, phlegm dampness, and qi-deficiency. In the realistic coronary model, significant differences were observed in WSS among the LAD branches across the three groups. Post hoc multiple comparisons revealed that the LAD-WSS of the blood stasis type was lower than that of both the phlegm dampness type and qi-deficiency type. Significant differences were also found in OSI among LCX branches within these three groups. According to post hoc multiple comparisons, the LCX-OSI of the qi deficiency type was lower compared to both blood stasis and phlegm dampness types. No significant differences were observed among these three groups for other hemodynamic parameters. However, in terms of coronary repair models, all hemodynamic parameters showed no significant variations between groups.


TABLE 7 Comparison of coronary hemodynamics of blood stasis, phlegm dampness and qi deficiency.
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4 Discussion


4.1 TCM constitution and coronary heart disease

The TCM constitution theory classifies patients into nine fundamental constitution types:balanced constitution, qi-deficiency constitution, yin-deficiency constitution, yang-deficiency constitution, phlegm-dampness constitution, blood stasis constitution, damp-heat constitution, qi-stagnation constitution, and inherited special constitution. Each constitutional type possesses distinct characteristics in terms of physical property, physiological traits, psychological features, pathological response states, and disease tendencies. The balanced constitution represents a state of optimal health. The remaining eight constitutions are referred to as biased constitution which impact the overall health status of patients as well as their susceptibility and predisposition to diseases. Among the general population in China, the most prevalent constitutional type is the balanced constitution accounting for 32.14%. Biased constitution account for 67.86%, with the top three being qi-deficiency Constitution, damp-heat constitution, and yang-deficiency constitution (6). Balanced and biased constitution serve as crucial classifications in constitutional studies representing healthy patients vs. those with compromised health conditions. Among the common constitution types of patients with CHD, the three most prevalent are blood-stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution, accounting for 20.96%, 18.46%, and 15.86% respectively (6). Among these three CHD-prone constitutions, blood stasis showed the most severe degree of coronary artery stenosis and higher levels of blood lipids, making it more susceptible to hypertension. phlegm-dampness exhibited a relatively better heart function performance but also had a higher degree of coronary artery stenosis and elevated blood lipid levels, making it highly prone to hypertension. Qi-deficiency demonstrated a more serious degree of coronary artery stenosis along with higher blood glucose levels and poor vascular compliance (15–18). Patients with other biased constitutions accounted for a small proportion among those with CHD, and their diagnostic characteristics for this condition were relatively weak; therefore, they were not included in this study.

Many scholars have conducted targeted and highly detailed studies on the correlation between TCM constitution and CHD. These research findings have laid a preliminary foundation for our team's work, enabling us to further contemplate the relationship between constitution and CHD, as well as conduct more in-depth research.

In terms of the relationship between TCM constitution and coronary artery morphology, numerous scholars have discovered significant variations in coronary artery morphology among patients with different constitutions suffering from CHD, including differences in the degree of stenosis and number of affected branches (15). Overall, biased constitutions exhibit greater degrees of coronary artery stenosis compared to balanced constitutions. The qi-deficiency constitution, blood-stasis constitution, phlegm-dampness constitution, and other CHD-prone constitutions demonstrate higher levels than other biased constitutions. Positive syndrome constitutions (blood-stasis constitution, phlegm-dampness constitution) surpass deficiency syndrome constitutions (qi-deficiency constitution, yang-deficiency constitution), with blood-stasis constitutional types exceeding phlegm-dampness constitutional types.

Regarding TCM constitution and blood properties, certain constituents such as total cholesterol, triglyceride, low-density lipoprotein cholesterol (LDL-C) are considered risk factors for increased blood viscosity and vascular blockage. Scholars have observed that specific constitutions can elevate blood lipids and glucose levels while inducing viscous blood consistency leading to circulatory obstruction, impaired hemodynamics, and subsequent vascular blockages (16–18). Generally speaking, Yin deficiency and qi-deficiency constitute primarily contribute to elevated blood glucose levels.

However, most researchers have solely focused on the association between constitution, blood properties, and coronary artery stenosis without conducting a multi-faceted comparison based on a batch of data. No scholars have explored the relationship between constitution and FFR, WSS, WSSG, OSI—parameters that can characterize the current or future blood transport function of the coronary artery. Our team believes that delving into this area of research may yield greater value. Therefore, we aim to further investigate the relationship between constitution and hemodynamics in TCM building upon previous scholarly research.

Introducing TCM constitution into the study of coronary hemodynamics holds significant importance. The constitutional theory of TCM serves as an essential basis for diagnosing and treating CHD within this field. Patients with different constitutions exhibit distinct manifestations of CHD requiring varying treatment methods. Approaching treatment from a constitutional perspective aligns with the concept of “preventive treatment for diseases” by focusing on preventing illness before it occurs or progresses while also preventing relapse after recovery. The combination of TCM constitution analysis with hemodynamic studies has demonstrated great value in diagnosing and treating patients with CHD.



4.2 Traditional Chinese medicine constitution and blood properties, heart function, coronary artery morphology and structure

The study revealed no disparity in cardiac function between patients with a balanced constitution and those with a biased constitution. However, significant variations were observed in blood property and the extent of coronary artery stenosis, potentially linked to the metabolic and physiological characteristics associated with each constitution type. The balanced constitution group exhibited lower levels of TC and LDL, both crucial risk factors for cardiovascular disease, suggesting better cardiovascular health. Conversely, patients with a biased constitution displayed higher levels of these measures, indicating an elevated risk for cardiovascular disease. Furthermore, although not statistically significant, the discrepancy in glucose levels between patients with a balanced or biased constitution is noteworthy due to hyperglycemia's association as another risk factor for cardiovascular disease. The degree of coronary artery stenosis serves as an essential indicator to assess the severity of cardiovascular disease. Significant disparities were found in the maximum LAD stenosis rate, LAD FFR, and LCX FFR between patients with balanced constitution compared to those with biased constitution; this suggests that the biased constitution group is more prone to developing coronary stenosis. This outcome may be attributed to risk factors such as dyslipidemia and inflammatory response prevalent among patients with a biased constitution.

For the grouping of blood stasis constitution, phlegm dampness and qi-deficiency constitutions, this study found that there were significant differences among the three constitutions in the levels of LDL and blood glucose, but no significant differences in TC and various cardiac function indexes were found among the three constitutions. Specifically, the LDL level of the phlegm-dampness constitution was significantly higher than that of the blood stasis constitution and the qi-deficiency constitution, and the blood glucose level of the qi-deficiency constitution was significantly higher than that of the blood stasis constitution and the phlegm-dampness constitution, which suggested that the phlegm-dampness constitution population faced the risk of hyperlipidemia, and the qi-deficiency constitution population faced the risk of hyperglycemia. There was no significant difference in heart function and degree of coronary artery stenosis among the three constitutions. This indicates that the differences among the three constitutions of CHD are only in the properties of blood, but there is no significant difference in the structure and function of the heart and coronary vessels.



4.3 Constitution of traditional Chinese medicine and coronary hemodynamics

For the groups with mild and biased constitution, significant differences were observed in WSS and WSSG, but not in OSI in the real coronary model. Specifically, WSS and WSSG were higher in the biased group compared to the mild group, particularly in the LAD and LCX coronary branches. This finding is consistent with a higher degree of stenosis observed in patients with a biased constitution compared to those with a balanced constitution. Blood flow velocity increases at the site of stenosis, and as stenosis severity worsens, this increase becomes more pronounced, leading to an elevation in WSS within hemodynamics. The increase in WSS occurs locally at the site of stenosis followed by a rapid decrease in flow velocity reflected by WSSG, resulting in an overall increase of adverse hemodynamic factors that can contribute to further aggravation of atherosclerosis. In the coronary repair model, no differences were found between both groups regarding all hemodynamic parameters across all coronary branches. This indicates that there are no disparities concerning hemodynamics between patients with balanced constitution and those with biased constitution under “normal” conditions. Furthermore, it suggests that adverse hemodynamic environments are not solely generated due to inherent morphological structures associated with biased constitution themselves. From a purely hemodynamic perspective alone, patients with biased constitution do not exhibit a greater predisposition for developing coronary artery stenosis compared to those with balanced constitution. However, it should be noted that these findings do not take into account potential variations related to blood properties.

For the groups with blood stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution in the realistic coronary model, this study observed that the WSS of the LAD branch in patients with blood stasis constitution was significantly lower compared to those with phlegm-dampness constitution and qi-deficiency constitution. Additionally, the WSSG was slightly smaller for patients with blood stasis constitution compared to the other two constitutions, approaching values similar to those of patients with a balanced constitution. These findings suggest that patients with blood stasis constitution exhibit a hemodynamic environment in their LAD branch comparable to that of patients with a balanced constitution. However, it should be noted that the OSI of the LCX branch in patients with qi-deficiency quality is lower than that of those with blood stasis and phlegm-dampness constitution. OSI is considered an unfavorable hemodynamic factor indicating better hemodynamic conditions for patients with qi-deficiency quality in their LCX branch. In contrast, no significant differences were observed among all groups regarding hemodynamic parameters across all coronary branches within the coronary artery repair model. This suggests that there are no variations in hemodynamics related to blood stasis, phlegm-dampness, and qi-deficiency under “normal” conditions.



4.4 Limitation

The present study has the following limitations: (1) The sample size selected for the study was insufficient, with data collected from only 81 eligible patients, resulting in small sample sizes for each constitution after grouping. Particularly for patients with a balanced constitution, the proportion of such patients among coronary heart disease patients is low and significantly differs from biased constitution data. (2) During hemodynamic modeling and simulation, only the personalized 3D model of the coronary artery was considered, while other conditions, especially blood properties based on different constitutions, were not taken into account. Current results indicate significant variations in blood properties between different constitutions–whether it be balanced constitution and partial constitution or blood stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution. However, our model assumes uniform blood density and kinetic viscosity which may introduce certain deviations in hemodynamic outcomes.




5 Conclusion

Through this study, we investigated the association between balanced constitution and biased constitution, as well as the relationship among blood stasis constitution, phlegm-dampness constitution, and qi-deficiency constitution in terms of blood property, cardiac function, degree of coronary stenosis, and coronary hemodynamics. The findings of this study revealed that patients with a balanced constitution exhibited superior blood property compared to those with a biased constitution, along with reduced degree of coronary artery stenosis and improved coronary hemodynamics. Furthermore, variations in blood properties and certain hemodynamic parameters were observed among the three constitutions in patients with CHD. These results emphasize the significant clinical value of incorporating physical factors into the diagnosis and treatment of patients with coronary heart disease.
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Background: Patients with single-ventricle physiologies continue to experience insufficient circulatory power after undergoing palliative surgeries. This paper proposed a right heart assist device equipped with flexible blades to provide circulatory assistance for these patients. The optimal elastic modulus of the flexible blades was investigated through numerical simulation.



Methods: A one-way fluid-structure interaction (FSI) simulation was employed to study the deformation of flexible blades during rotation and its impact on device performance. The process began with a computational fluid dynamics (CFD) simulation to calculate the blood pressure rise and the pressure on the blades’ surface. Subsequently, these pressure data were exported for finite element analysis (FEA) to compute the deformation of the blades. The fluid domain was then recreated based on the deformed blades’ shape. Iterative CFD and FEA simulations were performed until both the blood pressure rise and the blades’ shape stabilized. The blood pressure rise, hemolysis risk, and thrombosis risk corresponding to blades with different elastic moduli were exhaustively evaluated to determine the optimal elastic modulus.



Results: Except for the case at 8,000 rpm with a blade elastic modulus of 40 MPa, the pressure rise associated with flexible blades within the studied range (rotational speeds of 4,000 rpm and 8,000 rpm, elastic modulus between 10 MPa and 200 MPa) was lower than that of rigid blades. It was observed that the pressure rise corresponding to flexible blades increased as the elastic modulus increased. Additionally, no significant difference was found in the hemolysis risk and thrombus risk between flexible blades of various elastic moduli and rigid blades.



Conclusion: Except for one specific case, deformation of the flexible blades within the studied range led to a decrease in the impeller’s functionality. Notably, rotational speed had a more significant impact on hemolysis risk and thrombus risk compared to blade deformation. After a comprehensive analysis of blade compressibility, blood pressure rise, hemolysis risk, and thrombus risk, the optimal elastic modulus for the flexible blades was determined to be between 40 MPa and 50 MPa.
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1 Introduction

Congenital heart defects are the most prevalent type of birth defect, occurring in approximately 9 out of every 1,000 live births (1). Among these, 9%–12% are classified as single ventricle physiologies (2). Patients with single-ventricle physiologies often have atrial and ventricular septal defects, leading to the mixing of arterial and venous blood within the heart chambers. A portion of the venous blood enters the systemic circulation without being oxygenated, causing organ hypoxia. Typically, patients undergo three-stage palliative surgeries: the Norwood, Glenn, and Fontan procedures (3). After the Fontan procedure, patient's superior and inferior vena cava (SVC and IVC, respectively) are connected to the pulmonary artery (PA), forming a total cavopulmonary connection (TCPC) structure. This setup forces the single ventricle to pump blood through both systemic and pulmonary circulations in the absence of a functional right ventricle. Over time, this can result in high central venous pressure and low pulmonary artery pressure (known as Fontan failure) (4). Approximately 40% of patients eventually suffer from single ventricle pumping failure (5).

Assistive devices play a critical role in augmenting circulatory power for these patients. In 2010, Throckmorton et al. (6) introduced an axial blood pump into the IVC to aid blood flow to the lungs. However, as the outlet of the blood pump is oriented towards the SVC, the blood flow pressurized by the pump collides with the blood flow within the SVC. This collision leads to an increase in blood pressure inside the SVC and hinders blood return. Then in 2013, Throckmorton et al. (7) implanted axial blood pumps in both SVC and IVC to provide dual-lumen assistance. In 2014, Wang et al. (8) used a paired umbrella double-lumen cannula (Maquet Cardiovascular, Wayne, NJ) and extracorporeal blood pump CentriMag (Thoratec, Pleasanton, CA) for total cavopulmonary assist. Animal studies revealed that this setup effectively improved hemodynamics in failing Fontan sheep. Subsequently, in 2019, Wang et al. (9) combined a double-lumen cannula with a two-valve extracardiac conduit and CentriMag to achieve effective support. In 2016, Gandolfo et al. (10) designed a T-shaped mechanically assisted TCPC model using the Jarvik Child 2,000 axial pump (Jarvik Heart, New York, NY, USA), which showed promising results in vivo. Although these techniques can provide total cavopulmonary assist, they have drawbacks such as the need for multiple devices, limitations on patient activity due to extracorporeal blood pumps, and the necessity for vascular reconfiguration.

To address the issues mentioned above, this study proposed a novel right heart assist device, as shown in Figure 1. The main components of this device are made of flexible materials. During minimally invasive surgery, the device is in a contracted state with a smaller diameter. Once implanted in the human body, the device expands and begins to function. It is anticipated that the deformation of flexible components during operation will impact the device's performance. Consequently, ensuring rigidity in its expanded state while maintaining flexibility during folding poses the principal challenge in developing this device. The material selection for each component is crucial. This research focuses on a key component—the blades, investigating their optimal elastic modulus. A one-way FSI simulation was employed to study blades’ deformation during rotation, and their impact on blood pressure increase, hemolysis risk, and thrombosis risk. The optimal elastic modulus is determined through a comprehensive analysis of these indicators.


[image: Figure 1]
FIGURE 1
Contraction state and post-implantation state of the flexible right heart assist device. (1. bearing seat; 2. shaft; 3. protective stent; 4. impeller; 5. constrictor ring; 6. motor; 7. cable; 8. inferior vena cava; 9. superior vena cava; 10. pulmonary artery).




2 Materials and methods


2.1 Flexible right heart assist device and computational models

Figure 1 shows the proposed right heart assist device, consisting of a protective stent, a bearing seat, a bearing, a shaft, an impeller, a constrictor ring, a motor, and cables. The protective stent is made of Nitinol. One end of the stent is fixed to the bearing seat, while the other end connects to the constrictor ring and can move axially. The impeller is fabricated from flexible materials such as polyurethane through an integrated molding process. It consists of two parts: the hub and the blades, with the base of the blades affixed to the surface of the hub. The hub's upper end is mounted on the shaft, and its lower end can move axially. The blades can adopt two configurations: curled and unfolded. When the assist device contracts, the lower end of the hub moves downward, and the blades curl. As the device expands, both the hub and the blades revert to their initial shape. The motor is powered by cables, and drives the rotation of the shaft and impeller. During surgery, the entire device is compressed within a delivery catheter and implanted into the TCPC via the femoral vein. Once released, the protective stent expands to tightly fit against the inner walls of the vena cava, stabilizing the device. The rotating impeller aids in directing blood within the SVC and IVC into the PA. Additionally, the hub is uniquely designed in a spindle shape to prevent blood from colliding. The design goal of this assist device is to provide a pressure rise of 2–25 mmHg for the total systemic blood flow (3l /min 11) in Fontan patients when operating at 4,000–8,000 rpm (12).

This paper focuses on flexible blades, therefore adopts simplified computational models. The TCPC model is an ideal circular tube model derived from patient's data (13). According to the principle of equal area, the diameters of the SVC and IVC are set at 13 mm, while those of the LPA and RPA are set at 9 mm. In CFD simulation, only the impeller is retained. The base of the blades is fixed to the hub's surface to ensure the model's consistency with reality. The minimum and maximum diameters of the impeller are 0.4 mm and 10.9 mm respectively, the number of blades is 12, and the thickness of the blades is 0.2 mm. In FEA simulation, only the blades are retained. The deformation of the hub is ignored. The impeller and blade models presented in this paper are the optimized versions after structural optimization. Figure 2 illustrates the final computational models used in this study.


[image: Figure 2]
FIGURE 2
CFD and FEA simulation model. (A) Ideal TCPC structure; (B) blades of right heart assist device.




2.2 One-way FSI methodology, boundary conditions and solving settings

In this study, one-way FSI simulation was used to analyze the flexible blades’ deformation and its effect on the device performance, as shown in Figure 3. First, ANSYS Fluent 2020R2 (Canonsburg, USA) was used to model the fluid dynamics in TCPC and obtain the blade surface pressure. Subsequently, these pressure data were utilized in ANSYS Structural 2020R2 (Canonsburg, USA) to compute blades’ deformation. The deformation of the blades was quantitatively described by the displacement of nodes on the blades. After the deformed shape of the blades was exported, the fluid domain was remeshed. Subsequently, the CFD simulation was performed again. The cycle was ended when the difference in blood pressure rise between two consecutive CFD simulations was less than 5%. Finally, the last CFD result was used to calculate the hemolysis risk and thrombus risk.


[image: Figure 3]
FIGURE 3
One-way FSI simulation process.


In CFD simulation, flow boundary conditions were defined at the SVC and IVC inlets, with flow rates of 1.2l /min and 1.8l /min respectively (11). The LPA and RPA outlets were set as pressure boundary conditions, with a pressure value of 1,750 Pa, corresponding to the average pulmonary artery pressure during a patient's cardiac cycle (13). Blood was modeled as a Newtonian fluid with a density of 1,060 kg/m3 and a dynamic viscosity of 3.5 cP. This article analyzes the operation of the assist device at its lowest and highest rotational speeds. The flow domain is divided into rotating and stationary regions. The rotational speed of the rotating region is set at 4,000 rpm and 8,000 rpm. Furthermore, rotational boundary conditions are applied to the surfaces of the hub and blades, with the rotational speed settings matching those of the rotating region. The remaining surfaces are treated as stationary boundaries. Additionally, the SST k-ω model was used to simulate turbulent conditions, as this model can accurately resolve the flow fields both at the wall and in the bulk flow regime (12, 14, 15). The fluid domain was meshed as a polyhedral grid using Fluent Meshing 2020R2 (Canonsburg, USA). After grid independence study, the fluid mesh consisting of approximately 1.35 million elements was used for CFD simulation. Inflation layers were also used in the fluid meshes to achieve the SST k-ω turbulence model requirement (y + less than 2). A steady-state solver was employed, with the convergence criteria was set to a maximum residual of below the 1 × 10−4 threshold.

In FEA simulation, the blade material was set based on the polyurethane material properties. There is a wide variety of linear elastic polyurethanes, with elastic moduli ranging from 6.2 MPa to 27,600 MPa (16). A pre-simulation (a single round of one-way FSI) was conducted to narrow down the range of elastic moduli for the study, as shown in Figure 4. At 4,000 rpm and 8,000 rpm, the maximum deformation of the blades showed a consistent pattern. When the elastic modulus is within 50 MPa, the maximum deformation decreases rapidly as the elastic modulus increases. Between 50 MPa and 200 MPa, the decrease in maximum deformation is more gradual. Above 200 MPa, both the absolute value and the variation in maximum deformation are extremely small. Based on these results, the elastic moduli selected for the study were 10 MPa, 20 MPa, 30 MPa, 40 MPa, 50 MPa, 100 MPa, and 200 MPa. In the actual configuration, the base of the blades is fixed to the hub's surface, leading to the application of a fixed constraint at the base of the blades. The structural mesh of the blade, generated using HyperMesh (Altair, USA), is a hexahedral mesh and consists of two layers along the thickness direction. After the grid independence study, the structural mesh consisting of 36,096 elements was used for FEA simulation. A transient solver was employed, with a total computational duration of 1.1 s and a time step of 0.001 s. The convergence criteria was set as changes of the maximum deformation, the minimum deformation, and the average deformation are all less than 1%.


[image: Figure 4]
FIGURE 4
Maximum deformation of blades with different elastic moduli at rotational speeds of 4,000 rpm and 8,000 rpm. (These results were obtained from one round of one-way FSI simulation).




2.3 Hemolysis risk assessment model

During the high-speed rotation of the impeller, red blood cells are destroyed due to shear forces, resulting in hemolysis. The hemolysis risk can be quantitatively evaluated using the Normalized index of hemolysis (NIH). Numerical simulations and hemolysis experiments employ different calculation methods to derive this index. In numerical simulation, NIH is commonly derived through a power law model, as detailed in Equations 1–3 (17–19).

[image: EQ]

where σ is the scalar stress, ΔT is the exposure time, and C, α, β are constants obtained from hemolysis experiments. Mitamura et al. (20) derived a set of parameters based on the experimental data from axial blood pumps: C = 3.62 × 10−5, α = 2.416, β = 0.785. Heuser et al. (21) used experimental data from a Couette viscometer to fit another set of parameters: C = 1.8 × 10−6, α = 1.991, β = 0.765. The working principle of the impeller in this paper differs considerably from that of the axial blood pump and Couette viscometer, and is closer to that of the centrifugal blood pump. Therefore, this paper uses experimental data of centrifugal blood pumps, provided by the U.S. Food and Drug Administration (FDA), to determine the parameters of the hemolysis risk assessment model (22).

In addition, Blackshear et al. (23) conducted a hemolysis experiment and proposed the relationship between shear stress experienced by red blood cells and their exposure time:

[image: EQ]

In the above equation C1 is a constant of proportionality. The results of Blackshear et al. indicate that the hemolysis risk is proportional to the exposure time and the square of the shear stress. Combined with Equations 1–4, the final hemolysis risk assessment model used in this paper is as follows:

[image: EQ]

In Equation 6, A represents the overall scaling factor, set at 2.7 × 10−10. This value was derived by multiplying the scaling factor C, provided by Heuser (21), with the scaling factor of 0.00015 from Equation 3. The parameter B, set at 0.55, was determined from experimental data, as detailed in the Supplementary Document.



2.4 Thrombus risk assessment model

Thrombus formation is another common complication associated with rotary assist devices (24). It involves the generation, transport, and cascade reactions of numerous components. The adhesion and activation of platelets are critical steps in thrombus formation. Cell adhesion only occurs in areas where the wall shear strain rate [image: EQ] is lower than 100 /s (25). Therefore, the shear strain rate can be used to identify areas prone to thrombus growth (26). Its calculation method is shown in Equation 7. An accelerated thrombus formation model is utilized to quantitatively assess the thrombus risk (27). This model includes three convection-diffusion equations (Equations 8–10), describing the generation and transport of non-activated platelets (NP), activated platelets (AP), and adenosine diphosphate (ADP). The concentration of AP is ultimately used to represent the thrombus risk.

[image: EQ]

In the above equations, Dx is the respective diffusivity coefficient, AM and AC denotes mechanical activation and chemical activation, and RADP is the amount of ADP contained in a platelet. Platelet activation (change from NP to AP) occurs either with mechanical cues (Equation 11) or chemical cues (Equation 12).

[image: EQ]

where ϕf is the ratio of the number of activated platelets to total platelets count, α1, β1 and C1 are the power law model parameter, ADPt is the threshold for chemical platelet activation, tADP is the characteristic time of platelet activation, and τ is the shear stress calculated from Equations 13–15.
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In the above equations μ is the dynamic viscosity, μt is the eddy viscosity, ρ is the fluid density, k is the turbulent kinetic energy, δij is the Kronecker delta, ui is the velocity component and ui is the spatial component.




3 Results


3.1 Variation of blades’ deformation and pressure rise during FSI simulation iterations

Figure 5; Table 1 illustrate the changes in blades’ deformation and blood pressure rise during FSI simulation iterations. Figures 5A,C,D sequentially show the blades’ deformation during three rounds of FSI simulation. It is evident that as the iterations progress, the solid body gradually aligns with the dashed frame. Additionally, the maximum deformation of the blades gradually decreases, indicating that the blade shape is stabilizing. According to Table 1, the pressure rises in both the SVC and IVC also tend to stabilize during the iteration process. The pressure rises of the last two iterations differing by less than 5%. These results validate that the one-way FSI simulation used in this paper can achieve a stable blade shape and the corresponding pressure rise.


[image: Figure 5]
FIGURE 5
Blades' deformation during the one-way FSI simulation iterations. (A) Blades' deformation obtained from the first round of FSI; (B) Blades' deformation under stress; (C) Blade deformation obtained from the second round of FSI; (D) Blade deformation obtained from the third round of FSI. (Dotted frame represents the blade shape before deformation, solid body represents the blade shape after deformation).



TABLE 1 Maximum blade deformation and blade pressure rise during three rounds of one-way FSI simulation.

[image: Table 1]

Moreover, stress exists within the blade in the second and subsequent rounds of FSI simulation. Figures 5A,B were compared with each other to verify the accuracy of applied stress. Figure 5A shows the blade bending under surface pressure. Figure 5B depicts the blade returning to vertical shape after the removal of surface pressure, while stress is retained. The maximum deformations in Figures 5A,B are 1.55 mm and 1.505 mm, respectively. The difference is only 3%, indicating that the stress is sufficiently precise.



3.2 Blood pressure rise corresponding to blades with different elastic moduli at two rotational speeds

Figure 6 displays the blood pressure rise corresponding to flexible blades and rigid blades. DP-Total represents the total pressure rise, obtained by the weighted sum of DP-SVC and DP-IVC, based on the flow rates in SVC and IVC (DP-Total = DP-SVC × 0.4 + DP-IVC × 0.6). At a speed of 8,000 rpm, blades with an elastic modulus of 10 MPa deform excessively and lose their functionality entirely. Consequently, data related to this condition are not included in the analysis.


[image: Figure 6]
FIGURE 6
Blood pressure rise corresponding to blades with different elastic moduli at two rotational speeds. (A) At 4,000 rpm; (B) at 8,000 rpm.


From Figure 6A, it can be observed that at 4,000 rpm, the pressure rises corresponding to flexible blades show an increasing trend. As the elastic modulus increases, DP-SVC, DP-IVC and DP-Total all gradually increase. The pressure rises corresponding to flexible blades with elastic moduli of 50 MPa, 100 MPa, and 200 MPa are relatively close to those of rigid blades. Figure 6B reveals that at 8,000 rpm, the pressure rises corresponding to flexible blades also trends upward. However, when the elastic modulus of the blades increases from 40 MPa to 50 MPa, the pressure rise decreases instead. The pressure rises corresponding to flexible blades with elastic moduli of 40 MPa, 50 MPa, 100 MPa, and 200 MPa are relatively close to those of rigid blades. Notably, the pressure rise corresponding to the 40 MPa elastic modulus flexible blade is higher than that of the rigid blades. Comprehensive analysis indicates that in most cases, blade deformation leads to a decrease in functionality. However, at the highest rotational speed, there are instances where blade deformation results in an increase in functionality.



3.3 Hemolysis risk corresponding to blades with different elastic moduli at two rotational speeds

Figure 7 shows the hemolysis risk associated with flexible blades and rigid blades. After completing the streamline number independence test, 1,100 streamlines were released at both the SVC and IVC inlets. The NIH values for each streamline were calculated and average values were used to represent the hemolysis risk in the blood flow of the SVC and IVC (NIH-SVC and NIH-IVC). The overall hemolysis risk (NIH-Total) was derived by the weighted sum of NIH-SVC and NIH-IVC (NIH-Total = NIH-SVC × 0.4 + NIH-IVC × 0.6). The results indicate that at both rotational speeds, the hemolysis risks associated with flexible and rigid blades are relatively similar. At 4,000 rpm, the NIH-Total for flexible blades ranges between 7.26 × 10−4 and 7.67 × 10−4 g/100 L, with a maximum difference of 5.6%. The NIH-Total for rigid blades is 7.03 × 10−4 g/100 L. Therefore, the difference in NIH-Total between flexible and rigid blades ranges from 3.3% to 9.1%. At 8,000 rpm, the NIH-Total for flexible blades ranges between 15.01 × 10−4 and 16.65 × 10−4 g/100 L, with a maximum difference of 10.9%. The NIH-Total for rigid blades is 15.48 × 10−4 g/100 L.As a result, the difference in NIH-Total between flexible and rigid blades ranges from 0.2% to 7.6%.


[image: Figure 7]
FIGURE 7
Hemolysis risk corresponding to blades with different elastic moduli at two rotational speeds. (A) At 4,000 rpm; (B) at 8,000 rpm.


Under the same rotational speed, flexible blades with different elastic moduli have varying shapes, yet the corresponding hemolysis risks are similar. This suggests that the impact of rotational speed on hemolysis risk is greater than that of blade deformation. Moreover, literature data indicate that the NIH values for HeartMateII (Thoratec Inc., Pleasanto, California, USA) and CH-VAD (CH Biomedical, Inc., Suzhou, China) at medium speeds are 5.83 × 10−3 g/100 L and 1.35 × 10−3 g/100 L, respectively (28). The highest NIH-Total in this study is 1.665 × 10−3 g/100 L, falling between the NIH values of HeartMateII and CH-VAD. This result demonstrates that the assist device proposed in this paper is reliable in terms of hemolysis.



3.4 Thrombus risk corresponding to blades with different elastic moduli at two rotational speeds

Figure 8 presents the results of thrombus formation simulation, corresponding to a rotational speed of 4,000 rpm and a blade elastic modulus of 10 MPa. As mentioned earlier, the shear strain rate (SSR) is utilized to determine areas prone to thrombus growth. The concentration of AP is used for quantitatively assessing the thrombus risk. To enhance readability, the AP concentration is scaled and represented as the SAP index. This index has a minimum value of 0, corresponding to the initial AP concentration (25 × 1012 /m³). Each unit increase indicates an increase of one millionth of the initial AP concentration. Figure 8A shows the distribution of wall SSR. It is observed that regions with SSR less than 100 /s are only present on the walls of the SVC, LPA and RPA. There are no low SSR areas on the blades’ surfaces. Figure 8B, based on Figure 8A, displays grids where the SAP exceeds 23 in a dark red color. Detailed examination through close-up and cross-sectional views reveals that all four vessels exhibit wall grids with higher SAP. However, IVC lacks regions with low SSR, and the high SAP at the LPA and RPA outlets is due to the transport of AP. Only the wall of the SVC displays areas with both low SSR and high SAP, indicating that thrombus is more likely to form on the SVC wall. Figure 8C shows streamlines released from the IVC. Due to the larger flow volume in the IVC, a portion of the blood enters the SVC, leading to a collision within the SVC. This collision area has a low SSR, which facilitates the deposition of AP and thus the formation of thrombus. At both rotational speeds, the thrombus formation scenarios for different blades are similar to those depicted in Figure 8B. Thrombus are more likely to growth on the wall of SVC, hence separate illustrations are not provided.


[image: Figure 8]
FIGURE 8
Simulation results of thrombus formation. (Corresponding to rotational speed of 4,000 rpm, blade elastic modulus of 10 MPa. (A) Distribution of wall shear strain rate; (B) thrombus distribution; (C) IVC streamline diagram).


A statistical analysis of the mean SAP values in the SVC for different blades provides the following insights: At 4,000 rpm, the mean SAP value for flexible blades with various elastic moduli ranges between 2.60 and 2.68, with a maximum difference of 3%. The mean SAP value for rigid blades is 2.60. As a result, the maximum difference in the thrombus risk between flexible and rigid blades is 3%. At 8,000 rpm, the mean SAP value for flexible blades with different elastic moduli ranges from 14.92 to 15.88, with a maximum difference of 6%. The mean SAP value for rigid blades is 15.24. Therefore, the maximum difference in thrombus risk between flexible and rigid blades is 4.2%. These results indicate that, in terms of thrombus formation, the impact of rotational speed is also much greater than that of blade deformation.




4 Discussion

The Fontan surgery successfully diverts venous blood into the lungs by constructing the TCPC structure. The issue of mixing between arterial and venous blood has been resolved. However, long-term reliance on a single ventricle to power both systemic and pulmonary circulations can lead to various complications, such as elevated central venous pressure, increased pre-load on the single ventricle, and insufficient pulmonary perfusion. Patients are at high risk of developing single ventricle heart failure. Numerous scholars have proposed a variety of solutions to provide additional power for the Fontan circulation. Based on the location of the assistive device, these solutions can be categorized into extracorporeal and intracorporeal assistance. Trusty et al. (29) used pulsatile blood pumps, conduits, and baffles to explore efficient extracorporeal assistance methods in an in vitro loop. Their findings revealed that without partitions, blood pumped out of the pump's outlet tube could be reabsorbed by the inlet tube, causing recirculation. Effective power assistance was only possible by completely separating the inlet and outlet tubes. Wang et al. (8, 9) used dual-lumen catheters and extracorporeal blood pumps for Fontan support. The successful assistance achieved was also due to the use of valves or umbrella-like membranes that separated the inlet and outlet of the dual-lumen catheters. Therefore, providing extracorporeal assistance to patients requires the addition of specific obstructions to the existing TCPC structure, increasing the number of devices and the complexity of surgery. Intracorporeal assistance methods are more convenient as they do not alter the existing TCPC structure. Among these, collapsible assist devices have a smaller size during implantation, leading to reduced invasiveness. After implantation, these devices expand, increasing in diameter. Compared to rigid devices of similar implantation size, collapsible devices operate at lower speeds to achieve the same pressure rise. Therefore, the temperature increase, mechanical wear, and blood damage during the operation of collapsible pumps are all lower (30).

In the field of ventricular assist devices, the folding mechanisms of flexible blades mainly include mechanical folding, material folding, and hybrid folding. Mechanical folding typically employs hinged structures (31–33), requiring locking components to ensure the blades’ operational shape. However, the use of complex blood-immersed joint significantly increases thrombus risks. Material folding relies on the material’s properties for folding, offering simpler structures (34–36). This approach requires the blades to exhibit two distinct states: one for elastic deformation into the stored position, and another to resist hydrodynamic forces during operation. The hybrid folding mechanism combines the advantages of the previous two methods. It involves designing unique structures for flexible blades to achieve structural anisotropy (37, 38). This mechanism allows the device to be both easily collapsible and capable of maintaining its operational shape. In the latter two folding mechanisms, the blade deformation and its impact on device performance are particularly crucial for product development. FSI simulation can rapidly explore relevant patterns, offering guidance for material selection and structural design.

For high-speed rotating devices, conducting two-way FSI simulation can yield results that are closer to reality. However, this method requires a significant amount of resources. At the early stage of research, employing one-way FSI simulation can also reveal certain patterns while substantially reducing resource consumption. The results demonstrate that the one-way FSI simulation described in this paper can accurately model the stable shape of flexible blades. This allows for the investigation of the impact of blade deformation on device performance, aiding in the determination of the optimal blade elastic modulus. It is important to note that one-way FSI simulation neglects the impact of blade deformation velocities and accelerations on the fluid, failing to capture transient flow fluctuations. This leads to some deviation in the calculations of blood pressure rise, hemolysis risk, and thrombus risk. However, these neglected fluctuations are primarily near the impeller, and their impact area is limited. As presented in the paper, blood pressure rise is largely determined by the rotational speed and blade morphology. Furthermore, the hemolysis risk and thrombus risk are mainly influenced by the rotational speed. Compared to these factors, the impact of flow fluctuations is relatively minor. Although one-way FSI simulation overlooks the influence of structural dynamics on the fluid, it still accurately depicts the impact of the main factors on performance indicators. This method can be further applied to the entire impeller to explore the effect of hub deformation. For flexible left ventricular assist device, such as impella ECP (Abiomed, Danvers, MA), one-way FSI simulation is equally applicable.

This study has the following limitations: (1) It did not analyze the entire device, thus ignoring the impact of components other than the impeller on blood pressure rise, hemolysis risk, and thrombus risk; (2) Fluctuations in rotational speed caused by the operation of the brushless motor were not considered; (3) The one-way FSI simulation can't capture blades’ status at each moment; (4) No experiments were conducted to verify the accuracy of the simulation results; (5) This study employs steady-state boundary conditions and an ideal TCPC model for research, neglecting the effects of blood pulsatility and real vascular geometry. The future research plans include: (1) Modeling and simulating the entire device; (2) Constructing an in-vitro experimental system, using a high-speed camera to capture the shape of flexible blades during rotation, and comparing it with the simulation results; (3) Conducting hydraulic experiments, particle image velocimetry (PIV) experiments, hemolysis experiments, and thrombosis experiments to verify the simulation results of pressure rise, velocity field, hemolysis risk, and thrombus risk; (4) Collecting data on rotational speeds during device operation and applying these varying speeds in FLUENT using a user-defined function (UDF); (5) Exploring two-way FSI simulation methods and using transient simulation to study the impact of blade flutter on the flow field; (6) Performing patient-specific studies using measured boundary conditions and real TCPC models.



5 Conclusion

This article proposed a right heart assist device equipped with flexible blades. A one-way FSI simulation was used to study the deformation of the flexible blades and its impact on the device's performance. The simulation results indicate that within the studied range (rotational speeds of 4,000 rpm and 8,000 rpm, elastic modulus between 10 MPa and 200 MPa), deformation of the flexible blades leads to a decrease in functionality. However, within a certain range of elastic modulus, the pressure rise associated with flexible blades is close to that of rigid blades. Additionally, compared to blade deformation, rotational speed has a more significant impact on the hemolysis risk and thrombus risk. After a comprehensive analysis of blade compressibility, blood pressure rise, hemolysis risk, and thrombus risk, the optimal elastic modulus for the flexible blades is determined to be between 40 MPa and 50 MPa.
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Introduction: To investigate the prognostic value of the consistency between the residual quantitative flow ratio (QFR) and postpercutaneous coronary intervention (PCI) QFR in patients undergoing revascularization.



Methods: This was a single-center, retrospective, observational study. All enrolled patients were divided into five groups according to the ΔQFR (defined as the value of the post-PCI QFR minus the residual QFR): (1) Overanticipated group; (2) Slightly overanticipated group; (3) Consistent group; (4) Slightly underanticipated group; and (5) Underanticipated group. The primary outcome was the 5-year target vessel failure (TVF).



Results: A total of 1373 patients were included in the final analysis. The pre-PCI QFR and post-PCI QFR were significantly different among the five groups. TVF within 5 years occurred in 189 patients in all the groups. The incidence of TVF was significantly greater in the underanticipated group than in the consistent group (P = 0.008), whereas no significant differences were found when comparing the underanticipated group with the other three groups. Restricted cubic spline regression analysis showed that the risk of TVF was nonlinearly related to the ΔQFR. A multivariate Cox regression model revealed that a ΔQFR≤ −0.1 was an independent risk factor for TVF.



Conclusions: The consistency between the residual QFR and post-PCI QFR may be associated with the long-term prognosis of patients. Patients whose post-PCI QFR is significantly lower than the residual QFR may be at greater risk of TVF. An aggressive PCI strategy for lesions is anticipated to have less functional benefit and may not result in a better clinical outcome.
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Introduction

Percutaneous coronary intervention (PCI) is widely recognized in clinical practice to improve the symptoms and outcomes of patients with coronary artery disease (CAD) (1, 2). Despite the established benefits of PCI, certain patients who undergo successful PCI still experience adverse cardiovascular events (3). Conventional coronary angiography can provide information only on the contour of the culprit vessel and may not account for physiological dysfunction, which explains the unanticipated adverse events in patients undergoing successful revascularization (4).

Physiological assessments are of increasing importance because of their ability to provide functional information about target vessels and to optimize treatment strategies (5, 6). Fractional flow reserve (FFR) is a widely accepted physiological assessment technique and is considered the gold standard in revascularization procedures (7, 8). Although the FFR provides significant functional information, it is still underutilized in clinical practice due to the prolonged procedure time and invasive use of guidewires (9, 10). The quantitative flow ratio (QFR) has emerged as an alternative approach for deriving physiological parameters, with the advantages of having equivalent diagnostic value and being faster and more convenient than the FFR (11, 12).

The residual QFR is an essential indicator derived from the QFR computation procedure and can simulate the anticipated QFR value after successful revascularization based on pre-PCI angiographic images (13). Previous studies have reported that the residual QFR significantly correlates with the post-PCI FFR, especially in patients with suboptimal PCI results (14). Based on the residual QFR, a cardiologist can identify the major lesion from a functional perspective, further optimizing the PCI strategy. The residual QFR-guided PCI strategy was superior to angiographic guidance in reducing the 2-year incidence of target vessel failure (TVF) (15, 16). However, research into the predictive value of the residual QFR for adverse events is limited, particularly in patients whose residual QFR does not match their post-PCI QFR. Therefore, the present study aimed to further investigate the prognostic value of the residual QFR by exploring the correlation between the ΔQFR (defined as the value of the post-PCI QFR minus the residual QFR) and clinical outcomes.



Materials and methods


Study design

The present research was a single-center, retrospective, observational study. Consecutive patients who underwent PCI were recruited from January 1, 2016, to December 31, 2017, at Fujian Medical University Union Hospital. The QFR of the enrolled patients were retrospectively assessed at the different time points of the PCI procedure, and the patients were further divided into five groups according to the ΔQFR: (1) Overanticipated group: ΔQFR ≥ 0.1; (2) Slightly overanticipated group: 0 < ΔQFR < 0.1; (3) Consistent group: ΔQFR = 0; (4) Slightly underanticipated group: −0.1 < ΔQFR < 0; and (5) Underanticipated group: ΔQFR ≤ −0.1. The primary purpose of this study was to test the prognostic value of the consistency between the residual QFR and post-PCI for cardiovascular adverse events. This study was approved by the Ethics Committee of Fujian Medical University Union Hospital (No. 2020KY098).

The study population consisted of adult patients who underwent successful PCI, including patients with stable or unstable angina pectoris, non-ST elevation myocardial infarction (NSTEMI), or ST elevation myocardial infarction (STEMI), over 7 days. All enrolled patients met the requirements for QFR computation, which suggests that in all patients, at least one lesion with a percent diameter stenosis (DS%) between 50% and 90% is present in a coronary artery with a reference vessel diameter of ≥2.5 mm according to visual assessment. Patients were excluded if they had any of the following criteria: (1) acute myocardial infarction (AMI) within 7 days, (2) lack of follow-up data, or (3) inability to perform QFR computation, including patients who only had one coronary artery lesion with >90% stenosis and a TIMI grade <3; the interrogated lesion involving the myocardial bridge; severe overlap in the stenosed segment or severe tortuosity of any interrogated vessel; or poor angiographic image quality.



PCI procedure and QFR computation

PCI was performed, and the stenting strategy was determined by an experienced cardiologist according to the ESC/EACTS guidelines at the time of enrollment (17). All patients received standard dual antiplatelet therapy for at least 12 months after successful revascularization. Rational medication was prescribed according to the clinical situation.

The QFR was computed using the AngioPlus system (Pulse Medical Imaging Technology Shanghai, China) according to standard operating procedures, which were performed by two independent investigators blinded to the clinical data. All coronary angiography images were transferred locally to the AngioPlus system. Angiographic images were recorded with an AngioPlus system at a rate of 15 frames/second. Two angiographic image runs, acquired at angles greater than or equal to 25 degrees, were transferred to the QFR system via the local network. Based on the reconstruction of the contoured vessels, the QFR value was computed using a contrast flow velocity model. The QCA information derived from the QFR analysis of the interrogated vessels consisted of the minimum lumen diameter (MLD), diameter stenosis percentage (DS%) and area stenosis percentage (AS%).



Data collection and clinical outcomes

The biochemical indices and examination results, including low-density lipoprotein cholesterol (LDL-C), fasting blood glucose, creatinine, N-terminal pro brain natriuretic peptide (NT-proBNP), troponin I, left ventricular ejection fraction (LVEF), and E/E′, were recorded. E/E′ is the ratio of the peak mitral early filling velocity (E) to the early diastolic mitral annular velocity (E′), as an indicator of diastolic cardiac function.

Target vessel failure (TVF) was defined as a combination of cardiogenic death, target vessel-related myocardial infarction and target vessel revascularization (TVR) (18). TVR was defined as a repeat PCI or surgical bypass of any segment of the target vessel, including the target lesion (18). All patients were followed for 5 years and received optimal guideline-based medical therapy during follow-up.



Statistical analysis

Continuous variables are expressed as the mean ± standard deviation (SD) or median [interquartile range (IQR)]. Categorical variables are expressed as numbers (percentages). Continuous variables were compared by ANOVA or the Kruskal‒Wallis test, and categorical variables were compared by chi‒squared analysis. The association between the ΔQFR and 5-year TVF in the five groups was estimated by the Kaplan‒Meier method and compared by the log-rank test. Restricted cubic spline regression analysis was used to assess the association between the ΔQFR and the hazard ratio (HR) for TVF. A 2-sided P value < 0.05 was considered to indicate statistical significance. All analyses were performed with R software version 4.1.1 (R Foundation for Statistical Computing, Vienna, Austria) and SPSS version 26 (IBM, Inc., New York, NY, USA).




Results


Study population

Between January 1, 2016, and December 31, 2017, 1,986 patients who underwent PCI were screened for enrollment; 268 patients were excluded due to meeting the clinical exclusion criteria, and 345 patients were excluded due to meeting the angiographic exclusion criteria. The remaining 1,373 patients were included in the final analysis. According to the ΔQFR, all enrolled patients were further divided into five groups: (1) the overanticipated group: ΔQFR ≥ 0.1, n = 105; (2) the slightly overanticipated group: 0 < ΔQFR < 0.1, n = 536; (3) the consistent group: ΔQFR = 0, n = 257; (4) the slightly underanticipated group: −0.1 < ΔQFR < 0, n = 390; and (5) the underanticipated group: ΔQFR ≤ −0.1, n = 85. (Figure 1).


[image: Figure 1]
FIGURE 1
Study flowchart. PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction; QFR, quantitative flow ratio; ΔQFR = post-PCI QFR—residual QFR.




Clinical baseline characteristics

The baseline characteristics are shown in Table 1. No significant differences were found between the groups with regard to age, sex, smoking status, hypertension, diabetes, previous MI, previous PCI, type of coronary artery disease, or post-PCI medication. Patients in the five groups had similar pre-PCI results for troponin I, LDL-C, NT-proBNP, blood glucose, serum creatinine, LVEF and E/E′.


TABLE 1 Baseline characteristics.
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QCA and QFR analysis

The results of the QCA and QFR analyses are summarized in Tables 2, 3. In terms of target vessel locations, the consistent group had a greater proportion of LCX (22.6%) and a lower proportion of LAD (47.5%). Compared with those in the consistent group, the patients in the overanticipated group had longer stents (43.42 ± 17.47 vs. 31.41 ± 14.12, P < 0.001), more stents (1.65 ± 0.62 vs. 1.23 ± 0.45, P < 0.001), and similar stent diameters (3.03 ± 0.42 vs. 3.11 ± 0.44, P = 0.056).


TABLE 2 The results of the QCA and QFR analysis.
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TABLE 3 Parameters related to the stent.
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There was a significant difference in the pre-PCI QFR among the five groups (P < 0.001), with lower pre-PCI QFRs in the overanticipated group and underanticipated group. Significant differences in the post-PCI QFR were found in the five groups, of which the underanticipated group had a significantly worse post-PCI QFR than the other groups. No significant differences in DS%, AS% or MLD were found among the five groups at pre-PCI, whereas a difference was found for the post-PCI between the groups.



Clinical outcomes

A five-year follow-up was completed for all eligible patients, with a median follow-up of 61 months. Comparisons of the clinical outcomes between the 5 groups are shown in Table 4. TVF occurred within 5 years in 189 patients in all the groups; 14 patients were in the overanticipated group, 66 patients were in the slightly overanticipated group, 30 patients were in the consistent group, 60 patients were in the slightly underanticipated group, and 19 patients were in the underanticipated group. The consistent group had the lowest incidence of TVF, and the underanticipated group had the highest risk of TVF. Supplementary Table S1 compares the difference in the incidence of TVF between the consistent group and the other groups. Supplementary Table S2 showes shows that TVF is independent of target vessel distribution. The incidence of TVF was significantly greater in the underanticipated group than in the consistent group (P = 0.008), whereas no significant differences were found when comparing the underanticipated group with the other three groups.


TABLE 4 Clinical outcomes at the 5-year follow-up.
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The Kaplan‒Meier method was used to further confirm the difference in the incidence of TVF among the five groups (Figures 2, 3). There was a significant difference in the risk of 5-year TVF among the five groups (log-rank P = 0.039). The incidence of TVF was lower in the consistent group than in the underanticipated group (HR = 0.068, 95% CI = 0.51–0.90, P = 0.008), while no significant differences were found between the consistent group and the remaining three groups.


[image: Figure 2]
FIGURE 2
The Kaplan-Meier analysis for TVF according to ΔQFR. TVF, target vessel failure; QFR, quantitative flow ratio; ΔQFR = post-PCI QFR—residual QFR.
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FIGURE 3
The Kaplan-Meier analysis of TVF according to the difference between post-PCI QFR and residual QFR for the (A) consistent group and underanticipated group; (B) consistent group and slightly underanticipated group; (C) consistent group and slightly overanticipated group; (D) consistent group and overanticipated group. TVF, target vessel failure; QFR, quantitative flow ratio.


Restricted cubic spline regression analysis was used to analyze and visualize the association between ΔQFR and TVF (Figure 4). As the ΔQFR increased, the hazard ratio of TVF first decreased and then gradually increased.


[image: Figure 4]
FIGURE 4
Hazard ratios for the TVF based on restricted cubic spline. The purple line represents the reference hazard ratio, and the blue area represents the 95% confidence interval. RCS, restricted cubic spline; HR, hazard ratio; ΔQFR, postoperative QFR minus preoperative residual QFR.




Predictive performance of the ΔQFR for 5-year TVF

Univariate analysis and multivariate Cox regression analysis were performed to evaluate the predictive performance of the ΔQFR for the 5-year TVF (Table 5). After screening via univariate Cox regression (P < 0.05), ΔQFR ≤ −0.1, age, previous MI, hypertension, diabetes, creatinine, and LVEF were included in the multivariate analysis. The multivariate analysis revealed that a ΔQFR ≤ −0.1, old age, previous MI, and diabetes were independent risk factors for TVF, and a high LVEF was an independent protective factor.


TABLE 5 Univariate and multivariate Cox regression analyses of factors influencing the TVF.

[image: Table 5]




Discussion

The present study was the first to evaluate the prognostic value of the consistency between the residual QFR and post-PCI QFR in TVF. The main findings are as follows: (1) The incidence of TVF in the consistent group was significantly lower than that in the underanticipated group, whereas it was similar to that in the overanticipated group, suggesting that the consistency between the residual QFR and post-PCI QFR is associated with the long-term prognosis of patients. (2) This study provides a new perspective on the residual QFR to further explore the potential of the QFR in clinical practice.

Despite successful revascularization, some patients with CAD still experience symptoms of angina pectoris or recurrent cardiovascular adverse events (19, 20). Previous studies suggest that plaque burden rather than stenosis is one of the main predictors of cardiovascular adverse events (21), which may partly explain the uncertain association between the degree of luminal stenosis and the severity of myocardial ischemia. Previous landmark studies have demonstrated the instrumental value of the QFR in guiding the PCI procedure and further improving the clinical prognosis (10–12). The residual QFR is a predicted QFR value based on coronary angiographic imaging that simulates successful stent implantation in the culprit lesion, correlates well with the post-PCI FFR and QFR, and predicts the occurrence of adverse events after revascularization (13, 14, 16, 22). A retrospective analysis of the PANDA III trial showed that the predicted clinical outcome of residual QFR-guided PCI was superior to that of angio-guided PCI (15, 23). In addition, the ability of the residual QFR to distinguish functional stenosis was confirmed (16). Compared with the post-PCI QFR, the residual QFR can predict post-PCI coronary function in advance and provide anticipated post-PCI vascular information on the culprit lesion segment, further delaying revascularization in lesions with anticipated insignificant functional benefit. The number and length of stents that are assigned to be implanted in the coronary arteries can be reduced by knowing the stenoses with relatively high treatment benefits and the coronary lesions with potentially low treatment benefits in the index PCI.

In our study, the post-PCI QFR was significantly lower than the residual QFR in the underanticipated group, with a greater incidence of TVF than in the consistent group (22.4% vs. 11.3%, P = 0.003). A multivariate Cox regression model revealed that a ΔQFR ≤ −0.1 (OR: 1.673, 95% CI: 1.039–2.698 P = 0.034) was an independent risk factor for TVF, which indicates the potential for consistency between the residual QFR and post-PCI QFR to predict adverse events; namely, a QFR significantly lower than the residual QFR is prone to be associated with TVF after successful revascularization. Accumulating evidence suggests that a poor physiological outcome may be indicative of stent malapposition, an uncovered stent, a stent under expansion, or incomplete postdialation (24). The residual QFR was calculated as the maximum QFR outside the stent segment of the entire vessel, which may lead to an inadequate assessment of stent malapposition or under expansion. A suboptimal stenting strategy may increase in-stent restenosis and endothelial hyperplasia (25), further increasing the incidence of repeat revascularization, which may explain the high incidence of TVF in the underanticipated group. The stent diameter in the underanticipated group in this study was smaller (2.96 ± 0.41 vs. 3.11 ± 0.44, P = 0.004) than that in the consistent group, supporting the previous hypothesis. A low residual QFR suggests that the target vessel may have a limited or diffuse lesion that the operator is unaware of or that the benefit of intervention for this coronary lesion is low, and this information may help to modify the PCI strategy (14). In addition, compared with the consistent group, the overanticipated group had a greater mean number of stents implanted (1.65 ± 0.62 vs. 1.23 ± 0.45, P < 0.001) and a longer total stent length (43.42 ± 17.47 vs. 30.80 ± 13.66, P < 0.001), which may have contributed to the greater post-PCI QFR than residual QFR in the overanticipated group. According to the RCS regression analysis, the risk of VTVF was nonlinearly related to the ΔQFR and had a V-shape. Although patients in the underanticipated group had a higher risk of TVF, the incidence of TVF was not reduced in the overanticipated patients. This may indicate that a more aggressive PCI strategy leads to a higher post-PCI QFR but prolongs the operation time, and too many stents may increase stent-related risks. Furthermore, the post-PCI QFR was significantly greater than the residual QFR in the overanticipated group, while the incidence of TVF was not lower than that in the consistent group (13.3% vs. 11.3%, P = 0.559), which confirms the ability of the residual QFR to discriminate less functionally beneficial coronary lesions and indicates that aggressive treatment does not reduce the incidence of adverse events in such lesions.

This study has several limitations. First, the current study was a single-center, retrospective, observational study. These findings need to be further validated by prospective, multicenter studies. Second, some patients were excluded due to the lack of optimal angiographic images for QFR analysis, which led to selection bias. In addition, the residual QFR is a novel index that provides vascular information for PCI treatment, but the accuracy and feasibility of a treatment strategy based on the residual QFR need to be further confirmed.



Conclusions

The consistency between the residual QFR and post-PCI QFR may be associated with the long-term prognosis of patients. Patients whose post-PCI QFR is significantly lower than the residual QFR may be at greater risk of TVF. An aggressive PCI strategy for lesions anticipated to have less functional benefit may not result in a better clinical outcome.
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Impact of residual stress on coronary plaque stress/strain calculations using optical coherence tomography image-based multi-layer models
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Introduction: Mechanical stress and strain conditions play an important role in atherosclerosis plaque progression, remodeling and potential rupture and may be used in plaque vulnerability assessment for better clinical diagnosis and treatment decisions. Single layer plaque models without residual stress have been widely used due to unavailability of multi-layer image segmentation method and residual stress data. However, vessel layered structure and residual stress have large impact on stress/strain calculations and should be included in the models.



Methods: In this study, intravascular optical coherence tomography (OCT) data of coronary plaques from 10 patients were acquired and segmented to obtain the three-layer vessel structure using an in-house automatic segmentation algorithm. Multi- and single-layer 3D thin-slice biomechanical plaque models with and without residual stress were constructed to assess the impact of residual stress on stress/strain calculations.



Results: Our results showed that residual stress led to a more uniform stress distribution across the vessel wall, with considerable plaque stress/strain decrease on inner wall and increase on vessel out-wall. Multi-layer model with residual stress inclusion reduced inner wall maximum and mean plaque stresses by 38.57% and 59.70%, and increased out-wall maximum and mean plaque stresses by 572.84% and 432.03%.



Conclusion: These findings demonstrated the importance of multi-layer modeling with residual stress for more accurate plaque stress/strain calculations, which will have great impact in plaque cap stress calculation and plaque rupture risk assessment. Further large-scale studies are needed to validate our findings.
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1 Introduction

Mechanical stress/strain conditions play an important role in atherosclerosis plaque progression, remodeling and potential rupture (1–6). Accurate models serve as the basis for plaque stress/strain calculations and the subsequent prediction of plaque progression and rupture. While it is well known that arteries have three-layer structure and residual stress (7, 8), single-layer models without residual stress were used in most current publications due to lack of available multi-layer image and residual stress data. With unprecedented optical coherence tomography (OCT) resolution (5–15 μm), we introduced a multi-layer OCT image segmentation method and multi-layer plaque models recently to demonstrate the impact of multi-layer structure on plaque stress/strain conditions (9, 10). In this paper, OCT-based multi-layer coronary plaque models with and without residual stress inclusion were constructed and compared with single-layer models to investigate the influence of model residual stress inclusion on plaque stress/strain calculations.

Residual stress, defined as the stress remaining in an ex vivo vessel ring under no-load condition, was initially observed by Fung and his colleagues (7, 11). When the vessel ring is cut open radially, the inherent residual stress causes the ring to spring open, forming a sector with a specific opening angle. Following this discovery, Holzapfel et al. revealed a diverse range of opening angles across different layers by experiments, with the media layer's angle may exceeding 180 degrees (12, 13).

Residual stress inclusion in vessel models may have considerable impact on vessel stress and strain distributions. Vito and Delfino et al. reported that incorporating residual stress led to a more uniform circumferential stress distribution in arterial models (8, 14). Ohayon et al. found that peak strain in coronary artery models is significantly overestimated when residual stress is not considered (15). Wang et al. demonstrated that residual stress led to reduced lumen and increased out-wall stress (16). Pierce et al. observed the impact of residual stress on the deformation and stress distribution within arterial tissue in abdominal aortic aneurysms models (17).

In this paper, patient-specific multi-layer and single thin-slice models with and without residual stress inclusion for coronary plaques were constructed using a three-step modelling procedure based on segmented OCT image data. Stress/strain results from vessel inner- and out-wall were extracted for comparison analysis. Patient variations of model differences were also observed.



2 Materials and methods


2.1 Data acquisition and multi-layer segmentation

Intravascular optical coherence tomography (OCT) coronary plaque data sets from 10 patients (8 male; 2 female) were used in this study. Of the 10 patients, 4 existing de-identified OCT data sets were obtained from Cardiovascular Research Foundation (CRF, New York, New York); 4 OCT data sets were acquired from Southeast University Affiliated Zhongda Hospital using protocol approved by Southeast University Zhongda Hospital Institutional Review Board (approval code 2019ZDKYSB046) with informed consent obtained. 2 existing de-identified OCT data sets were obtained from The Second Affiliated Hospital of Harbin Medical University. OCT images were acquired with ILUMIEN OPTIS System and Dragonfly JP Imaging Catheter (St. Jude Medical, Westford, Massachusetts). Patient demographic information is given in Table 1.


TABLE 1 Patient demographic data and clinical information.

[image: Table 1]

It is well-known that arteries have a three-layer structure: intima, media, and adventitia. While most publications used single-layer models, multi-layer models are desirable for more realistic modeling of the artery and more accurate plaque stress/strain calculations. For this purpose, multi-layer automatic segmentation of OCT images was performed to get vessel layer structures using a MATLAB-based method (MATLAB R2021a, MathWorks, USA) previously introduced by Huang et al. (9). Figure 1 presents a flow chart of this segmentation process alongside a sample slice illustrating the three layers segmented from the OCT image. Figure 2 provided more details for the repair process. The OCT image was segmented by our automatic segmentation program which processes OCT images in polar coordinate system. We first applied edge detection algorithms, specifically a modified Canny method, to segment the visible portions (Figures 2A–C). Subsequently, cubic spline surface fitting was employed to fit the surface function r = r(z, θ) to get the locations of missing portions (Figures 2D–F). For accuracy validation, the automated segmentation results were compared with manual segmentations and good agreement were found. The plaque samples used in this study were mostly of circular shape which made the interpolation easier. The segmented slices with contours for the intima, media, and adventitia layers were then employed for model construction.


[image: Figure 1]
FIGURE 1
(A) Flow chart showing main steps of an in-house automatic multi-layer segmentation and repair process; (B) a sample slice showing segmented three layer contours. IEM, Internal elastic membrane; EEM, External elastic membrane; ADV, adventitia-periadventitia interface.



[image: Figure 2]
FIGURE 2
Schematic of OCT image repairing. (A) OCT vessel wall before repairing. (B) Vessel wall contours in polar coordinate system before repairing. (C) Vessel wall contours in Cartesian coordinate system before repairing. (D) OCT vessel wall after repairing. (E) Vessel wall contours in polar coordinate system after repairing. (F) Vessel wall contours in Cartesian coordinate system after repairing. Blue contours: Visible contours; Green contours: Repaired contours for missing parts.




2.2 Multi-layer models with residual stress inclusion and layer-specific material properties

Plaque stress/strain conditions play an important role in plaque progression, remodeling and potential rupture. Accurate models are the base for reliable and precise stress/strain calculations. We recently introduced an OCT multi-layer segmentation method and OCT-based multi-layer plaque models (10). In this paper, we are adding residual stress to multi-layer models for further improvement. For comparison purpose, single-layer models with and without residual stress inclusion were also constructed to show differences for both single-layer and multi-layer models. The following four models were constructed for each patient: (a) multi-layer model without residual stress; (b) single-layer model without residual stress; (c) multi-layer model with residual stress inclusion; and (d) single-layer model with residual stress inclusion. Our novel multi-layer model with residual stress inclusion added layer structure and residual stress to the other three models (one or both) and should provide more realistic representation of the physical artery/plaque among the four models. Details for material properties and residual modeling process are given below.


2.2.1 Layer-specific material models and material parameters

Vessel material properties for the three layers (and the single-layer) were assumed to be hyperelastic, anisotropic, nearly incompressible, and homogeneous, while plaque components like lipid and calcifications were considered isotropic. The modified Mooney–Rivlin material models were used for the layers using parameter values from available literature (18, 19). The modified Mooney-Rivlin material models were used because that were available on ADINA (Adina R & D, Watertown, MA, USA) which was used to solve our finite element models. We did model comparisons for Mooney-Rivlin model, Fung-type model and Choi-Vito model using biaxial testing data (4 coronary and 5 carotid plaque samples) and the modified Mooney-Rivlin material models provided better fitting accuracies (19). The strain energy functions are represented by Equations 1 and 2 given below.

[image: EQ]

where [image: EQ] I1 and I2 denote the first and second invariants of right Cauchy–Green deformation tensor [image: EQ] is current position; (aj) s original position; [image: EQ] where θ0, λz, are the principal stretches associated with circumferential and axial direction and φ is the angle between the fiber reinforcement and the circumferential direction in individual layers. c1, c2, D1, D2, K1 and K2 are material parameters. Parameter values for the vessel layers and plaque components used in our models are (10, 18): Intima: c1 = −169.23 kPa, c2 = 177.40 kPa, D1 = 2.4 kPa, D2 = 13, K1 = 32 kPa, K2 = 36; Media: c1 = −67.25 kPa, c2 = 35.01 kPa, D1 = 17 kPa, D2 = 2, K1 = 7 kPa, K2 = 4, φ = 24.9°; Adventitia; c1 = −94.44 kPa, c2 = 102.42 kPa, D1 = 0.8 kPa, D2 = 10, K1 = 10 kPa, K2 = 40, φ = 75.3°; lipid core: c1 = 0.5 kPa, c2 = 0 kPa, D1 = 0.5 kPa, D2 = 1.5; calcification: c1 = 920 kPa, c2 = 0 kPa, D1 = 360 kPa, and D2 = 2.0. For single-layer models, intima parameter values were used for the entire vessel wall. Figure 3 depicts the stress–stretch curves of three layers derived from the modified Mooney–Rivlin material models.


[image: Figure 3]
FIGURE 3
Stress–stretch curves of three layers and plaque components derived from the mooney-rivlin models and used in finite element modelling. σc, circumferential stress; σz, axial stress (10).




2.2.2 Multi-layer 3D thin-slice model with residual stress inclusion

In vivo OCT image data were obtained when the blood vessel was under pressure and axially stretched. So the vessel image data should be shrunk circumferentially (radially) and axially to obtain its no-load state. The no-load geometry needs to be cut open to release the residual stress to obtain its stress-free state (11). To construct accurate coronary plaque models, it is imperative to initiate from zero-stress state, which is a condition not readily extractable from medical image. To obtain vessel zero-stress state from its in vivo state, the vessel was shrunk circumferentially (radially) and axially to achieve a zero-load state first. A 5% axial pre-shrink and the circumferential pre-shrink process were used to get vessel no-load state (16). The circumferential shrinkage rate was set as 5% initially and adjusted by an iterative procedure until the pressurized slice under diastolic pressure matched the in vivo OCT slice (tolerance <0.1%). Subsequently, the zero-load geometry was cut open to release the residual stress to obtain its zero-stress state. The opening-up process adhered to two fundamental assumptions: (1) vessel wall volume was conserved and (2) the circumference of the middle line of the vessel wall remained unchanged. The opening angle of the vessel sector was postulated to be 120°, which was derived from the average of eight human coronary artery samples (19). Figure 4 illustrates the vessel's transition from zero-load to zero-stress state. The zero-stress geometry (cut-open slice) was then used as the starting geometry for model construction.


[image: Figure 4]
FIGURE 4
Vessel zero-load and zero-stress geometries with three-layer structure and opening angle.





2.3 Three-step model solution procedure

Three-dimensional (3D) thin-slice models were constructed for 10 OCT slices from 10 patients using multi-layer segmented data obtained from our programs. Four types of models (multi-layer with and without residual stress, single-layer with and without residual stress) were constructed for each patient, resulting in 40 thin-slice models in total. The 3D thin-slice model was made by adding a 0.5 mm thickness to each slice to better approximate full 3D models, yet maintaining the low construction cost about the same as that of 2D models. A three-step modeling procedure was used in the modeling process starting from zero-stress state to recover the vessel in vivo state: (a) wrap the zero-stress vessel slice to its no-load geometry (note now the closed vessel slice carries residual stress/strain as desired). The wrapping process is accomplished by applying prescribed displacement to the two cut-openings of the opened vessel slice and bringing them to come together (contact); (b) stretch the vessel axially to its length in vivo; and (c) pressurize the vessel to recover in vivo geometry (16). Finite element mesh was generated using a commercial finite-element package ADINA 9.6 (Adina R & D, Watertown, MA, USA). Given the complex morphologies of plaques, a “volume-fitting” technique was employed to divide the 3-D plaque, intima, media and adventitia domains into many small “volumes” to curve-fit the irregular vessel geometry with plaque component inclusions (20). This technique was crucial for achieving convergent plaque finite element models. Mesh analysis was performed by decreasing mesh size by 10% (in each dimension) incrementally until solution differences were less than 2%. The optimized mesh was then chosen for our simulations. The thin-slice models were solved following our established procedures (21). Because stress/strain are tensors, maximum principal stress and maximum principal strain (called stress and strain from here on, respectively) were chosen as their scale representatives for stress/strain comparisons.



2.4 Data extraction and analysis

After the models were solved, stress and strain values from 100 data points for each slice at plaque inner wall (called plaque stress/strain for simplicity) and out-wall (out-wall stress/strain) were extracted to compare results and investigate the impact of residual stress on plaque stress/strain calculations. The ratios (percentage) of maximum and mean stress/strain values between models with and without residual stress were calculated to investigate the impact of residual stress inclusion on stress/strain calculations. Since plaque slices often have irregular and nonuniform wall thickness, a four-quarter method was introduced to connect lumen points and out-wall points to avoid data distortion by thicker plaques (22). Figure 5 gives an illustration of the four-quarter method and the three layers of the vessel: intima, media and adventitia. The boundary between intima and media is called internal elastic membrane (IEM). The boundary between media and adventitia is called external elastic membrane (EEM). The boundary between adventitia and other peripheral tissues is called adventia-periadventitia interface (ADV).
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FIGURE 5
Schematic plot demonstrating the piecewise equal-step method to select 100 points for data extraction.





3 Results

The following comparisons of plaque stress/strain values from multi-layer models (M-Model) and single-layer models (S-Model) with and without residual stress inclusion were made to investigate the impact of residual stress on plaque stress/strain conditions: (a) plaque stress/strain values on inner wall from multi-layer models with and without residual stress; (b) plaque stress/strain values on inner wall from single-layer models with and without residual stress; (c) plaque stress/strain values on out-wall from multi-layer models with and without residual stress; (d) plaque stress/strain values on out-wall from single-layer models with and without residual stress.

Stress/strain results from our novel multi-layer models with residual stress should be the most accurate among the 4 models compared, while single-layer model comparison results are also of interest since single-layer models are used in most publications. Plaque research has been focused on inner wall plaque stress/strain conditions. However, results from outer walls were reported since they were all important factors in plaque progression and remodeling process (8).


3.1 Multi-layer model with residual stress inclusion reduced inner wall maximum and mean plaque stresses by 38.57% and 59.70%

Table 2 gave maximum and mean plaque stress values on vessel inner wall from multi-layer and single-layer models and comparisons for models with and without residual stress for the 10 patients studied. From multi-layer models with residual stress inclusion, the inner wall maximum and mean plaque stress values (averaged over 10 patients) were 148.53 kPa and 50.68 kPa respectively, which were 38.57% and 59.70% lower than the values from corresponding models without residual stress. From single-layer models with residual stress, the inner wall maximum and mean plaque stress values were 59.14 kPa and 6.89 kPa, which were 61.46% and 94.72% lower than the values from corresponding models without residual stress. The influence of residual stress on plaque stress exhibited large patient variations for both multi-layer and single-layer models. It is evident that residual stress has large impact on plaque stress calculations.



3.2 Multi-layer model maximum and mean plaque strains on vessel inner wall were reduced by 31.96% and 52.84% with residual stress inclusion

Similar to Table 2, Table 3 gave maximum and mean plaque strain values on vessel inner wall and comparisons from multi-layer and single-layer models with and without residual stress inclusion. From multi-layer models with residual stress inclusion, the inner wall maximum and mean plaque strain values (average for 10 patients) were 0.158 and 0.065 respectively, which were 31.96% and 52.84% lower than the values from corresponding models without residual stress. From single-layer models with residual stress, the inner wall maximum and mean plaque strain values were 0.134 and 0.049, which were 34.27% and 56.68% lower than the values from corresponding models without residual stress. Overall, plaque strain comparison results and patient variations were similar to plaque stress behaviors.


TABLE 2 Inner wall maximum and mean plaque stress comparisons between models with and without residual stress.

[image: Table 2]


TABLE 3 Inner wall maximum and mean plaque strain comparisons between models with and without residual stress.

[image: Table 3]

To demonstrate model differences more clearly, Figure 6 gave plaque stress/strain distribution plots from the four models using a sample slice. Figures 6B–E showed stress and strain plots from multi-layer models while Figures 6F–I showed single-layer model stress/strain plots. Models with residual stress inclusion had lower maximum stress/strain values on inner wall and higher maximum stress/strain values on out-wall compared to models without residual stress.


[image: Figure 6]
FIGURE 6
Comparison of plaque stress/strain distributions of four models using a sample slice. (A) A sample slice with three-layer contours. (B–E) Stress plots from multi-layer models with and without residual stress inclusion; (F–I) Stress from single-layer models with and without residual stress inclusion. *: Maximum stress/strain on inner wall; ▴: maximum stress/strain on out-wall.




3.3 Out-wall maximum and mean out-wall stresses increased by 572.84% and 432.03% for multi-layer models with residual stress inclusion

Plaque stress and strain on vessel out-wall play an important role in vessel remodeling process (8). Table 4 gave maximum and mean out-wall stress values from multi-layer and single-layer models and comparisons for models with and without residual stress for the 10 patients studied. From multi-layer models with residual stress, the maximum and mean out-wall stress values were 211.15 kPa and 97.03 kPa, which were 572.84% and 432.03% higher than the values from corresponding models without residual stress. From single-layer models with residual stress, the maximum and mean out-wall stress values were 400.28 kPa and 194.55 kPa, which were 770.93% and 591.31% higher than the values from corresponding models without residual stress.


TABLE 4 Out-wall maximum and mean out-wall stress comparisons between models with and without residual stress.
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3.4 Multi-layer models with residual stress inclusion increased maximum and mean out-wall strain by 240.21% and 299.79% respectively

Table 5 gave maximum and mean out-wall strain values from multi-layer and single-layer models and comparisons for models with and without residual stress for the 10 patients studied. From multi-layer models with residual stress inclusion, the maximum and mean out-wall strain values were 0.369 and 0.225, which were 240.21% and 299.79% higher than those from corresponding models without residual stress. From single-layer models with residual stress inclusion, the maximum and mean out-wall strain values were 0.265 and 0.164, 235.51% and 264.88% higher than those from corresponding models without residual stress, respectively.


TABLE 5 Out-wall maximum and mean out-wall strain comparisons between models with and without residual stress.

[image: Table 5]




4 Discussion


4.1 The impact of residual stress inclusion on stress/strain calculations

The importance of plaque stress/strain calculations for vulnerable plaque progression and rupture risk assessment is well recognized. To our knowledge, this paper should be a first report for impact of residual stress on plaque stress/strain calculations using patient-specific multi-layer models based on segmented 3-layer OCT data. Our findings revealed that residual stress inclusion reduced inner wall maximum and mean plaque stresses by 38.57% and 59.70% and increased out-wall maximum and mean plaque stresses by 572.84% and 432.03%. Using multi-layer model with residual stress inclusion as the base, the multi-layer model without residual stress inclusion over-estimated inner wall maximum and mean stress by 61.8% and 123.5%, respectively. The single-layer model situation is even more scary: the single layer model without residual stress inclusion over-estimated inner wall maximum and mean stress by 148.8% and 985.5% (using values from single layer model with residual stress), respectively. The incorporation of residual stress significantly impacts stress and strain calculations, which has great potential for enhancing the prediction accuracy of plaque progression and vulnerability. Furthermore, it might provide doctors with better patient screening strategies, enabling the timely application of appropriate interventions or conservative therapies. This will optimize the process of patient management, diagnosis, and treatment of cardiovascular diseases, ultimately aiming to improve patient outcomes in cardiovascular healthcare. There is also a well-accepted threshold stress value 300 kPa for plaques with high vulnerability (23, 24). When interpreting model results, the associated model assumptions should be taken into consideration.

Multi-layer model residual stress inclusion also increased out-wall maximum and mean plaque stresses by 572.84% and 432.03%. That led to a more uniform distribution of stress within the vessel wall (see Figure 5), which is consistent with the principle that the human body would regulate vessel stress to be uniform to achieve optimal functionality (8, 11). Essentially, residual stress introduced compressive circumferential stress in the intima and circumferential “stretch” in the adventitia. Interestingly, negative mean plaque stress values at inner wall location were observed in 1 multi-layer model and 4 single-layer models with residual stress inclusion in our study.



4.2 Comparison of multi-layer and single layer models with residual stress inclusion

Multi-layer models exhibited more uniform stress distributions compared to single-layer models. In multi-layer models with residual stress, the average mean stresses of 10 plaques at inner and out-wall locations were 50.68 kPa and 97.03 kPa, respectively. While from single-layer models with residual stress, the inner wall and out-wall stress values were 6.89 kPa and 194.55 kPa. Multi-layer models with and without residual stress inclusion had mean inner wall stresses 50.68 kPa and 113.29 kPa (averaged over 10 patients), respectively, compared to 6.89 kPa and 74.79 kPa from single-layer models. For out-wall mean stress values, multi-layer models with and without residual stress inclusion had 97.03 kPa and 20.85 kPa, compared to 194.55 kPa and 34.39 kPa from single-layer models. Stress differences from single-layer models with and without residual stress inclusion had much greater differences. Layer-specific material properties are the cause of these large differences.



4.3 Potential clinical benefits of multi-layer models with residual stress inclusion

Multi-layer models with residual stress inclusion could lead to more accurate plaque stress and strain calculations which could have a wide range of clinical applications including plaque vulnerability assessment, prediction of plaque progression and vulnerability change through diverse biomechanical indicators, as well as exploring the correlation between mechanical conditions and the incidence of future major adverse cardiovascular events. Plaque cap stress (which is on inner layer of the vessel) is well-recognized risk factor for possible plaque rupture.

Table 2 gave maximum and mean plaque stress values on vessel inner wall from multi-layer and single-layer models and comparisons for models with and without residual stress for the 10 patients studied. From multi-layer models with residual stress inclusion, the inner wall maximum and mean plaque stress values (averaged over 10 patients) were 148.53 kPa and 50.68 kPa respectively, which were 38.57% and 59.70% lower than the values from corresponding models without residual stress. From single-layer models with residual stress, the inner wall maximum and mean plaque stress values were 59.14 kPa and 6.89 kPa, which were 61.46% and 94.72% lower than the values from corresponding models without residual stress. The average of the inner-layer maximum stress of the 10 patients from the multi-layer models with residual stress inclusion was 148.53 ± 86.35 kPa while the value from the multilayer models without residual stress was 240.45 ± 94.72, a 61.8% over-estimate. Another potential use of the multi-layer models with residual stress was for artery remodeling which could be closed related to vessel out-wall stress/strain conditions. The average of the outer-layer maximum stress of the 10 patients from the multi-layer models with residual stress inclusion was 211.15 ± 75.66 kPa, while the value from the multilayer models without residual stress was 35.04 ± 10.73 kPa, only 16.6% of the value from models with residual stress. Those results suggest that residual stress inclusion would have considerable impact for vulnerable plaque and artery remodeling investigations.

While we demonstrated the considerable impact of residual stress on stress/strain calculations and subsequent clinical applications, it should be noted that clinical acceptance and implementation remain to be big challenges. Our small data size is a serious limitation. Large scale studies are needed to get solid validation of our initial results and then final clinical acceptance. Another challenge is model construction cost. The open-close process in the construction of models with residual stress was done manually which was very labor intensive. Automation of the modeling process is a must for potential clinical implementations.



4.4 The use of 3D thin-slice models vs. full 3D models

3D thin-slice models were used in this study with two major reasons: (a) 3D thin-slice model could provide better approximation than what 2D model would since it did have slice thickness and axial pre-shrink-stretch was performed to take axial residual stress into consideration; (b) model construction time for 3D thin-slice model was only slightly more than 2D models, but much less compared to full 3D models. The ultimate goal of computational modeling and vulnerable plaque research is to implement the modeling and mechanical analysis for possible clinical applications and providing stress/strain conditions to aid vulnerable plaque detection, cardiovascular disease diagnosis, management and possible prevention of drastic events such as heart attack and/or stroke. 3D models are too far away from actual implementation due to their labor cost. 3D thin-slice models could be a compromise in between: reasonable accuracy and labor cost which makes practical implementation possible. Wang Q et al. provided multi-patient model comparisons and reported that the errors from 3D thin-slice models were around 10% compared to full 3D models (25). That was encouraging.



4.5 Limitations and future directions

We would like to acknowledge some limitations of our study: (a) Small patient size is a severe limitation. This is a pilot study to investigate the impact of residual stress on stress/strain calculations using a small patient size. Model construction with multilayers and residual stress inclusion is very time consuming due to the manual open-close process. Larger-scale studies are needed to further validate the impact of residual stress, and to explore its impact across various patient groups, in terms of age, sex, different plaque types and comorbidities, etc. This will enable a more comprehensive understanding of residual stress's role in plaque dynamics; (b) 3D thin-slice models were used to reduce labor cost. Techniques should be developed to construct full 3D models with residual stress inclusion to improve accuracy of stress/strain calculations, but also keeping labor cost at acceptable level; (c) Due to lack of available vessel residual stress data and material properties, an average opening angle and material parameter values from the literature were utilized in this study. It should be noted that it is not possible to obtain patient-specific opening angle from live patients. It is also challenging to obtain patient-specific multi-layer vessel material parameters.




5 Conclusion

In this study, multi-layer and single-layer coronary plaque models with and without residual stress inclusion were constructed for 10 patients based on automatically segmented three-layer OCT images to quantify the impact of residual stress on stress/strain calculations. Our results showed that residual stress plays a critical role in the stress distribution of vessel tissues, and led to reduced inner wall plaque stress and increased out-wall stress. Larger scale studies are needed to further improve model accuracy and validate our findings.
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Backgroud: Acute myocardial infarction (AMI) has a high morbidity rate, high mortality rate, high readmission rate, high health care costs, and a high symptomatic, psychological, and economic burden on patients. Patients with AMI usually present with multiple symptoms simultaneously, which are manifested as symptom clusters. Symptom clusters have a profound impact on the quality of survival and clinical outcomes of AMI patients.



Objective: The purpose of this study was to analyze unplanned hospital readmissions among cluster groups within a 1-year follow-up period, as well as to identify clusters of acute symptoms and the characteristics associated with them that appeared in patients with AMI.



Methods: Between October 2021 and October 2022, 261 AMI patients in China were individually questioned for symptoms using a structured questionnaire. Mplus 8.3 software was used to conduct latent class analysis in order to find symptom clusters. Univariate analysis is used to examine characteristics associated with each cluster, and multinomial logistic regression is used to analyze a cluster membership as an independent predictor of hospital readmission after 1-year.



Results: Three unique clusters were found among the 11 acute symptoms: the typical chest symptom cluster (64.4%), the multiple symptom cluster (29.5%), and the atypical symptom cluster (6.1%). The cluster of atypical symptoms was more likely to have anemia and the worse values of Killip class compared with other clusters. The results of multiple logistic regression indicated that, in comparison to the typical chest cluster, the atypical symptom cluster substantially predicted a greater probability of 1-year hospital readmission (odd ratio 8.303, 95% confidence interval 2.550–27.031, P < 0.001).



Conclusion: Out of the 11 acute symptoms, we have found three clusters: the typical chest symptom, multiple symptom, and atypical symptom clusters. Compared to patients in the other two clusters, those in the atypical symptom cluster—which included anemia and a large percentage of Killip class patients—had worse clinical indicators at hospital readmission during the duration of the 1-year follow-up. Both anemia and high Killip classification suggest that the patient's clinical presentation is poor and therefore the prognosis is worse. Intensive treatment should be considered for anemia and high level of Killip class patients with atypical presentation. Clinicians should focus on patients with atypical symptom clusters, enhance early recognition of symptoms, and develop targeted symptom management strategies to alleviate their discomfort in order to improve symptomatic outcomes.
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1 Introduction

The American Heart Association (AHA) predicts that about 13 million people worldwide will suffer from cardiovascular disease in 2035, with coronary heart disease (CHD) being the leading cause of death among people with cardiovascular disease (1, 2). The task of preventing and controlling coronary heart disease in China is equally burdensome, and the Report on Cardiovascular Health and Disease in China 2022 points out that the incidence rate of coronary heart disease is rising year by year, and the number of people suffering from coronary heart disease in China has already reached 1.13 million, and the mortality rate of coronary heart disease has reached 0.12%. Since 2005, the mortality rate of coronary heart disease has been rising rapidly and tends to be younger. It can be seen that strengthening the prevention and treatment of coronary heart disease is a key measure to improve the management system of cardiovascular diseases in China (1, 3, 4).

Patients with acute myocardial infarction (AMI) usually present with a variety of symptoms at the onset of the disease, mainly chest pain/chest discomfort, sweating, dyspnea, nausea/vomiting, etc., and present in the form of symptom clusters (5–8). Each patient experiences an average of 3.6–4.75 symptoms in the previous studies (9, 10). Symptom clusters can be defined as two or more concurrently occurring symptoms that interact with each other (11–14). The symptoms of AMI are varied, and multiple symptoms often coexist, creating a negative symptom cluster synergy between symptoms. Compared with single symptoms, symptom clusters can increase the burden of disease in AMI patients, decrease their adherence to treatment, and have a serious negative impact on their quality of life and health status (15–17). The results of related studies have shown that symptom clusters in AMI patients can have a serious impact on functional status, readmission rates for cardiovascular events, and all-cause mortality (18). Symptom clusters consisting of multiple symptoms have a more profound impact on the clinical outcome of patients with AMI than a single symptom (19).

At this stage, the management of symptom clusters in patients with AMI has only progressed to the stage of symptom cluster identification, and more research is needed on the development of symptom cluster management strategies and the evaluation of outcomes (14).

AMI is an aggressive and rapidly progressive condition, and percutaneous coronary intervention (PCI) is the key to its successful treatment and the most common approach for coronary revascularization. Total number of coronary heart disease interventions in China reached 1.16 million in 2021, with 1.48 stents placed per capita in coronary heart disease patients. Reperfusion therapy has a time window requirement, with a 10% increase in patient morbidity and mortality for every 1 h of delay, making early recognition of AMI symptoms and prompt medical attention critical. Problems with the prognosis of PCI also arise; in-stent restenosis, cardiac rupture, and chest pain may cause repeated, multiple admissions to the hospital, which brings a serious economic and psychological burden to patients. It showed nearly 20% of patients were readmitted for cardiovascular events within 1 year of PCI in the previous study (20). Thus unplanned readmission in the early post-procedure period after PCI is considered to be a costly and common adverse outcome (20, 21).

In the United States, readmissions occur in one-fifth of PCI patients each year and account for 33% of the total cost of readmissions, amounting to $26 billion, with a low quality of life and a high economic burden, with 75% of these readmissions considered avoidable. However, there are few studies on the prognostic impact of symptom clusters in AMI patients, and few studies on the impact of symptom clusters on unplanned readmission in AMI patients have been reported. Therefore, the aim of this study was to explore the potential categories of symptom clusters in AMI patients and the effect of potential categories on readmission within 1 year after PCI using latent class analysis, with the aim of helping medical staff to be more targeted in symptom management and providing evidence support and theoretical basis.



2 Materials and methods


2.1 Study setting and population

This study is a cross-sectional survey study. Convenience sampling method was used to extract patients readmitted for treatment of acute myocardial infarction in the Department of Cardiology of Xianyang City Central Hospital from October 2021 to October 2022 for the study. Inclusion criteria were: (1) patients who survived and those with a final diagnosis of ST-elevation myocardial infraction (STEMI) or Non-ST-elevation myocardial infraction (NSTEMI) who underwent PCI, (2) age 18 years or older, (3) understanding of spoken Chinese, and (4) those who consented to take part in the study. Exclusion criteria were: (1) combination of major organic lesions; (2) new postoperative complications such as myocardial infarction and cerebral infarction.

In this study, the sample size calculation formula was n = Z2α/2(1−P)P/δ2, setting the test level α = 0.05(Zα/2  = 1.96), with a permissible margin of error δ = 0.05, and based on the results of a similar study in the literature (20), the maximum incidence of re-admission of patients with AMI was 17%, which means that P = 0.17, and calculating the sample size n = 1.962 × (1−0.17) × 0.17÷0.052 = 216 cases, considering the 20% non-response rate, 259 cases were needed for the sample size. A total of 270 patients met the criteria, 9 were dropped due to the long follow-up period and we were unable to contact them. A total of 261 patients were included in this study, with a average age of 62.8 ± 11.2 years (range 34–89), and the rest of the general information, is shown in Table 1.


TABLE 1 Baseline clinical characteristic.

[image: Table 1]



2.2 Ethics statement

The study protocol was approved by the Ethical Research Board of the affiliated institution (IRB No. 2023-64). Patients who consented to take part in the study signed an informed consent. Patient readmission information was obtained by telephone interview during follow-up period.



2.3 Questionnaire and data collection


2.3.1 Patients characteristics

The questionnaire of patients characteristics was developed by the researcher and consisted of 3 parts, (1) sociodemographic characteristic: gender, age, working status, marital status, and mode of payment for medical care; (2) disease-related information: risk factors, diagnosis, comorbid conditions, cardiac function class, Killip class, type of coronary artery lesion, history of hemodialysis and total hospital stay and (3) clinical outcome information: readmission within 1 year.



2.3.2 AMI symptoms

For this study, Illness Perception Questiormaire Revised (IPQ-R) was selected to collect patients symptoms. The IPQ-R is a targeted assessment tool for assessing the multisymptomatic nature of AMI and was developed by Moss Morris in a revision of the IPQ developed by Weinman et al. There are 11 symptoms, including: (1) chest pain, (2) chest discomfortable, (3) radiating pain, (4) dyspnea, (5) palpitation, (6) nausea/vomiting, (7) sweating, (8) weakness/fatigue, (9) dizziness, (10) syncope, (11) throat tighting sensation. Cronbach's α coefficient for internal consistency was 0.66–0.92 in the previous studies (22–25).



2.3.3 Hospital readmission

Unplanned readmission is defined as any unpredictable readmission that occurs after discharge for an activity that is not performed within the normal plan, excluding planned readmissions (e.g., follow-up review, secondary surgery, etc.) (26). Retain contact information and verify contact information for patients and their families during their hospitalization. We obtained readmission information through telephone interviews with patients by asking about the date and reason for readmission in the past 1 year. Hospital readmission was defined as a return or visit to the hospital due to AMI related complications or AMI recurrence, deterioration within 12 months after hospital discharge for AMI. Readmission excluded planned readmissions, such as elective surgery, regular hospital admissions for treatment, review, etc. and unrelated to the reason for the last hospitalization.

The purpose and requirements of the study were explained to the patients who met the criteria by two investigators who were uniformly trained, and the questionnaire was administered within 3 days of the patient's admission after obtaining informed consent. Uniform training was given to the investigators to ensure that they conducted one-on-one on-site surveys using uniform instructions; when data were collected face-to-face, they were filled in by the research subjects themselves; for older patients, they could be filled in on behalf of the research subjects by asking them one by one; if there were any questions during the filling in process, the researchers provided timely explanations, the questionnaires were distributed and collected on the spot, and on-site verification was carried out instantly. If there is any omission or obvious error, the research subjects are reminded to make up or correct in time; the questionnaire number is entered in time, and the confidentiality of the information is done. Each patients was collected information about the symptoms, risk factors, and chronic diseases related to the acute phase of acute myocardial infarction. Disease-related information was collected by reviewing the medical record system. Data for clinical outcome including hospital readmission was also obtained.




2.4 Statistical analysis

Latent class analysis (LCA) was used for analyzing the coded symptoms, and the evaluation indexes were as follows. (1) Information criteria: Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC) and adjusted Bayesian Information Criterion (aBIC). Smaller values of such information criteria indicate better model fit. (2) Entropy index: indicates the degree of classification accuracy, the value range is 0–1, the closer to 1 indicates that the classification is more accurate. (3) Likelihood ratio metrics: Lo-Mendell-Rubin (LMR) and Bootstrapped likelihood ratio test (BLRT), significant LMR, BLRT values indicate that a model with K categories outperforms a model with K-1 categories (27, 28).

The collected data were analyzed using SPSS Statistic v.24. Univariate analysis was used to compare differences in the characteristics of samples of patients with different symptom clusters. Multiple logistic regression analysis was used to identify the effect of symptom clusters on readmission after adjusting for patients’ baseline characteristics. The statistic significance level(α) was set at 0.05.




3 Results


3.1 Three sets of symptoms were identified by latent cluster analysis

Patients were included in the potential category model, and a total of 5 models were fitted. In model 3, AIC and aBIC were the smallest, the P-value of BLRT test was <0.05, and the entropy was >0.7. Based on the clinical experience, model 3 was chosen to categorize the patients into 3 categories, as shown in Table 2.


TABLE 2 Model fit results of LCA for symptom cluster in acute myocardial patients (n = 261).
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3.2 Significant differences in the number and composition of the symptom in 3 cluster groups

Cluster 1 had the highest number of participants (n = 168, 64.4%), followed by Cluster 2 (n = 77, 29.5%) and Cluster 3 (n = 16, 6.1%).On average, patients reported 2.9 ± 1.2 symptoms. There was a significant difference in the number of symptoms among the 3 clusters (P < 0.001); with the highest number of symptoms in cluster 3 (5.0 ± 2.9) and the lowest number of symptoms in cluster 1 (2.6 ± 1.2). As for the distribution of symptoms in each cluster, excluding nausae or vomiting, sweating and syncope, the remaining symptoms (chest pain, chest discomfortable, pain or discomfortable in other parts, shortness of breath, palpitation, weakness or fatigue [all P < 0.001]; dizziness [P = 0.014]; throat tightening sensation [P = 0.036) showed significant differences between clusters. Most common was chest pain (83.9%), followed by sweating (73.2%). Less frequently reported symptoms were syncope (7.3%), palpitation (2.7%), and throat tightening sensation (1.9%) (Table 3).


TABLE 3 Comparison of frequency of presenting symptoms by cluster group (n = 261).

[image: Table 3]

In cluster 1, the frequency of chest pain was the highest at 100%, followed by sweating (75.0%) and nausea or vomiting (25.6%). In cluster 2, chest discomfortable at 98.7%, followed by shortness of breath (77.9%) and sweating (68.8%). Many atypical symptoms were present in Cluster 3, including radiating pain (75.0%), weakness or fatigue (56.3%), palpitation (37.5%) and dizziness (25.9%). The clusters have been called “classic symptoms” (cluster 1), “multiple symptoms” (cluster 2), and “atypical symptoms” (cluster 3), taking into account the number of symptoms, frequency, and distribution (Figure 1).


[image: Figure 1]
FIGURE 1
Symptom distribution by clustered groups.




3.3 Patients of cluster 3 are more likely to have anemia and be with high value of killip class

In terms of comorbidities, the results of the univariate analysis in this study showed that there were differences in anemia (P = 0.016) among patients with different potential categories of AMI symptom clusters, and the patients of atypical symptom cluster were more likely to have anemia.

For disease factors, the results of the univariate analysis in this study showed that there were differences in Killip classes (P = 0.003) in patients with different potential categories of AMI symptom clusters, and the patients of atypical symptom clusters were more likely to have higher value for Killip classes, which has severe heart failure (Table 4).


TABLE 4 Relationships between cluster membership and sample characteristics (n = 261).
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3.4 Patients in cluster 3 anticipated a noticeably higher risk of 1-year readmission

During the follow-up period, a total of 55 (21.1%) patients had readmissions, including 23 (8.8%) planned readmissions, 4 (1.5%) unrelated disease readmissions, and 28 (10.7%) unplanned readmissions.

A total of 28 patients readmitted during the course of the follow-up period. The hospital readmission proved to be significantly varied by cluster, using bivariate analysis (P = 0.001) (Table 5). Multinomial logistic regression analysis demonstrated that when patients characteristic were adjusted for, compared to patients in Cluster 1, patients in Cluster 3 anticipated a noticeably higher risk of 1-year readmission (odd ratio 8.303, 95% confidence interval 2.550–27.031, P < 0.001) (Table 6).


TABLE 5 Hospital readmission at 1-year follow-up by symptom clusters.
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TABLE 6 Multinomial logistic regression analysis:factors related to each cluster.
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4 Discussion

This study identified symptom clusters in patients with AMI, explored the relationship between symptom clusters and patient-related variables, and examined into the impact of symptom clusters on hospital readmission in order to develop intervention strategies to lower the risk of readmission in Chinese patients with AMI. Using the latent class analysis, three symptom clusters were identified: typical chest symptom cluster (chest pain, sweating, nausea/vomiting), multiple symptom cluster(chest discomfortable, shortness of breath, sweating) and atypical symptom cluster(radiating pain, weakness/fatigue, palpitation, dizziness). Previous studies have categorized symptoms into four to five clusters (9, 19), with differences in this classification based on factors such as the target population, inclusion criteria, number of symptoms evaluated, and methods of clustering (29).

Hwang et al. (18) used latent class cluster analysis to extract three clusters were: typical chest pain (chest pain/discomfortable, cold sweat, shortness of breath, nause/vomiting, weakness/fatigue/dizziness), multiple symptoms (chest pain/discomfortable, left shoulder/arm pain, cold sweat, right shoulder/arm pain, nausea/vomiting), atypical symptom (shortness of breath, weakness/fatigue/dizziness, indigestion/abdominal pain, cold sweat, nausea/vomiting).

The results of the two studies were basically the same, but the composition of the symptoms within the clusters was not exactly the same, and the reasons for this were analyzed which were related to the inconsistency of the symptoms collected. This study used the IPQ-R with 11 symptom entries, Huwang et al. (18) analyzed 14 symptom entries and the composition of the entries was inconsistent.

Kim et al. (16) used cluster analysis to extract three symptom clusters, namely classic MI, stress symptoms, and multiple symptoms. In comparison to the present study, both of them yielded the same number of symptom clusters, although they took different statistical methods.

McSweeney et al. (30) used cluster analysis on 1,270 female patients, which includes 37 acute MI symptoms, to extract a total of 3 symptom clusters, (1) old, silent asymptomatic group, (2)diverse, mildly symptomatic group, and (3) younger, minority, multiple distressing symptom group.

In comparison to the present study, the number of symptom clusters derived from the two were the same despite different statistical methods, but the number of symptoms comprising the clusters was greater in the study by McSweeney et al. (30) than in the present study. The reason for this is that the questionnaire used by McSweeney et al. had 37 symptom entries, which is more than the 11 entries in the present study.

In cluster 1 (typical chest symptom cluster), chest pain and sweating were predominant. This is similar to the “older/silent asymptomatic” reported by McSweeney et al. (30) and to the “classic symptoms” in the study by Lindgren et al. (31). The cluster 1 is characterized by a high incidence of typical chest symptoms in the previous studies (16, 30, 32, 33).

In cluster 2 (multiple symptom cluster), chest discomfortable and dyspnea were predominant. Cluster 2 in our study is similar to the “heavy symptom burden”, and “chest pain”, “shortness of breath” and “sweating” were the main components in the study by Devon et al. (34). Cluster 2 was characterized by a high prevalence of each symptom, including chest symptoms and other symptoms.

In cluster 3 (atypical symptom cluster), radiating pain, sweating and weakness/fatigue were predominant. The characteristics of cluster 3 are in part similar to the “weary symptom” reported by Rosenfeld et al. (33). Cluster 3 was characterized by a wide variety of symptoms but no representative symptoms with a high incidence, and a low incidence or absence of chest symptoms. Cluster 3 can lead to delays in seeking medical care due to the lack of typical chest pain symptoms and the inability of patients to recognize AMI symptoms in a timely manner or failing to attribute them to cardiac disease (35–37).

In this study, we found that in terms of the prevalence of symptoms, the presence of 8 of the 11 symptoms on the symptom assessment form was greater than 20% in patients with AMI at the time of admission, with the prevalence of chest pain, sweating, dyspnea, discomfort in the chest, nausea/vomiting, and radiating pain in descending order of prevalence, among which the prevalence of chest pain and cold sweating was greater than 50%.

This is similar to the findings of Kim et al. Kim found that the top 6 symptoms in terms of symptom prevalence in a survey of STEMI patients at the time of hospital admission were chest pain, sweating, dyspnea, nausea or vomiting, weakness radiating pain and dizziness. The results of Kim's study are almost included in terms of symptom composition, but the difference is that the symptoms of weakness and dizziness were ranked more highly in Kim's study. The reason for this analysis is related to the fact that the AMI patients investigated in this study included NSTEMI patients, whereas the Kim investigations were all STEMI patients, and when compared to the two, the STEMI patients had large myocardial infarctions and were more prone to arrhythmias, and therefore had weakness and dizziness as their main manifestations.

Because of the existence of insufficient tissue perfusion in STEMI patients, the body is in a state of ischemia and hypoxia, so they show a state of weakness/dizziness, while NSTEMI patients have a lower incidence of weakness/dizziness than STEMI patients due to the longer duration of the lesion and the prolonged presence of ischemia and hypoxia, which is somewhat tolerated by the body.

In terms of comorbidities, the results in this study showed that there were differences in anemia among patients with different latent classes of AMI symptom clusters, and that patients with anemia are more likely to fall into the atypical symptom cluster. Anemia is a common comorbidity of AMI (38). Anemia exacerbates coronary artery ischemia, reduces oxygen-carrying capacity and myocardial oxygen consumption, and patients with anemia have a low hemoglobin concentration and a decreased ability of red blood cells to transport oxygen, which further aggravates the originally damaged myocardial ischemia and hypoxia, deforms cardiomyocytes, and receives a severe impact on cardiac systolic and diastolic function. The symptoms of weakness or fatigue and dizziness in the atypical symptom cluster may be related to anemia.

The atypical symptom cluster had considerably higher Killip class levels. Patients with higher Killip classification have more severe heart failure and poor clinical performance, and it has been shown that high Killip classification is an independent predictor of mortality in STEMI and NSTEMI in previous study (39). One explanation for this seems to be that patients with atypical symptom clusters have atypical symptoms, which are more likely to be delayed or misdiagnosed, resulting in more severe heart failure and thus affecting the prognosis. This study shows that atypical symptom clusters are predictors of whether readmission occurs in AMI patients.

Atypical symptom cluster related with significantly higher risk of readmission than typical chest symptom cluster and multiple symptom cluster. The findings of Hwang et al. (40) found that patients with the presence of atypical symptom clusters had the highest incidence of major adverse cardiovascular events (MACE) within 12 months. Hwang et al. (18) showed that the risk of death within 1 year in patients with the presence of atypical symptom clusters was 3.3 times. The results of related studies suggest that atypical symptom clusters in AMI patients can seriously affect the all-cause mortality of patients (11). The above findings suggest that atypical symptom cluster is an significant predictor of poor clinical outcomes in AMI patients, which may be related to the lack of typical chest pain symptoms, affecting patients’ recognition of the disease and leading to delayed access to medical care, which in turn leads to a poor prognosis (11, 31, 41). Therefore, patients with atypical symptoms on admission should not only be treated properly during hospitalization, but also should not be neglected in post-discharge follow-up.

Patients with atypical symptom clusters are more likely to experience delayed consultation or be misdiagnosed than those with typical symptom clusters. Early recognition, diagnosis, and treatment of the disease facilitates accelerated recovery and shortens the duration of painful symptom, thereby improving symptom experience. Thus, providing patients with awareness and coping skills of AMI symptoms and symptom clusters is conducive to symptom relief. David et al. (42) combined health education and skill development, and through the implementation of health education and skill development interventions for females hospitalized for ACS, instructed the patients in symptom monitoring and analysis, recognition of symptom patterns and adoption of appropriate coping. The effectiveness of this intervention was confirmed. This shows that health education and skill development interventions can improve the ability to recognize and respond to the symptoms and symptom clusters of female patients with ACS, so that the patients can receive effective diagnosis and treatment.

Traditional Chinese medicine (TCM) has been applied as a symptom-relieving intervention for symptom management in patients with ACS and has been shown to be effective. It has been shown that auricular point pressure beans in combination with acupoint has a relieving effect on symptom clusters related to chest pain in patients with ACS (43). In the future, we can link up with the Traditional Chinese medicine to explore its long-term effect on symptom clusters.

Coronary artery disease is relatively costly to treat, may require long-term medication, and carries a high healthcare burden for patients. Therefore, the application value of the results of this study in clinical care is to screen high-risk readmission patients, and in the future, pre-discharge and post-discharge interventions can be developed for high-risk readmission patients, including medication use, self-management, follow-up, and monitoring of patients’ disease progression, in order to enhance the quality of life of the patients, to further reduce the rate of in-admission, to reduce the burden of medical care for readmission, and to provide a follow-up continuity of care and a rehabilitation program ideas.


4.1 Limitations and suggestion

First, although the sample size is more than sufficient to meet the needs of the study, only one hospital was selected, and the hospital under investigation was a national cardiovascular hospital. The diagnosis and service level of the hospital is high, and the cooperation of the investigated patients is high, which has certain special characteristics, and the sample still lacks sufficient representativeness despite the fact that the investigated hospital's consultation area radiates the northwest region of China. There is a problem of readmission rate bias, patients may have other choices of medical treatment, which may underestimate the readmission rate. It is suggested that future studies should expand the sample size, select AMI patients from different levels of hospitals in different regions, and consider conducting relevant international cooperative studies to compare the differences in symptom clusters of AMI patients from different countries and ethnic groups, in order to discover the pattern of change of symptom clusters, and to help clinical nurses guide patients to manage their symptoms in a more scientific way.

Secondly, the follow-up period was only 1 year after the patients were discharged from the hospital, and future studies may explore the symptom clusters at different time points after discharge to clarify the trajectory changes of the symptom clusters, which may suggest that we adopt different diagnostic and therapeutic measures according to the different phases, in order to improve the prognosis of the patients and enhance the quality of survival.

Another limitation is that follow-up visits are conducted by telephone, which has limitations in obtaining information about the patient, mainly because of the subjectivity of the patient's answers. In the future, consideration will be given to incorporating cell phone software in the form of self-assessment of the patient under permissible conditions, or using remote monitoring equipment to objectively and dynamically understand the patient's condition. In the future, remote network technology can also be combined with symptom management strategies to dynamically monitor patients’ symptoms in real time and analyze subgroups of symptom clusters to help clinical caregivers identify high-risk patients and provide targeted guidance.

Finally, latent class analysis is only a method of extracting symptom clusters, and future research can use cluster analysis, exploratory factor, symptom cluster subgroup analysis, and compare the above methods, which is more in line with the patient's actual situation, with a view to helping clinical caregivers to accurately grasp the patient's symptom characteristics, so as to implement targeted care measures.




5 Conclusions

We used latent class analysis to identify three potential categories of AMI patients, which were typical chest symptom clusters, atypical symptom clusters, and multiple symptom clusters. Clinical data were collected on a total of 261 patients, of whom 28 patients experienced unplanned readmission within 1 year, a readmission rate of 10.7%. Anemia and Killip's classification were the most important factors influencing the potential categories of symptom clusters of the patients, and the patients with atypical symptom clusters were at higher risk of readmission within 1 year than the patients with other symptom clusters. Healthcare providers can pay more attention to patients with atypical symptom clusters, combining patients’ symptoms with clusters for efficient and precise symptom management to improve patients’ health outcomes. We recommended that future longitudinal studies explore the symptom clusters at different time points and clarify the trajectory of the symptom clusters, in order to guide the healthcare providers to adopt different diagnostic and therapeutic measures according to the different stages to improve the prognosis of the patients.
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Background: Machine learning is increasingly being used to diagnose and treat various diseases, including cardiovascular diseases. Automatic image analysis can expedite tissue analysis and save time. However, using machine learning is limited among researchers due to the requirement of technical expertise. By offering extensible features through plugins and scripts, machine-learning platforms make these techniques more accessible to researchers with limited programming knowledge. The misuse of anabolic-androgenic steroids is prevalent, particularly among athletes and bodybuilders, and there is strong evidence of their detrimental effects on ventricular myocardial capillaries and muscle cells. However, most studies rely on qualitative data, which can lead to bias and limited reliability. We present a user-friendly approach using machine learning algorithms to measure the effects of exercise and anabolic-androgenic steroids on cardiac ventricular capillaries and myocytes in an experimental animal model.



Method: Male Wistar rats were divided into four groups (n = 28): control, exercise-only, anabolic-androgenic steroid-alone, and exercise with anabolic-androgenic steroid. Histopathological analysis of heart tissue was conducted, with images processed and analyzed using the Trainable Weka Segmentation plugin in Fiji software. Machine learning classifiers were trained to segment capillary and myocyte nuclei structures, enabling quantitative morphological measurements.



Results: Exercise significantly increased capillary density compared to other groups. However, in the exercise + anabolic-androgenic steroid group, steroid use counteracted this effect. Anabolic-androgenic steroid alone did not significantly impact capillary density compared to the control group. Additionally, the exercise group had a significantly shorter intercapillary distance than all other groups. Again, using steroids in the exercise + anabolic-androgenic steroid group diminished this positive effect.



Conclusion: Despite limited programming skills, researchers can use artificial intelligence techniques to investigate the adverse effects of anabolic steroids on the heart's vascular network and muscle cells. By employing accessible tools like machine learning algorithms and image processing software, histopathological images of capillary and myocyte structures in heart tissues can be analyzed.
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1 Introduction

Artificial intelligence (AI) and machine learning (ML) techniques are increasingly used in medicine to improve the diagnosis and treatment of various diseases, including cardiovascular diseases (1). Automated techniques can make tissue analysis faster and more efficient, reducing the need for manual labor and saving time (2).

However, ML algorithms in medicine are new, and many researchers interested in using AI technologies may need more computer literacy or technical expertise. This is where image analysis platforms, such as ImageJ and Fiji, can be helpful (3, 4). These open-source software programs are easily extendable with plugins, scripts, pipelines, or workflows, allowing researchers with limited computing experience to develop and use ML algorithms.

Anabolic-androgenic steroids (AAS) have a wide range of clinically recognized uses. They are commonly used in heart transplant procedures to aid in the recovery process. AAS are also utilized in the treatment of osteoporosis to help increase bone density and reduce the risk of fractures. In addition, they are prescribed for individuals with chronic obstructive pulmonary disease to help improve muscle mass and strength. One of the most common indications for AAS therapy in men is hypogonadism, a condition where the body doesn't produce enough testosterone. AAS are also used in the treatment of catabolic states and cachexia, which are characterized by muscle wasting and weight loss. Furthermore, they may be prescribed as part of corticosteroid therapy to counteract the catabolic effects of long-term corticosteroid use. In addition to these uses, AAS have been employed in the treatment of depression, growth stimulation in male adolescence, prophylaxis of hereditary angioedema, and liver disease. They have also been used in the context of female-to-male transsexualism to promote the development of male secondary sexual characteristics. Furthermore, AAS have been investigated for their potential therapeutic effects in conditions such as multiple sclerosis, hypoplastic anemia, sexual dysfunction, and osteoporosis (5, 6). Anabolic-androgenic steroid (AAS) abuse is common among athletes and bodybuilders. There is strong evidence that co-administration of AAS with exercise can have negative effects on ventricular myocardial capillaries (7). However, most studies on this topic have relied on qualitative results and have a high margin of bias (2, 4). This highlights the importance of utilizing quantitative analyses to demonstrate the negative effects of AAS on the heart. AI and ML can be valuable tools in investigating these effects.

In this paper, we present a simple and user-friendly approach using ML algorithms to measure the effects of exercise and AAS on cardiac ventricular capillaries and myocytes in an animal model. This approach includes measuring the morphological features of capillary and myocyte structures from images obtained from the rats using the Trainable Weka Segmentation (TWS) plugin from Fiji (8). ML and TWS techniques, successfully utilized in analyzing various tissue structures, can also be effectively employed in the segmentation and morphological analysis of heart tissue structures such as capillaries and myocytes (9). Furthermore, we argue that even researchers without extensive programming and computer science knowledge can utilize artificial intelligence techniques to investigate the potentially detrimental effects of AAS on heart capillaries and myocytes in their studies.



2 Material and method


2.1 Ethical issues

This study followed “Experimental Animal Ethical Care” protocols approved by our University's Ethics Committee (27.04.2018-2018-15). The research center provided Male Wistar rats, kept in plastic cages at a temperature of 23 ± 2°C, 50% ± 10% relative humidity, and a 12-h day/night cycle while having ad libitum access to food and water. All rats used were male, and gender didn't affect the analysis.



2.2 Study design

The present study randomly divided Wistar-Albino male rats (n = 28) into four groups. Group I served as the control group and comprised sedentary animals without treatment with AAS. Group II consisted of animals that underwent an exercise protocol but did not receive AAS treatment. Group III included sedentary animals treated with AAS, while Group IV consisted of animals that underwent an exercise protocol and received AAS treatment. Following procedures, the animals were sacrificed by cervical dislocation under general anesthesia (Ketamine HCl 75 mg/kg and Xylazine 5 mg/kg).



2.3 Exercise procedure

For the exercise, an 8-lane treadmill specially designed for rats was used. At the beginning of the study, animals were placed in a 5-day acclimation period. Then, rats in exercise-related groups were given 45 min of exercise at 25 m/min 5 days a week for 6 weeks, as in the literature (10).



2.4 Anabolic androgenic steroid administration

We used Trenbolone enanthate as an AAS (Trenbolone E200, Pharma Generics). Trenbolone was administered intraperitoneally to groups III and IV rats, diluted in 100 ml peanut oil at a 10 mg/kg dose for different durations as in literature (10). The rats' body weights were measured at the start of the study and at the same time each week for the next 6 weeks, and dose adjustments were made for Trenbolone administration.



2.5 Histopathological procedure

After the animals had been euthanized, the rats' hearts were removed and fixed with a 10% formaldehyde solution, then embedded in paraffin blocks. Sections of 4 µm thickness were prepared from paraffin blocks with a microtome (Leica Microsystems EG 1130, Wetzlar, Germany). Samples were immunocytochemically stained with CD31 (monoclonal rat, JC70A; Dako, Glostrup; Denmark) using the automated Ventana BenchMark XT instrument. Finally, digital images were obtained at 100× magnification with a light microscope (Carl Zeiss Axio Imager D1, Carl Zeiss Microscopy, LLC, USA).



2.6 Image processing

All tissue sample images were resized to 1,167 × 874 pixels and standardized. A calibration scale was also inserted (Figure 1).


[image: Figure 1]
FIGURE 1
Histopathological specimen, immunohistochemically stained with CD-31 and digitalized and standardized at ×100 magnification with a light microscope.




2.7 Machine learning and TWS training steps

This study developed an ML classifier using the TWS plugin v3.2.34 in ImageJ v2.1.0, included in the Fiji distribution. The TWS is an open-source toolkit that utilizes the Waikato Information Analysis Environment (WEKA) for ML and data mining. The default ML method in TWS is Fast Random Forest, which is implemented in the classifier. Two segmentation classes were defined: Capillary cells and Background, with all other artifacts and non-capillary cell images included in the Background class. The number of trees (numTrees) was set to 200 to optimize performance. The optimum settings were chosen based on the balance between image size, segmentation performance, and processing time.

The default features used were Gaussian blur, Hessian, Membrane projection, Sobel filter, Difference of Gaussians, membrane thickness = 1, membrane patch size = 19, minimum sigma = 1.0, maximum sigma = 16.0 and Fast Random Forest values: maxDepth = 0, numFeatures = 2, numTrees = 200. The classifier was trained using randomly selected image samples from each study group until the classification performance was maximized. In both the Fiji software and WEKA segmentation toolkits, the primary criterion for determining optimal settings and achieving near-perfect segmentation was the compatibility between the original image and the segmented image. The training process was considered complete only after obtaining approval from the consulted pathologist at every training stage. Training took four hours on a standard laptop computer (MacBook Pro 13-inch, 2017, Intel Core i5 @ 2.3 GHz, two cores, 8GB RAM).

After training, the classifiers and data files were saved and applied to all study samples. The segmented images were then refined with post-processing macro workflows and made suitable for morphological measurements (Table 1). Finally, morphological data were obtained from these refined images and saved in a data file for statistical processing.

The ML process was performed by creating two separate model files in the TWS. In the TWS plugin, the capillary structures were stained brown in the original image were labeled as Capillary, and everything else as Background (Figure 1). Classifier labels and sample images were trained by an experienced histopathologist and saved to the Capillary.model file and data to the Capillary_Data.arff file. Similarly, the myocyte nuclei stained dark blue in the original image (Figure 1) were labeled as the Nuclei, and everything else as the Background nuclei, and the model was recorded in the Nuclei.model file and the data in the Nuclei.arff file.

Subsequently, the TWS plugin was employed to apply the trained model files to additional samples sequentially, leading to their segmentation according to the procedure outlined in Table 1, Figure 2. This yielded classified and segmented images of capillaries and myocytes, as demonstrated in Figure 3. Finally, post-processing macro steps were applied to the segmented images to obtain digital morphological data, which were saved in a data file.


TABLE 1 Step-by-step ML algorithm with trainable WEKA segmentation.

[image: Table 1]
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FIGURE 2
Detailed workflow for ML algorithm using trainable WEKA segmentation.



[image: Figure 3]
FIGURE 3
(A) The classified capillary images after the training of TWS, (B) the classified myocyte nuclei images after the exercise of TWS, (C) segmented capillary images obtained after running macro for post-processing, (D) segmented myocyte nuclei images obtained after running macro for post-processing.




2.8 Statistical analysis

Data analysis was done with SPSS v22.0.0. A power analysis determined the sample size. Results show mean values and standard error of the mean. Statistical significance was p < 0.05. One-way ANOVA compared groups, with multiple group comparisons using Bonferroni post hoc test.




3 Results


3.1 Classification performance metrics

The automatic segmentation for capillary and myocyte nuclei detection showed high accuracy, with correctly classified instances for capillaries at 99.8223% and nuclei at 99.3464%. The performance of the TWS classifier was tested on both capillary and myocyte nuclei. A value of 1.0 in all performance measures indicates perfect classification. The precision value for the capillary model, the rate of over-prediction in capillary pixels, was 0.974. The recall value for the capillary model, the rate of under-prediction in capillary pixels, was 0.954. The accuracy of the TWS classifier for the capillary model, as measured by the F-score, was 0.964 (Table 2).


TABLE 2 Trainable WEKAa segmentation performance summary for capillary and myocyte nuclei classes.

[image: Table 2]

Similarly, the precision value for the nucleus model, the rate of over-prediction in nuclei pixels, was 0.976. The recall value for the nucleus model, the rate of under-prediction in nuclei pixels, was 0.828. The accuracy of the TWS classifier for the nucleus model, as measured by the F-score, was 0.896 (Table 2).

The Precision/Recall trade-off was 1.02 for capillary pixels and 1.18 for nuclei pixels, and ROC curves were 0.999 for capillary pixels and 0.997 for nuclei pixels (Figure 4).


[image: Figure 4]
FIGURE 4
(A) The precision/recall trade-off for capillary pixels, (B) the precision/recall trade-off for myocyte nuclei pixels, (C) the ROC curve for capillary pixels, (D) the ROC curve for myocyte nuclei pixels.


Overall, the performance of both models was close to perfect, with the capillary model outperforming the nucleus model.



3.2 Experimental results

The Results are shown in Table 3. The study investigated the effects of exercise, AAS administration, and their combination on heart tissue in rats. The ML was used to analyze heart tissue histopathological samples and measure capillary density, intercapillary distance (ICD), myocyte nuclei density, and internuclear distance (IND).


TABLE 3 Results of the study on the effects of different treatment groups.

[image: Table 3]

The study's results demonstrated the successful application of AI and ML in histopathological analysis. The ML algorithm could accurately segment and classify capillary and myocyte nuclei structures in the histopathological samples, enabling precise morphological measurements.

Accordingly, there was a significant difference between the groups in heart weight (p = 0.02). In addition, the data showed that exercise alone (Group II) significantly increased capillary density compared to the control (Group I) and the groups treated with AAS alone (Group III) or in combination with exercise (exercise + AAS) (Group IV) (p < 0.05). This indicates that exercise positively affects capillary density in heart tissue.

In contrast, the administration of AAS alone (Group III) did not significantly affect capillary density compared to the control group (Group I) (p > 0.05). However, in group IV, the administration of AAS attenuated the positive effect of exercise on capillary density. This suggests that AAS may hinder the beneficial effects of exercise on capillary density.

Furthermore, the ICD of the exercise group (Group II) was significantly shorter than in all other groups (p < 0.05). This indicates that exercise positively affects the spacing of capillaries in heart tissue. This trend was not observed in Group III and Group IV.

The data also showed no significant difference in the number of myocyte nuclei or IND among the groups (p > 0.05). This suggests that exercise, AAS administration, and their combination do not significantly affect these parameters in heart tissue.

All results showed that exercise benefits heart tissue, and AAS suppresses these effects. The study also demonstrated the potential of AI and ML for high accuracy in histopathological analysis.




4 Discussion

In this study, we used artificial intelligence and machine learning techniques to analyze the effects of the AAS and exercise on the heart in an animal model. Our results showed that exercise positively affected the heart in Group II compared to Group I. In contrast, the AAS (Group III) had negative effects, while AAS reduced the positive effects of exercise in Group IV. These findings align with previous research showing that AAS abuse can lead to structural and functional changes in the heart, including hypertrophy and fibrosis. On the other hand, exercise can improve cardiovascular health (6, 7).

The effects of the AAS and exercise on morphological parameters such as capillary and myocyte nuclei number and density, the ICD, and the IND in the myocardium at the histopathological level are still being determined by manual methods. These methods are prone to bias and do not provide a quantitative result. Additionally, analyzing large numbers of images is time-consuming and laborious for researchers (1, 11, 12).

Our research presents an automated approach for measuring the effects of medical treatments using ML algorithms. ML techniques are increasingly used in the medical field, particularly in the analysis and automation of histopathological images. Various studies have shown that they result in more objective outcomes (2, 4, 8, 9, 13–18).

This study proposes a simple and efficient approach for capillary segmentation using basic image processing techniques. The proposed method was evaluated on a dataset of rat capillary cell images, and it produced favorable results. Moreover, the technique exhibited robustness and dependability, even in challenging situations where manual segmentation was unfeasible or subject to subjective errors. Finally, quantitative assessment of the proposed method included F-score, precision/recall trade-off, and ROC curves, which were nearly optimal.

This study has the advantage that the proposed method requires minimal user intervention and can provide reliable results even under adverse viewing conditions. Therefore, the study suggests it is possible to measure capillary morphological measurements accurately and sensitively using ML and the proposed technique.

The AAS has various clinically recognized uses, including in heart transplant procedures, treatment of osteoporosis, chronic obstructive pulmonary disease, and in individuals infected with HIV. Hypogonadism is the most common indication for AAS therapy in men. The other clinical applications of AAS include the treatment of catabolic states and cachexia, corticosteroid therapy, depression, growth stimulation in male adolescence, prophylaxis of hereditary angioedema, liver disease, female-to-male transsexualism, multiple sclerosis, hypoplastic anemia, sexual dysfunction, and osteoporosis (5, 6). This treatment is sometimes combined with an exercise conditioning regimen (6, 7). Furthermore, these drugs are also used for experimental purposes in individuals who exercise (7). Additionally, some competitive athletes and individuals participating in various forms of physical exercise misuse AAS (7). However, the use of AAS can have negative impacts on cardiovascular health, such as disrupting lipid and lipoprotein metabolism (6, 7), increasing peripheral vascular resistance, and augmenting atherosclerosis, leading to abnormal blood, thrombosis, impaired coronary flow and perfusion, overstimulation of the sympathetic nerves of the heart, ultrastructural damage to heart muscle cells, direct toxic effects in heart muscle cell cultures and cardiovascular complications in athletes (6, 7). AAS use can cause cardiovascular complications, often due to illegal use (6).

During exercise, the heart needs more oxygen. Capillary beds help the heart get enough oxygen. AAS can disrupt capillarization in skeletal muscle during exercise. Not much is known about the effect of AAS on the heart's microvasculature (6). In various studies, intense exercise has not resulted in cardiac hypertrophy, despite an initial increase in heart weight observed during the first weeks of training (6). However, other studies have reported that the heart does exhibit hypertrophy in response to various forms of exercise (6). Some research has also suggested that AAS use can lead to hypertrophy (19). However, most studies on this topic need more in-depth qualitative analysis and numerical data. Additionally, the hypertrophic effects of AAS use on heart muscle cells and capillaries under training conditions have yet to be fully quantified.

Increased capillary number and density in the myocardium are well-established adaptations in response to physical exercise (6, 7). Studies have shown that increased capillary number and density increase the capillary-to-fiber ratio, ultimately decreasing oxygen diffusion distance (20). In our study, exercise positively affected the capillary number and density, while using AAS had a negative impact. In Group IV, AAS negated the positive effects of exercise on the capillary number and density.

The ICD and the IND are morphological measurements that provide valuable information about ventricular hypertrophy (21). To determine the ICD, we measured the distance between the centers of two neighboring capillary cells according to the Euclidean principle. This measurement was conducted using the Nearest-Neighbor Distances (NND) plug-in in Fiji (22), post-segmentation procedure, as part of a morphological analysis. Similarly, the IND was also calculated by determining the distance between the centers of two neighboring myocyte nuclei. These measurements increase due to the diameter of myocardial fibrils when there is ventricular hypertrophy (6, 7, 21). The ICD was significantly shorter in Group II compared to Group I (p = 0.01). This finding is consistent with previous studies. Like our findings, Tagarakis et al. (6, 7) argue that using AAS increases the ICD, which indicates ventricular hypertrophy. They found that the ICD did not cause a significant change in the AAS in the short-term study groups but did cause considerable prolongation in the long-term study groups.

We found the IND between groups to be insignificant, contrary to expectations. The limited sample size and short experimental time can explain this unexpected result at the IND. Also, studies show that regular exercise causes physiological changes in the ICD and the IND and does not cause pathological ventricular hypertrophy (6, 7).

One possible explanation for the harmful effects of AAS on the heart is that they alter the levels of hormones and growth factors in the body, leading to hypertrophy and fibrosis (23). On the other hand, exercise has been shown to improve cardiovascular health by increasing blood flow and promoting the growth of new blood vessels (24). However, our results suggest that combining AAS and exercise may harm the heart. This may be due to an imbalance in the hormones and growth factors that regulate cardiac function. These findings are consistent with previous studies, which have shown that co-administration of AAS and exercise can lead to increased oxidative stress and inflammation in the heart (19).

In our study, the heart and body weight of the rats were measured to evaluate the degree of hypertrophy. The ratio of heart weight to body weight (Wh/Wb) was calculated. Previous animal studies have suggested that the concomitant application of AAS and exercise training can increase heart weight (6, 25). Our statistical analysis revealed a significant difference in heart weight between the experimental and control groups (p = 0.02), with Group IV showing a higher heart weight. However, no significant difference was found in the Wh/Wb ratios between the groups. We attribute the lack of difference in the ratio to the limited sample size. Sample size limitation may not be sufficient to detect subtle changes in this ratio.



5 Limitations

A few limitations to our study should be considered when interpreting the results. First, we used a relatively small sample size, which may have limited our ability to detect significant differences between the groups due to the ethical committee decision. Second, our study was conducted in an animal model, which may not fully capture the complexity of human cardiovascular physiology. Indeed, this study is an animal study. We believe that further human-based research is necessary to evaluate the clinical applicability of its results. Finally, we only analyzed a few morphological features of the heart tissue, and there may be other changes that we did not measure that could be affected by AAS and exercise.



6 Conclusion

The study offers significant contributions to understanding the impact of AAS and exercise on cardiac health. It elucidates that exercise exerts beneficial effects on the heart, whereas the use of AAS and the concurrent administration of AAS and exercise can lead to unfavorable outcomes. These findings are noteworthy for athletes and bodybuilders contemplating using AAS to enhance performance. Furthermore, our study highlights the utility of ML algorithms in facilitating the automated analysis of heart tissue images, showcasing its potential for broader application to diverse diseases and tissue types. However, additional research is necessary to validate and expand our findings.
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Background: The aorta, a central component of the cardiovascular system, plays a pivotal role in ensuring blood circulation. Despite its importance, there is a notable lack of idealized models for experimental and computational studies.



Objective: This study aims to develop computer-aided design (CAD) models for the idealized human aorta, intended for studying hemodynamics or solid mechanics in both in vitro and in silico settings.



Methods: Various parameters were extracted from comprehensive literature sources to evaluate major anatomical characteristics of the aorta in healthy adults, including variations in aortic arch branches and corresponding dimensions. The idealized models were generated based on averages weighted by the cohort size of each study for several morphological parameters collected and compiled from image-based or cadaveric studies, as well as data from four recruited subjects. The models were used for hemodynamics assessment using particle image velocimetry (PIV) measurements and computational fluid dynamics (CFD) simulations.



Results: Two CAD models for the idealized human aorta were developed, focusing on the healthy population. The CFD simulations, which align closely with the PIV measurements, capture the main global flow features and wall shear stress patterns observed in patient-specific cases, demonstrating the capabilities of the designed models.



Conclusions: The collected statistical data on the aorta and the two idealized aorta models, covering prevalent arch variants known as Normal and Bovine types, are shown to be useful for examining the hemodynamics of the aorta. They also hold promise for applications in designing medical devices where anatomical statistics are needed.
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1 Introduction

The aorta plays a vital role in the circulatory system as the largest arterial vessel, responsible for distributing oxygenated blood from the heart to the rest of the body (1). The hemodynamics (blood flow behavior) within the aorta may be strongly influenced by its geometric configuration (2). As such, for certain interventions or for the development of a personalized treatment plan, a 3D patient-specific reconstruction of the aorta (or part of the aorta) may be needed. However, to develop a generalizable understanding of the complex fundamental fluid mechanics in the aorta, aortic valve, and many other aspects of hemodynamics in both healthy and diseased cases, realistic but idealized models of the aorta or a related site are useful. Idealized models can facilitate the study of hemodynamics, offering insights applicable to broader populations, unlike patient-specific models. Additionally, idealized models are used for the development of computational and experimental methods and benchmarking data. This includes in vitro (experimental) studies such as particle image/tracking velocimetry (PIV/PTV), four-dimensional flow magnetic resonance imaging (4D-Flow MRI), and in silico (numerical) studies such as computational fluid dynamics (CFD), and more recently direct numerical simulation (DNS) of complex flow phenomena in the aorta or close sites. For example, in studying the local hemodynamics of the aortic valve, additional parameters such as ascending aorta diameter, sinus dimensions, annulus diameter, sinotubular junction height, coronary arteries diameters, and other dimensions of the aorta are required, highlighting the need for anatomical statistics. Examples of studies with idealized aortic geometries include (3–10).

Additionally, conducting comparative analyses in patient-specific geometries is often difficult due to the unique characteristics and distinct flow dynamics associated with each individual geometry (11). To address this common issue, one approach is to introduce an idealized model having the common features of the patient-specific anatomies, but yet generalizable to a large population. Such an idealized model can serve as a reference base case for both in vitro and in silico studies of the aorta and facilitating the design of medical devices. By employing such a model, it becomes possible to gain insight into the main characteristics of aortic blood flow and enhance our understanding of the dynamics of the circulatory system.

Furthermore, using an ideal model simplifies the complex manufacturing process of phantoms for physical experiments. The traditional fabrication method for in vitro hemodynamics involves manufacturing a phantom using clear silicon resin molding, e.g., (12). Another approach, made possible by recent advances in additive manufacturing methods, is 3D printing phantoms using a transparent material for optical imaging, e.g., (13), or using an opaque (or transparent) material for magnetic imaging, e.g., (14, 15). Additionally, a combination of 3D-printing and silicon modeling has been attempted recently (16). Overall, idealized models are easier to fabricate in both approaches due to their generally simpler geometry and superior surface smoothness. The smooth walls in generalized models potentially improve the imaging quality and minimize the light distortion and refraction in PIV/PTV experiments compared to segmented models. In numerical studies, due to the simplified model structure, grid generation becomes easier, resulting in improved mesh quality and solution convergence. Furthermore, idealized models can be easily modified digitally using various open-source or commercial CAD platforms since they are based on mathematical formulations as opposed to unstructured triangulated surfaces in patient-specific models that are based on biomedical imaging modalities.

We have examined the literature to determine the availability of any idealized models of the aorta. We noticed such models are very scarce, and among those available, the focus is on specific clinical conditions such as aortic dissection (17–19), ascending aortic aneurysm (20), and abdominal aortic aneurysm (21). Certain other studies had focused on specific sections of the aorta such as the abdominal aorta (22). Furthermore, the vast majority of these models tend to be an extremely simplified reconstruction of patient-specific cases, often adopting a straight tube, e.g., (6), or a basic U-bend tube configuration, e.g., (23), that neglects important anatomical factors such as curvatures and varying diameters of the thoracic aorta. For example, the model in the study by Vasava et al. (24) is based on a single patient data of Shahcheraghi et al. (25). Finally, to the best of the authors’ knowledge, none of the above studies shared an open-access CAD model or formulated a 3D geometry for use in aortic studies, whether experimentally or computationally, with the exception of the study by Liang et al. (20). In their study, they constructed a statistical shape model for the aortic curvature in patients with ascending aortic aneurysm, neglecting the branching vessels. In light of these limitations, the present study aims to address this gap by incorporating a comprehensive representation of reviewed anatomical features of healthy subjects into useful CAD models.

The anatomy of a healthy aorta has diverse applications, including the investigation of hemodynamics and thrombi transport within the aorta. For instance, it aids in the cardiogenic embolic stroke risk assessment, stroke location prediction, and understanding of stroke etiology and arterial embolism (26, 27). Additionally, they are utilized in the context of venous-arterial extracorporeal membrane oxygenation (VA-ECMO) for acute cardiogenic shock patients (28), and in benchmarking numerical studies in cardiovascular settings for boundary conditions (29), as well as exploring the effect of blood rheology modeling in aorta (30). Moreover, investigations focusing on the aorta from a solid mechanics perspective, which involve determining stress distribution in the aortic wall through finite element modeling (FEM) or utilizing deep learning (31, 32), as well as fluid–structure interaction (FSI) simulations (33, 34), also draw advantages from studies involving healthy populations. Importantly, there has been a growing focus on studying hemodynamics in the aorta of heart failure patients implanted with a left ventricular assist device (LVAD), most commonly a continuous-flow pump. The complex hemodynamics is of interest from several perspectives, including understanding altered hemodynamics, transport of small and large inertial thrombi, aortic insufficiency prevention, and optimizing the cannula graft angle and position (4, 35–39). The shape and dimensions of the aorta in such LVAD patients involve a healthy aorta without any abnormalities.

The main objective of this study is to develop idealized aortic models for the general population, intended for use in experimental or numerical investigations of the hemodynamics or solid mechanics of the aorta. The utilization of the models contributes to an enhanced comprehension of cardiovascular hemodynamics and holds the potential for improving the quality of life for patients in clinical settings. The idealized models presented in this study are developed by considering various geometrical parameters of the aorta as documented in the existing literature. These parameters are extracted from publications that utilized diverse imaging techniques such as computed tomography (CT), magnetic resonance imaging (MRI), cardiovascular magnetic resonance imaging (CMR), echocardiography, computed tomography angiography (CTA), quantitative coronary angiography (QCA), or are based on cadaveric studies. The dimensions collected from these sources encompass a broad range of population samples, spanning from 17 to 89 years old, with a specific focus on healthy adults. The study is structured to provide details on the search workflow, data compilation, and model development. It is followed by an experimental and computational assessment of the hemodynamics within the models, as well as discussion and conclusions.



2 Materials and methods


2.1 Study selection and data extraction

To identify relevant studies pertaining to aortic morphology, a critical search was conducted across prominent scientific databases, including PubMed, Web of Science, and Google Scholar. The search strategy aimed to encompass a comprehensive range of literature by utilizing appropriate keywords that included: “aortic arch morphology”, “thoracic aorta size”, “aortic arch geometry”, “arch vessel size”, “arch vessel distance/spacing”, “arch curvature”, “aortic root”, “coronary artery size”, and “arch vessel angle”. This extensive set of keywords ensured a thorough exploration of the literature landscape. The search was primarily focused on literature published from the year 2000 to 2023, providing an up-to-date perspective on aorta morphology studies.

Initially, a total of 156 articles were identified through this screening. Subsequently, after reviewing the title, abstract, and the patient cohort, 108 articles were excluded from the study due to their focus on aortic size abnormalities in non-healthy patient populations such as coronary artery diseases, or thoracic ascending or abdominal aortic aneurysms and dissections. Additionally, articles that reported aortic dimensions in infants and children under the age of 16 were also excluded since such sizes can statistically differ from the adult population as suggested by Barmparas et al. (40) and Food et al. (41). Only studies that examined the aortic morphology in young, middle-aged, and elderly populations were considered. This included subjects spanning from 17 to 89 years old, and encompassed original research articles, review articles, and case reports, all of which were based on clinical imaging modalities or cadaveric investigations. Furthermore, non-English language studies were excluded from the final selection. The qualified studies were then categorized based on the various geometrical parameters of the thoracic aorta as reported in the following sections. By utilizing the average values of the identified parameters, weighted by the cohort size, two distinct aorta models were generated within a computer-aided design (CAD) environment. A flowchart showing the search, data collection and analysis is shown in Figure 1.


[image: Figure 1]
FIGURE 1
The flowchart of the search process, data extraction, and model development. The total number of qualified studies is n = 49. Note that in the data analysis step, certain studies have reported more than one dimension of interest.




2.2 Data from recruited patients

In addition to the compiled data from the above search, anatomical dimensions of four patients recruited for a hemodynamics study by the authors were used to construct the aortic lumen models. High-resolution CT scan data of the patients were acquired after the institutional review board (IRB) approval, and were segmented using 3D Slicer® software, an open-source platform sponsored by the National Institutes of Health (NIH). Different dimensions were then extracted from the 3D models as reported in tables in Section 3 as well as a summary in Table 10.



2.3 Experimental study

To assess the hemodynamic performance of the idealized models developed in Section 4, we performed planar refractive-index-matched particle image velocimetry (PIV) measurements in a left ventricular assist device (LVAD) setting. Our choice has been inspired by the significance of hemodynamics within the aorta in LVAD patients as addressed in Section 1. We digitally grafted the device cannula, with a diameter of 16 mm, into the ascending aorta at a clinically common location and angle, and added a 0.6 mm wall thickness to the lumen, along with incorporating inflow and outflow fittings. The models were then 3D printed using stereolithography with Somos® WaterShed XC 11122 at 50 μm layers. Water was used as the working fluid, and the assessment of optical distortion showed sub-pixel accuracy attributed to the model’s thin wall thickness and smooth surface. To account for the viscosity difference between water and blood, we imposed inflow conditions corresponding to Reynolds numbers of approximately 1,757 and 3,163 (based on the inflow bulk velocity and the cannula diameter) as if the flow were blood stream at 5 LPM and 9 LPM, respectively. The steady-state inflow was distributed to different branches following the approach and rates described by Amili et al. (36), which utilized duplex ultrasound data.

The model was placed in a flow loop where its flow rate, pressure, and temperature were fully regulated and monitored. The flow was seeded with fluorescent green polyethylene beads and was illuminated using a light sheet generated by a continuous-wave laser at 405 nm. The light sheet with a thickness of approximately 2 mm was positioned at the symmetry plane of the inflow cannula, cutting through the model. This illumination was complemented by four DC LED lights at 415 nm. The seeded flow was then imaged using a Phantom T1340 high-speed camera in conjunction with a Zeiss lens at an f-number of 4.0, focused at the center plane of the light sheet. A sequence of 10,000 images was recorded at 200 Hz and 400 Hz for the low and high flow rates, respectively. For particle peak detection, a least-squares Gaussian fit (3 × 3 points) was employed. The interrogation window with the final pass size of 48 × 48 pixels with 75% overlap was used for the FFT-based cross-correlation.



2.4 Numerical study

A computational fluid dynamics (CFD) study of the hemodynamics was conducted within the idealized aorta models experimentally studied in Subsection 2.3, as well as the four patient-specific cases in Subsection 2.2. ANSYS Fluent steady-state k-ω based turbulent CFD solver was used with a tetrahedron mesh ranging from approximately 13 to 19 million elements, depending on the case. Inflation mesh layers were also defined at the lumen boundaries to better capture the near-wall gradients. The properties of blood were set to a dynamic viscosity of 0.004 Pa.s and a density of 1,060 kg/m3. An extension pipe with a length of 15 inlet diameter was added at the cannula inlet to ensure a fully developed inflow.

The inflow boundary condition was defined as the inlet velocity with a uniform bulk velocity corresponding to flow rates of 5 LPM and 9 LPM, matching the Reynolds numbers of Subsection 2.3. A uniform inflow turbulent intensity was applied at the inlet to match the bulk flow at the experimental conditions. The exit of the descending aorta was defined as a zero-pressure outlet, and the remaining vessels were described as mass flow rate outlets corresponding to the flow distribution of the experimental conditions. Second-order schemes were used for the spatial discretization, and the flow field was initialized with the hybrid initialization method in ANSYS Fluent solver. Simulations were performed at the Ohio Supercomputer Center (OSC), commonly at a node with 28 cores and 128 GB of memory.




3 Geometrical parameters of aorta

Dimensions of the aorta have long been utilized in the medical domain to facilitate the diagnosis and treatment of diverse cardiovascular conditions such as atherosclerosis or dilation (42, 43). However, such investigations have primarily focused on examining the general variability of geometric parameters across a broad population, rather than establishing a simplified and representative geometric model that accurately captures the complexity of the human aorta. In order to ensure broader applicability of proposed idealized models, the initial step involved identifying different types of aortic arches and presenting the statistical findings on the most prevalent arch variants. Subsequently, critical geometric parameters were precisely defined for the aorta and were subjected to a thorough analysis across a substantial population.


3.1 Variations of aortic arch branches

The anatomy of the aortic arch in humans exhibits diverse branching patterns that can vary significantly among individuals (44) and thus would lead to distinct hemodynamic characteristics. Understanding the variations in the type of aortic arch branches is essential for proposing a generalized ideal model to better represent the population. In the literature, three major types of aortic arches have been identified: Type I (also known as the Normal type), Type II (the Bovine type), and Type III (the Isolated type). The distribution of these three variants is presented in Table 1.


TABLE 1 Prevalence of different aortic arch branch types.
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The Normal type is the most prevalent configuration at which the aortic arch gives rise to three major branches: the brachiocephalic artery (BA), left common carotid artery (LCA), and left subclavian artery (LSA). This type of aortic arch is present in approximately 80% of the general population. The Bovine type constitutes the second category where the BA and LCA arteries arise from a common trunk, while the LSA artery branches out from the aortic arch. This configuration comprises approximately 14% of the population. The Isolated type is characterized by the presence of four branches and is significantly less common with approximately 3% of the population. It is followed by several other uncommon variants of the aortic arch vessel configurations. The rare variants documented in the literature all combined cover almost 3% of the population. Therefore, our study primarily focuses on developing idealized models based on the first two variants.



3.2 Thoracic aorta dimensions

It is widely recognized that the dimensions of the thoracic aorta are influenced by various factors including gender, age, and body size (52). Despite variations, it is feasible to establish a general range with a reasonable standard deviation (53). This is owing to the fact that the increase in the thoracic aorta over 5 decades of aging is only 7 mm (54), and gender only puts on a 2 mm difference, corresponding to an approximate 7.5% increase in the aortic arch diameter, and this difference between genders decreases with age (55).

We have reviewed the normal ranges of these dimensions and their variations in different populations as well as the measuring methods. By examining the variations of thoracic aortic dimensions towards clinical and research contexts, we have obtained the weighted average values of each section of the thoracic aorta presented in Table 2. We have focused on the five key dimensions which are the diameters of the aortic root, ascending aorta, aortic arch, proximal descending aorta, and mid-descending aorta. The diameters of the ascending aorta, aortic arch, and mid-descending aorta denoted as D1, D2, and D3, respectively, are used for the developed idealized models as shown in Figure 2. These three dimensions suffice for a good representation of the aorta and are practical for CAD modeling of an idealized model since the aortic root diameter is very similar to the diameter of the ascending part, and the diameters of the mid-descending and proximal descending parts are also very similar to each other. The two parameters that are not considered in the idealized model development are reported in Table 2 for potential clinical use.


TABLE 2 Thoracic aorta dimensions.a
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FIGURE 2
Proposed idealized models for the (A) Normal type (Type I), and (B) Bovine type (Type II).




3.3 Height, width, and curvature of aortic arch

The morphology of the aortic arch typically exhibits a gradual curvature as it ascends from the aortic root and descends towards the descending aorta. The length and curvature of the aortic arch may vary among subjects and with age (54). To quantify these differences, it is common to measure the height (H) and width (W) of the aortic arch at a parasagittal plane. Additionally, the height-to-width ratio (H/W) serves as an important marker for identifying the elongation of the aorta. These parameters are applicable to both types of the aortic arch addressed in Subsection 3.1 and are illustrated in Figure 2. In addition to the height and width of the aortic arch, when viewing the aortic arch from a transverse (axial) plane, the arch slightly bends from the ascending side towards the descending side which is marked as R in Figure 2. Note that studies reporting this curvature dimension are very scarce; therefore we have used our recruited patients’ data as reported in Table 3.


TABLE 3 Height, width, and curvature of aortic arch.a
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3.4 Distance from sinotubular junction (STJ) to start of the aortic arch

This dimension starts from the end of the leaflets up to the point where the ascending aorta starts to bend and is shown by L in Figure 2. There is also an absolute lack of reporting of this dimension in the literature. Therefore, for the construction of both the Normal and Bovine idealized aortic models, we rely on our recruited patients’ data and the study by Vasava et al. (24) as summarized in Table 4.


TABLE 4 Distance from sinotubular junction to the beginning of the aortic arch.

[image: Table 4]



3.5 Angles of descending aorta and aortic arch

The aortic arch has certain angles with respect to different axes that form the overall complex shape of the thoracic aorta. These angles are the two angles of rotation in descending aorta (β1 and β2) and one angle for aortic arch rotation in a transverse plane (β3) as all shown in Figure 2. The angle β1 of the descending aorta is measured in reference to a line tangent to the circumference of the mid-descending aorta. In addition, the descending aorta twists toward the posterior side with the angle of β2. Moreover, when the thoracic arch traverses through the descending aorta, it deviates with an angle toward the posterior side denoted as β3. Unfortunately, very limited data is available for these dimensions in the literature. To estimate the angle β1, we rely on our recruited patients and the study by Vasava et al. (24). For the angles β2 and β3, we also extracted the data from our patients. All these three angles are shown in Table 5.


TABLE 5 Angles of descending aorta and aortic arch.
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3.6 Diameters of aortic arch vessels

The aortic arch gives rise to several major vessels that supply blood to the head, neck, and other organs through the brachiocephalic artery (BA), left common carotid artery (LCA), and left subclavian artery (LSA) of which their diameters are shown in Figure 2 as ϕ1, ϕ2, and ϕ3, respectively. In the case of the Bovine type, the BA and LCA branch out from a common trunk with a diameter of ϕb1, while the diameter of LSA is denoted as ϕb2. These three arteries, or in the case of the Bovine type aorta, the two branches, exhibit varying diameters among healthy individuals. Documenting the diameter of these branches is predominantly utilized in cardiovascular surgeries (65) such as the implementation of cerebral angiography catheter (66) as well as in procedures like radiological diagnostics and interventional radiology (67). Additionally, such diameter measurements are employed in monitoring the repair of the aortic arch following stent graft surgeries (68). The collected publications from the literature, along with the weighted averages with respect to the cohort size, are presented in Table 6. Of note, there is a limited number of studies focusing on the bovine type of aorta. It is also worth noting that in cases where the cross-sections of the aortic vessels exhibited an oval shape, the diameters are reported as the average of the larger and smaller diameters (65).


TABLE 6 Diameters of aortic arch vessels.e
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3.7 Distance between aortic arch vessels

The measurement of the spacing between the aortic arch vessels holds significant importance as a morphometric parameter within medical research. This parameter assumes crucial relevance in various aspects, including accurate diagnostics, treatment methodologies, and surgical interventions such as endovascular aortic stenting and catheterization (77). In order to provide a comprehensive understanding, a compilation of relevant parameters in the existing literature is presented in Table 7. Among the primary parameters under investigation, special attention is given to the distance between the BA and LCA arteries, denoted as d1, as well as the distance between the LCA and LSA arteries, denoted as d2. The distance between the first branch and the LSA artery in the Bovine type aorta is denoted as d3. The distance from the sinotubular junction to the BA artery is also an important reference dimension that is denoted by a. All these parameters are illustrated in Figure 2.


TABLE 7 Distance between aortic arch vessels.c
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3.8 Angles of aortic arch vessels

The angle of the arch vessels is a significant morphometric parameter that plays a crucial role in hemodynamics and the potential blood clots transport to the head, especially in patients implanted with a left ventricular assist device (LVAD). Three angles are defined between the arch vessel centerline and the thoracic aorta. The angles of the BA, LCA, and LSA vessels with respect to the arch are denoted as α1, α2, and α3, respectively. For the Bovine type, the corresponding angles are presented as αb1 and αb2 for the first branch and LSA artery, respectively, as shown in Figure 2. The data is shown in Table 8.


TABLE 8 Angles of aortic arch vessels.d
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3.9 Aortic root

The aortic root serves as the anatomical connection between the left ventricle and the ascending aorta (81). The aortic valve, which normally has three leaflets (cusps), permits the passage of blood pumped from the contracting left ventricle. Its closure sustains the high pressure required in the systemic circulation. The shape and dimensions of the aortic root are adapted from Ovcharenko et al. (82) that collected data on subjects using CT and Echo image modalities, and generated an idealized aortic root model. We leveraged this study, which provided comprehensive data on parameters such as aortic root diameter, shape and depth of aortic sinuses, sinotubular junction diameter, and other relevant dimensions. This particular study is unique in the sense that its data is accessible online through the GrabCAD (83) platform, whereas the vast majority of reviewed studies do not provide any 3D segmented dataset or share a CAD file.

To ensure compatibility between the dimensions, the 3D model by Ovcharenko et al. (82) was scaled down by a factor of 0.9518 to fit into our compiled dimensions addressed in Section 3 and summarized in Table 10. This slight difference in the aortic root diameter naturally arises from different cohort sizes. The aforementioned study was also utilized as a point of reference for determining the location of the right coronary artery on the anterior coronary sinus and the left coronary artery on the left posterior aortic sinus.



3.10 Diameters of coronary arteries

The coronary artery dimension plays a significant role in diagnosing and treating various conditions such as coronary artery disease (84, 85). In surgical procedures such as percutaneous coronary intervention (PCI) and coronary artery bypass graft (CABG) surgery, the size of the coronary arteries holds particular importance (86). Typically, this size is considered independent of factors such as age and body size, except for gender (85, 87). Yet, certain studies have found no significant difference in coronary artery size based on gender (86). In both the Normal type and Bovine type aortas, the diameter of the coronary arteries is denoted as C1 and C2 for the right and left coronaries, respectively, as illustrated in Figure 2, and reported in Table 9.


TABLE 9 Diameters of coronary arteries.a

[image: Table 9]



3.11 Aortic valve

The aortic valve, typically a trileaflet valve, has not been included in the model design because it is a dynamic component of the aorta-heart. The shape and opening configuration of its leaflets vary within the cardiac cycle. The operation of the valve leaflets may also vary depending on the condition or disease being studied. Additionally, valves can be native, transcatheter, or mechanical, with either two or three cusps. Given these variations, researchers can digitally integrate their choice of valves into the proposed models for in vitro and in silico studies. Several notable studies on the aortic valves, including those involving mechanical, bioprosthetic, or idealized models, are available (3, 6, 89–95).




4 Proposed idealized aorta models

Based on the literature survey reported here, we compiled and summarized the weighted averages of all relevant dimensions of the aorta in Table 10. We then used this table to design two idealized models, following the same naming convention in the literature, for the Normal type (Type I) and the Bovine type (Type II) of the aorta as shown in Figure 2. For each model, three views are used to clearly show all the dimensions as well as the fourth view positioned with respect to the standard anatomical planes. The Bovine type shares the same statistical dimensions as the Normal type with the exception of the arch vessels and their corresponding diameters and angles.


TABLE 10 A summary of the aorta dimensions derived from four recruited patients (Patients 1–4), and a summary of the weighted averages of aorta dimensions used for the two proposed idealized aorta models (Type I and Type II). Dimensions are in centimeters and angles in degrees. The cumulative number of subjects used for the weighted averages in the idealized models is denoted as N.

[image: Table 10]

For the purpose of CAD modeling, SolidWorks® 2022 was utilized. First, we sketched circular profiles of the aortic models in multiple cross-sections. Then, the “loft” feature was leveraged to create a transition between the cross-section profiles while ensuring a smooth overall shape. The sketch was started from the cross-section of the STJ location and ended with the termination circle of the descending aorta. Additional intermediate profiles (circles) were necessary to refine the final shape of the models. Two guide curves that connected the profiles were drawn using the “spline” feature. Due to the arch curvature with a particular radius of curvature (R), the “3D sketch” feature was activated before using the “spline” drawing tool to establish a proper out-of-plane curvature. Then, the tangency directions at spline points were adjusted based on the models’ design. The arch vessels were then added to the model following the corresponding dimensions. Finally, the aortic sinuses along with the coronary arteries were added.

For each idealized aorta, we provide the CAD model for the lumen as shown in Figure 2, as well as a shell version with a thickness of 1.0 mm. The lumen model can be used in numerical simulations or to mold a phantom for experimental studies. The editable shell model with a finite wall thickness is suitable for the purpose of fabrication via additive manufacturing. All models are shared online in both STereoLithography (STL) and SolidWorks part (SLDPRT) file formats.



5 Hemodynamics analysis

To assess the performance of our developed idealized models, we conducted high-resolution planar PIV experiments and high-resolution CFD simulations for the two models in a left ventricular assist device (LVAD) setting, as detailed in Subsections 2.3 and 2.4. We used two Reynolds numbers for both idealized models in both CFD and PIV settings, and one Reynolds number for the four patient-specific CFD cases, totaling 12 studies combined. The CFD results are first verified against PIV experiments, as shown in Figure 3, which depicts streamlines colored by the local velocity magnitude in the CFD cases, and streamlines overlaid on the measured velocity magnitude field in the PIV cases. The velocity magnitude was normalized by the inflow bulk velocity of each case. The incoming flow in the cannula accelerates towards the superior direction as it approaches the graft location due to its strong curvature, which is consistent in all cases. The jetting flow entering the aorta induces several recirculation zones, which are observed in both types of models. At the higher Reynolds number, these zones slightly change in size or intensity, but they remain remarkably persistent. While certain minor differences in the flow topology are noticed between CFD and PIV, it is important to note that the modalities are inherently different. Streamlines in PIV are based on 2D measurements (a 2D projection of the 3D velocity field), while CFD computations are fully 3D, and streamlines are computed on a plane comparable to that of PIV. For a detailed quantitative comparison, the probability density function (PDF) of the normalized velocity magnitude in idealized models obtained by CFD and PIV is shown in Supplementary Figure S1. Additionally, the median of the quantities along with their 25% and 75% percentiles is shown in the same figure. Notably, for a fair comparison, the CFD data was extracted from a comparable plane to the PIV plane, as shown in Figure 3.
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FIGURE 3
First row: streamlines overlaid on the velocity magnitude field measured by PIV for Type I and Type II idealized models grafted with the outflow of a left ventricular assist device (LVAD). Second row: streamlines from CFD colored by the velocity magnitude computed in a plane comparable to experiments. The colorbar shows the velocity magnitude normalized by the inflow bulk velocity of each case. The Reynolds number (based on the inflow bulk velocity and the cannula diameter) is approximately 1,757 and 3,163 for the low and high flow rates cases, respectively.


After establishing a close agreement between simulations and experiments, we compared the flow patterns in the idealized models with those in the four subjects in Subsection 2.2. Figure 4 illustrates the flow structure within the models from different perspectives. In the first row, streamlines colored by the local velocity magnitude depict the overall complex flow pattern, which is highly vortical near the aortic root. The second row illustrates the high-momentum flow structure within the cannula and the aorta using the isosurface of the velocity magnitude. We used 50% of the inflow bulk velocity as the threshold level for each isosurface. In the third row, the local wall shear stress map shows elevated values near the arch vessels, at the coronaries, and at the cannula. In the maps for the last two patients (3 and 4), an increased level of wall shear stress is also noticeable at the inferior region of the aortic arch. This is due to the different cannula angles compared to the other two patients (1 and 2) and the two idealized models. The cannula in the last two patients directs the jetting flow toward the posterior-inferior direction, where it impinges on the wall, causing an elevated wall shear stress region. To better illustrate the flow behavior, several cross-sections were extracted at different locations, showing velocity magnitude, vorticity magnitude, and static pressure in the fourth, fifth, and sixth rows, respectively. While certain differences are observed between the idealized models and the subject-specific models (particularly for patients 3 and 4), the global flow patterns and the range of quantities are consistent. The differences in fine flow features, especially in wall shear stress, which may be sensitive to the anatomical features, are expected. Notably, the idealized models show a smaller pressure drop between the cannula inlet and the descending aorta outlet. This is perhaps due to their simpler geometry as well as greater surface smoothness. For a detailed quantitative comparison, Supplementary Figure S2 presents probability density functions and percentile plots for velocity magnitude, vorticity magnitude, wall shear stress, and static pressure for all CFD cases at the 5 LPM flow rate setting.
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FIGURE 4
First row: streamlines colored by the local velocity magnitude. Second row: isosurface of the velocity magnitude at a threshold level of approximately 0.2 m/s corresponding to 50% of the bulk velocity at the inflow. Third row: wall shear stress map. Fourth, fifth, and sixth rows: cross-sections at different locations colored by the velocity magnitude, vorticity magnitude, and static pressure, respectively. The Reynolds number (based on the inflow bulk velocity and the cannula diameter) for all cases is approximately 1,757.




6 Discussion

This study highlights the scarcity of idealized models for the aorta. Among the few available, the models are typically designed for specific clinical conditions such as aortic dissection, ascending aortic aneurysm, or abdominal aortic aneurysm (18–22), and are often overly simplified reconstructions based on a single patient case. To address this research gap, we conducted a critical literature review focusing on the morphometric parameters of the healthy human aorta. The surveyed data, along with the data from four recruited subjects were compiled to present a comprehensive summary of relevant dimensions and angles. Our study illustrates the population’s heterogeneity, showcasing diverse aortic types and sizes, while also highlighting the lack of data on specific dimensions such as the descending aorta angle with respect to anatomical planes and the branching angle of vessels from the aortic arch. To ensure a more realistic representation of dimensions, the average of each parameter was weighted by the study cohort size. While aortic size measurements, including those from the four recruited subjects, are derived from various imaging modalities such as CT and MRI, our review of the existing studies in Section 3 affirms that there is no significant difference between these measurements across imaging methods, which is consistent with the multi-modality assessment of thoracic aortic dimensions by Frazao et al. (96). They reported a great level of agreement in thoracic aortic measurements between CT and MRI. However, they also found that TTE significantly underestimates the maximum aortic root diameter compared to CT and MRI. In the present work, very few studies based on echo modalities were found and used in our workflow.

Subsequently, we utilized these dimensions to develop 3D CAD models of the aorta, incorporating both the Normal (Type I) and Bovine (Type II) aortic arch vessel configurations. Based on the compiled dimensions, these idealized models collectively are estimated to capture the major anatomic features found in the healthy adult aorta, represented by the two most common arch variants. Our choice of the healthy population has been inspired by the significance of aortic hemodynamics as addressed in Section 1. These CAD models are suitable for prudent use in hemodynamics and thrombi transport studies in both experimental and computational settings.

In this study, we performed an assessment of hemodynamics within the developed models in a left ventricular assist device (LVAD) setting using high-resolution CFD simulations and high-resolution planar PIV experiments. The flow pattern closely agrees between simulations and experiments at two flow conditions, as shown in the qualitative and quantitative comparisons. Additionally, we compared the flow within the idealized models with that of the four patients at an inflow condition of 5 LPM, which is the most common flow setting for the device and is also considered the cycle-averaged flow rate in a healthy cardiac cycle. The global flow features captured by the idealized models are generally representative of the patients. Notably, we did not present the results of experiments for patient-specific models due to the difficulties and challenges faced with optical imaging. Indeed, one motivation for developing idealized models has been the difficulties that encounter with optical imaging through patient-specific models, particularly in models fabricated using the layer-by-layer process of 3D-printing. The refractive index of each layer may differ slightly from the neighboring layers and the rest of the model, leading to local amplification of optical distortion by the arbitrary shape and surface quality in subject-specific models. An idealized model, with its simpler geometry and inherently better surface smoothness, minimizes such distortions.

This study has focused on developing idealized models that capture the general anatomical features of the aorta, rather than creating customized models tailored to specific pathological conditions or individual patient characteristics. However, the proposed models serve as the base geometry and can be customized to incorporate specific dimensional parameters for achieving various morphological geometries, including models for different diseases. These open-access idealized models can be easily modified by users to accommodate aortic diseases such as abdominal aortic aneurysm (AAA), ascending aortic aneurysm, and aortic coarctation.

The present study has certain limitations, most notably the absence of a comprehensive statistical analysis within the existing literature on morphometric parameters. Performing such an analysis would require a complex regularization of measurement resolution and addressing uncertainties associated with various imaging modalities and cadaveric studies falls outside the scope of our study. Furthermore, the idealized models were constructed using compiled dimensions from different studies, each focusing on a specific part of the aorta. In an alternative approach, upon the availability of a single large dataset of CT- or MRI-based scans of the full thoracic aorta, the authors envision image segmentation (manually or using AI-assisted methods) to extract all the detailed dimensions required to develop and formulate idealized models.

Additionally, for practical reasons, the flow assessment for all the cases was performed using steady-state flow conditions and rigid vessel walls. It is acknowledged that hemodynamics in the aorta is sensitive to inflow and outflow boundary conditions as well as vessel wall compliance. Depending on the purpose and metric under study, various parameters and study strategies become important at different levels. Generally, a pulsatile flow would cause a more complex flow pattern and affect flow unsteadiness and instabilities, vortex formation, transport, and breakdown. However, there is a complex interaction between different parameters, most notably the Reynolds number, Womersley number, and Strouhal number, e.g., see Peacock et al. (97). In terms of the wall compliance, rigid models commonly tend to generate increased systolic pressure, peak velocities, and pulse wave velocity, but depending on various parameters at play, the effects may be more or less pronounced, e.g., see Zimmermann et al. (15).



7 Conclusions

Our comprehensive study integrates literature-derived model design parameters to create two CAD models representing the aorta in healthy adults, specifically focusing on Normal and Bovine variants. The hemodynamics study within our idealized models under two left ventricular assist device (LVAD) support configurations showed that the global flow patterns in the idealized models agree well both qualitatively and quantitatively between CFD simulations and PIV experiments. Additionally, the flow structure is consistent between the idealized and the patient-specific cases in CFD simulations performed at a common LVAD support setting. This verification affirms the capability of our idealized models to replicate general flow features in subject-specific geometries. These meticulously constructed CAD models, rooted in statistical data, not only serve as valuable tools for investigating hemodynamics or solid mechanics but also hold promise for applications in medical device design where anatomical statistics are needed. The work contributes a robust foundation for advancing research in cardiovascular biomechanics and has implications for clinical and engineering domains.
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Objectives: To evaluate the changes in distal vascular morphology and hemodynamics in patients with extremely severe aortic coarctation (CoA) after covered palliative (CP) stent dilation with different surgical strategies.



Materials and methods: Perioperative computed tomography angiography and digital subtraction angiography were utilized to construct three aortic models with varying stenosis rates and one follow-up model in a patient with extremely severe CoA. The models included: an idealized non-stenosed model (A: 0%), a model post initial stent deployment (B: 28%), a model post balloon expansion (C: 39%), and a model 18 months after post-balloon expansion (D: 39%). Consistent boundary conditions were applied to all models, and hemodynamic simulation was conducted using the pure fluid method.



Results: The narrowest and distal diameter of the stent increased by 34.71% and 59.29%, respectively, from model B to C. Additionally, the distal diameter of the stent increased by −13.80% and +43.68% compared to the descending aorta diameter, respectively. Furthermore, the ellipticity of the maximum cross-section of the aneurysm region in model A to D continued to increase. The oscillatory shear index at the stenosis to the region of the aneurysm were found to be higher in Models A and B, and lower in Models C and D. At the moment of maximum flow velocity, the blood flow distribution in models A and B was more uniform in the widest section of the blood vessels at the distal end of the stenosis, whereas models C and D exhibited disturbed blood flow with more than 2 eddy currents. The time-averaged wall shear stress (TAWSS) decreased in the distal and basal aneurysms, while it significantly increased at the step position. The aneurysmal region exhibited an endothelial cell activation potential value lower than 0.4 Pa−1.



Conclusion: In patients with extremely severe CoA, it is crucial to ensure that the expanded diameter at both ends of the CP stent does not exceed the native vascular diameter during deployment. Our simulation results demonstrate that overdilation leads to a decrease in the TAWSS above the injured vessel, creating an abnormal hemodynamic environment that may contribute to the development and enlargement of false aneurysms in the early postoperative period.




Clinical Trial Registration: ClinicalTrials.gov, (NCT02917980).
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Introduction

Extremely narrowed aortic arch is a rare and severe congenital heart disease in which patients often present with upper extremity hypertension, making activities limited, and stenting of the aortic arch is currently the modality of choice for the treatment of coarctation of the aorta (CoA) (1–3). When employing Cheatham Platinum (CP) stents for CoA treatment, the balloon-in-balloon (BIB) catheter is typically not inflated to the extent that it fully matches the size of the stenotic region within the vessel, which makes the mid-section of the stent present a waist sign in the postoperative period, and the stent has poor morphology and a high rate of shortening after overexpansion, which can damage the endothelium and cause iatrogenic pseudoaneurysm in the distant future of the procedure (4, 5). Therefore, how to find a more appropriate surgical strategy for patients with extreme narrowing of the aortic arch is a major clinical problem that needs to be explored and solved under the constraints of guaranteeing the safety of the procedure, the long-term effectiveness of the postoperative period, and the feasibility of the surgical program in line with the actual operation of the clinic (6–9).

It has been observed that diverse hemodynamic conditions can influence the morphological development of blood vessels. In the presence of hemodynamic irregularities within the vessel, there is a risk of aneurysm, aortic dissection, and atherosclerosis (6, 7). When the vessel undergoes an interventional procedure, the hemodynamic environment is significantly altered (7, 8). Evaluating the efficacy of stent implantation in the clinical setting involves assessing changes in pressure and flow velocity immediately post-implantation. Over the long term, the adaptation of vessels to these changes and the potential future complications can be predicted by analyzing alterations in vascular forces and blood flow patterns (8, 9). These biomechanical parameters can be determined using Computational Fluid Dynamics (CFD) numerical simulation techniques.

This study involved a retrospective analysis of a patient who had undergone CoA stenting and subsequently developed a pseudoaneurysm. Numerical simulations, utilizing multimodal images of the patient, were conducted to compare the changes in hemodynamic parameters between the anticipated ideal state and the actual intraoperative conditions post-procedure (6–8). The objective is to predict the risk factors of complications, such as pseudoaneurysm, after the treatment of extreme CoA using morphological and biomechanical analysis (9, 10). Additionally, this research methodology can aid in identifying a more suitable procedure strategy for patients with extreme aortic arch narrowing, considering both surgical safety and long-term effectiveness, while ensuring practical feasibility within clinical practice (11, 12). This will serve as a robust foundation for the future development and implementation of stent implantation strategies for aortic arch narrowing.



Materials and methods


Baseline characteristics

A male patient presenting with a narrowed aortic arch and intractable hypertension (upper extremity blood pressure of 210/110 mmHg) was selected for this study. The patient had a dissected stenosis (dissected length of 6 mm) and preoperative measurements indicating a left radial artery blood pressure of 185/110 mmHg, right femoral artery blood pressure of 75/60 mmHg, and an stenosis pressure difference of 110 mmHg.



Procedures

Intraoperatively, DSA-guided transcatheter stenting was performed using 39-mm-length overlay CP stents, along with a 20 mm Numed BiB balloon dilatation. During the procedure, the stent underwent initial balloon expansion, and angiography revealed the presence of stenosis, with the stent being well adhered to the vessel wall. Monitoring of the blood pressure using a pigtail catheter positioned at the proximal and distal ends of the stenosis yielded a maximum systolic pressure difference of 13 mm Hg. Due to the apparent stenosis and the pressure difference not meeting the standard range, the surgeon applied high pressure to the balloon for a second time to expand the stent, resulting in a reduced pressure difference of 4 mmHg. Consequently, the patient's hypertension was alleviated, and the procedure was successfully concluded.



Computed tomography angiography (CTA) images

The CTA images were acquired using a Siemens dual-source Flash CT, covering the scanning range from the skull base to the bilateral groin, with a slice thickness of 1 mm and slice spacing of 0.8 mm. The scanning direction was head to foot, with a tube voltage of 100 KV and an automatically adjusted tube current ranging from 200 mA to 600 mA. A contrast agent triphasic injection scheme was implemented as follows: I. 350 mgI 70–80 ml at a flow rate of 4–5 ml/s, II. 350 mgI 20 ml at a flow rate of 1.5 ml/s, III. saline 30–40 ml at a flow rate of 4–5 ml/s.



Geometric modeling

In this study, we acquired computed tomography angiography (CTA) images of the patient, encompassing preoperative CTA, CTA at 3 days postoperatively, and CTA at 18 months postoperatively (Figure 1). The Mimics Innovation Suite 21.0 software was utilized to interpret the patient's CTA in DICOM format. First, we developed model A, aimed at achieving perfect correction, by utilizing preoperative CTA images to replicate the stenosis location with the same diameter as the descending aorta, demonstrating a stenosis rate of 0.0%. Subsequently, model B was constructed for optimal intervention, which entailed measuring the stent height and diameters at both ends of the stent based on the digital subtraction angiography (DSA) images following the initial intraoperative balloon dilatation and comparing these measurements with those from the preoperative CTA images. After realizing that the DSA images were not scaled, the stent shape and size at different angles following the initial surgical intervention were obtained based on the intraoperative dynamic DSA images. Subsequently, Model B, with a stenosis rate of 28%, was virtually constructed using the preoperative CTA images. Subsequently, Model C was developed following the second intervention, signifying overcorrection and the conclusion of the procedure after the second balloon dilatation. Model C, representing a stenosis rate of 39% in the actual state, was constructed based on the review of CTA images at 3 days postoperatively. Lastly, a model was constructed for the patient at 18 months after the second dilatation of the stent, and a model of the patient at 18 months after the second dilatation of the stent was constructed by using the review CTA images to directly construct model D, with a stenosis rate of 39%. Model D was utilized to validate the findings of Model C and to monitor the progression of aneurysm development. It is noteworthy that the model was simplified by deleting the distal collateral vessels in the stenosis of the descending aorta (Figure 2).


[image: Figure 1]
FIGURE 1
Three-dimensional images of the aorta during perioperative CTA in patient. (A) Preoperative image; (B) postoperative-3 days; (C) postoperative-18 months. The white arrow indicates the position of the stenosis. The red arrows indicate the neck of the aneurysm in B and the distance between the aneurysm dome and the parent artery in C, respectively.



[image: Figure 2]
FIGURE 2
Three-dimensional digital models were constructed based on CTA and DSA images. Model A represents the idealized expansion of the stent to match the vessel diameter; model B signifies the initial partial expansion of the stent; model C portrays the subsequent over-expansion of the stent; and model D showcases the vessel model 18 months after the second over-expansion of the stent. Specifically, model C corresponds to a 3-day postoperative model depicted in Figure 1B, while model D corresponds to the 3D CTA images shown in Figure 1C.




Numerical simulation methods

The blood flow was modeled as an incompressible Newtonian fluid with laminar characteristics. Key parameters included a blood density of 1,150 kg/m3, blood viscosity of 0.0035 Pa·s, and Poisson's ratio of 0.45. Both the vessel wall and stent position were treated as rigid walls with no slippage. Pure fluid analysis was conducted using the CFX module in Ansys 2021 R1 software, with a boundary layer of 8. Additionally, tetrahedral meshers were created in the fluid domain using Ansys ICEM CFD (10, 11). As depicted in Figure 3, boundary conditions were established based on postoperative ultrasound and monitoring, enabling the determination of flow velocity at the center point of the ascending aorta (AA), brachiocephalic trunk (BCA), left common carotid artery (LCCA), and left subclavian artery (LSA) (13). At the same time, a 5F pigtail catheter with a pressure sensor was inserted into the distal end of the descending aorta (DA) through the femoral artery. The pressure waveform of the outlet DA and the heart rate (75 beats/min, corresponding to a cardiac cycle of 0.8 s) were recorded using an ECG monitor (14). The transient simulations demonstrated that the model achieved convergence in calculating the results for three cardiac cycles. As a result, the findings of the fourth cycle were extracted for analysis in this study. (The measurement data for all models, including boundary, stenosis position, aneurysm diameter, stenosis rate, ellipticity, etc., are presented in Table 1. The corresponding measurement positions for each parameter are illustrated in Figure 3.)


[image: Figure 3]
FIGURE 3
Boundary conditions of models and schematic representation of the plane of correlation analysis.



TABLE 1 The diameters of aortic at baseline and follow-up.
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The post-processing data extraction

The post-processing software CFD-Post 2021 R1 was utilized to calculate essential parameters such as Time-Averaged Wall Shear Stress (TAWSS), Oscillatory Shear Index (OSI), Endothelial Cell Activation Potential (ECAP) (12), velocity, and others. These parameters were displayed using contours, vector diagrams, and various other visualization methods. The pertinent mechanical parameter are provided in Equations (1), (2), and (3), respectively:
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Wall Shear Stress (WSS) refers to the tangential force exerted on a vessel due to pulsatile blood flow. In formulas (1) and (2), WSS represents the instantaneous WSS vector, and T denotes the integration period, specifically referring to a cardiac cycle. TAWSS denotes the average integral value of WSS during a cardiac cycle. Inadequately low WSS can lead to intimal inflammation and platelet deposition, while excessively high WSS can damage the blood vessel wall. OSI is utilized to assess WSS volatility, primarily measuring the degree of WSS direction change during the cardiac cycle. The value ranges from 0 to 0.5, where 0 indicates stable WSS direction throughout the cardiac cycle, and 0.5 indicates significant changes in WSS direction, representing purely oscillatory flow. ECAP serves to characterize the potential for local mural thrombosis in aneurysms. A higher ECAP suggests a greater likelihood of thrombosis, and a value of 1.4 Pa-1 is generally considered critical (15). Therefore, these hemodynamic parameters can be employed to analyze the development of vascular aneurysms and associated complications (16).




Results


Morphological feature

Initially, anatomical measurements indicated a progressive decrease in the diameters of the three branch vessels of the aortic arch post-surgery. Notably, at the 18-month mark, the BCA, LCCA, and LSA exhibited reductions of 20.71%, 26.45%, and 23.11%, respectively, compared to their preoperative measurements. In contrast, the diameters of the aortic AA and descending aortic DA increased by 10.27% and 10.77%, respectively, during the same period.

From model B to model C during the two intraoperative interventions, it can be seen that the diameter of the narrowest stenosis position of CoA patients increased from 9.22 mm to 12.42 mm, that is, the diameter of the stenosis position of the stent increased by 34.71% after expansion. The diameter of the distal stent at the stenosis site expanded from 12.80 mm to 20.39 mm, an increase of 59.29%. However, for CP stents, the stenosis rate at the CoA lesion site increased from 28% to 39%. Meanwhile, relative to the diameter of the descending aorta, the diameter of the distal end of the stent decreased by 13.80% in model B and increased by 43.68% in model C (Table 1).

Figures 1, 2 show that following the second intervention, an asymmetrical “step” pattern emerged on the inner curvature of the aorta, located 10.41 mm from the distal end of the stent. The angle formed at this position became increasingly sharper over the 18 months after surgery. The DSA image reveals a deepening of the angiographic development at the top of the “step”. According to the two follow-up examinations, the vascular wall in this region continues to locally expand, leading to the formation of aneurysms. The maximum aneurysm diameter (DV_max), measured as the distance between the aneurysm dome and the parent artery, gradually increases from Model A to Model D, with growth rates of 1.79%, 26.36%, and 45.09%, respectively. The narrowest diameter (DV_min) grew more slowly, with growth rates of 0%, 1.26%, and 22.83%. Concurrently, the ellipticity of the blood vessels at this cross-section increased by 1.98%, 24.27%, and 17.97% across the models.



Hemodynamic characteristics

TAWSS: As depicted in Figure 4, the TAWSS of the vascular wall in the aneurysm region in models C and D, reviewed after surgery, was higher compared to the ideal Model A and Model B, which exhibited insufficient stent expansion during the initial intervention. In model C, the TAWSS on both sides of the short axis of the aneurysm fell within the range of normal vascular stress, while the local TAWSS at this position in Model D was in the 5∼6 Pa range, slightly higher than the normal value. At 18 months post-surgery, the TAWSS at the distal end of the long axis of the aneurysm and at the lowest end of the aneurysm in Model C was lower than 1 Pa, whereas in Model D, it was within the normal range of 1∼4 Pa. With the growth of the aneurysm, the TAWSS at the “step” position in Model D increased significantly, with an area of more than 5 Pa expanding. Furthermore, in Model C, characterized by excessive stent expansion during the second intervention, a step-type aneurysm structure emerged in the blood vessels at the distal end of the stent, leading to an overall increase in TAWSS at this position, particularly at the step-type location.
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FIGURE 4
Depicts time-averaged wall shear stress (TAWSS) contour of models A to D indicated in different follow-up.


OSI and Velocity: In Figure 5, following the initial intervention (Model B), the OSI value at the distal stent closely approximates that of an idealized normal individual (Model A), ranging from 0.30 to 0.45. However, at 3 days (Model C) and 18 months (Model D) after overdilation, the blood vessels downstream of the stent continue to dilate. Consequently, the OSI at the aneurysm gradually decreased. in model C, the OSI is primarily concentrated at 0.06–0.12, and in model D, it ranges from 0.00 to 0.09. The maximum inlet flow velocity occurs at t = 0.096 s during one cardiac cycle. The velocity distribution appears more uniform in model A and B, model C shows mild blood flow disturbance, and in model D, up to three instances of rotational flow are observed in this cross-section.


[image: Figure 5]
FIGURE 5
Aortic Oscillatory Shear Index (OSI) contour and cross-sectional velocity vectors at the site of aneurysm generation of maximum flow rate at different follow-up time (t = 0.096s).


ECAP, which represents the ratio of two parameters, OSI and TAWSS, serves as an indicator for assessing the susceptibility to thrombosis in aneurysms (12). As depicted in Figure 6, the distribution of ECAP in the distal aneurysm region of the stent varies across the four models. Results from two postoperative follow-up visits reveal a gradual decrease in vascular wall ECAP in this area over time, with values lower than those observed during the initial intraoperative intervention and in the ideal stenosis-free model. Moreover, the ECAP value in all models is consistently below 1.4 Pa-1. Specifically, in the ideal model A, the ECAP is primarily concentrated in the range of 0.42 to 0.75 Pa−1, while in model B, it ranges from 0.20 to 0.80 Pa−1. Additionally, model C exhibits a focus on 0.05–0.35 Pa−1, and model D is concentrated in the range of 0.00–0.15 Pa−1.


[image: Figure 6]
FIGURE 6
Endothelial cell activation potential (ECAP) contour models A to D indicated different follow-up time.





Discussion

Coarctation of the aorta (CoA) is a prevalent congenital heart condition that prompts the development of robust collateral circulation in the descending aorta to ensure adequate blood supply to the lower limbs. Unlike typical patients with constricted arches, the distal end of the stenosis did not exhibit dilation due to the collateral blood supply. Consequently, the CP stent and BIB were chosen based on the diameter at the distal end of the stenosis to address this unique characteristic.

In large arterial vessels, the normal WSS typically falls within the range of 1–5 Pa (7). When this range is exceeded, the vessel's anti-inflammatory and anti-thrombotic responses can be altered. Particularly in cases of arterial stenosis, the vessels downstream of the stenosis may facilitate aneurysm dilation due to the elevated WSS (17, 18). A comprehensive evaluation of the risk of associated complications under various CoA stent implantation strategies necessitates careful consideration of hemodynamic alterations. Given that aneurysm dilation, rupture, and thrombosis are attributed to the collective hemodynamic effects occurring throughout the cardiac cycle, it is essential to concurrently assess multiple parameters such as TAWSS, OSI, and ECAP for comprehensive risk evaluation (19–22).

In the specific case under consideration, as observed in the DSA image, the second balloon expansion resulted in the stent becoming shorter and wider, during the shortening process, it is prone to causing damage to the intima. The results presented in Table 1 and Figure 4 illustrate the evolving regional morphology and local TAWSS of the aneurysms over time. The aneurysm exhibited slight dilation in the short axis direction and significant growth in the long axis direction. This phenomenon can be attributed to the low TAWSS of the vessel wall in the long axis direction of the aneurysm at 3 days post-surgery (Model C), while the TAWSS at this location in Model D returned to the normal range at 18 months post-surgery. This discrepancy led to rapid expansion of the aneurysm in the long axis direction in the early stage, potentially resulting in relative stability in the long term. In contrast, the TAWSS of the artery wall in the short axis direction of the aneurysm only marginally increased at 18 months post-surgery, contributing to the gradual expansion of the aneurysm in the short axis direction (23–25).

Several studies have indicated a correlation between localized aneurysm dilation and the rapid growth of intraluminal thrombus within the aneurysm (26). As depicted in Figure 5, aneurysms developed in the narrow distal blood vessels following overexpansion of the CP stent, with the OSI in this area significantly lower than that of model B, which underwent incomplete initial dilation. Multiple eddy currents were observed in the aneurysm region, potentially contributing to the low OSI. Subsequent imaging revealed no thrombosis in the patient's aneurysm region. However, while numerous studies suggest a noteworthy negative correlation between intravascular OSI and thrombus aggregation in aneurysms, indicating that low OSI regions may promote thrombosis (27, 28), other studies argue that the relationship between intra-aneurysm OSI and thrombus deposition cannot be solely determined based on OSI (29). Consequently, it is challenging to employ OSI and eddy currents conjointly to evaluate aneurysm thrombosis in this case.

Considering the prevailing viewpoint that TAWSS and OSI collectively contribute to thrombosis formation, we introduce the related parameter ECAP for analysis. Generally, an ECAP value exceeding 1.4Pa-1 is indicative of a high probability of thrombosis. Simulation results for this patient indicate that the ECAP value in the distal vascular region of these stent models remains below this critical threshold, irrespective of the initial incomplete stent dilation or subsequent excessive dilation. Consequently, we posit that the risk of thrombosis in aneurysms is low. The factors contributing to rapid aneurysm dilation demonstrate limited correlation with thrombus formation.



Study limitations

The present study utilized a simplified shell unit model and conducted a pure fluid analysis without considering the vessel wall thickness and its elastic structure beyond the point of coated stent implantation. Notably, the vessel wall typically comprises three layers - endothelium, midthelium, and ectothelium - each with unique properties. Furthermore, the patient's endothelium experienced minor rupturing during surgery, giving rise to a medically originated pseudoaneurysm with distinct vascular properties compared to other segments of the vessel wall. There is potential for predicting the growth rate and morphology of pseudoaneurysms through fluid-solid coupling (30, 31). Additionally, we implemented standardized boundary conditions to alleviate the impact of these variables, allowing for a more focused comparison of hemodynamic differences within the lesion area. However, this approach may introduce some bias in interpreting the results. Specifically, despite the thick side branch of the descending aorta distal to the stenosis of the aortic arch, which contributes to lower limb blood flow. Upon removal of these collateral vessels, blood flow and WSS in the abdominal aorta at and below this location will decrease, leading to a reduction in intracranial eddy currents to some extent. However, given the focus of this paper, the alteration in the hemodynamic environment of the thoracic aorta will not be addressed. For patients with extremely severe CoA, the blood supply to the descending aorta will no longer primarily rely on collateral vessels post-stenting. Consequently, based on the postoperative reexamination images of the patients, the collateral vessels also adaptively diminish in size, thereby reducing their original blood supply function. Hence, it is reasonable to disregard the influence of collateral vessels on the hemodynamic environment of aneurysms in the simplified model presented in this paper.



Conclusions

Our model demonstrated that after the initial moderate stent expansion, the hemodynamic parameters of Model B were very close to those of the idealized normal Model A, suggesting a low risk of serious complications following the procedure. In contrast, when the diameter of both ends of the CP stent significantly exceeded that of the descending aorta due to overexpansion, the resulting asymmetric aneurysm exhibited low TAWSS and ECAP in the distal vascular wall. This scenario would likely promote the rapid expansion and growth of pseudoaneurysms in the early stage. Notably, the distribution range of TAWSS along the vascular wall provides important guidance for predicting the potential for aneurysm expansion.
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Aim: Clarify the potential diagnostic value of tongue images for coronary artery disease (CAD), develop a CAD diagnostic model that enhances performance by incorporating tongue image inputs, and provide more reliable evidence for the clinical diagnosis of CAD, offering new biological characterization evidence.



Methods: We recruited 684 patients from four hospitals in China for a cross-sectional study, collecting their baseline information and standardized tongue images to train and validate our CAD diagnostic algorithm. We used DeepLabV3 + for segmentation of the tongue body and employed Resnet-18, pretrained on ImageNet, to extract features from the tongue images. We applied DT (Decision Trees), RF (Random Forest), LR (Logistic Regression), SVM (Support Vector Machine), and XGBoost models, developing CAD diagnostic models with inputs of risk factors alone and then with the additional inclusion of tongue image features. We compared the diagnostic performance of different algorithms using accuracy, precision, recall, F1-score, AUPR, and AUC.



Results: We classified patients with CAD using tongue images and found that this classification criterion was effective (ACC = 0.670, AUC = 0.690, Recall = 0.666). After comparing algorithms such as Decision Tree (DT), Random Forest (RF), Logistic Regression (LR), Support Vector Machine (SVM), and XGBoost, we ultimately chose XGBoost to develop the CAD diagnosis algorithm. The performance of the CAD diagnosis algorithm developed solely based on risk factors was ACC = 0.730, Precision = 0.811, AUC = 0.763. When tongue features were integrated, the performance of the CAD diagnosis algorithm improved to ACC = 0.760, Precision = 0.773, AUC = 0.786, Recall = 0.850, indicating an enhancement in performance.



Conclusion: The use of tongue images in the diagnosis of CAD is feasible, and the inclusion of these features can enhance the performance of existing CAD diagnosis algorithms. We have customized this novel CAD diagnosis algorithm, which offers the advantages of being noninvasive, simple, and cost-effective. It is suitable for large-scale screening of CAD among hypertensive populations. Tongue image features may emerge as potential biomarkers and new risk indicators for CAD.
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1 Introduction

The World Health Organization (WHO) has declared that cardiovascular disease (CVD), particularly coronary artery disease (CAD), is the leading cause of death due to illness globally, accounting for 17.9 million fatalities per year, representing 32% of all deaths caused by disease (1). This significant public health challenge places a significant financial burden on national health budgets (2). Hypertension is an important independent risk factor for the development of CAD (3). Relevant studies have shown that patients with hypertension have a higher risk of developing CAD, and when the two diseases coexist, there is a significant increase in the risk of cardiovascular death (4, 5). Early diagnosis and prompt treatment of patients with CAD have been shown to significantly improve outcomes and reduce treatment costs (3). However, the gold standard for diagnosing CAD is invasive coronary angiography, which is expensive and can cause complications (6). It is not suitable for early diagnosis and disease risk assessment. Finding non-invasive, cost-effective and efficient methods for early CAD diagnosis is crucial in global public health.

The rapid development of artificial intelligence in recent years has provided new insights into the exploration of non-invasive diagnostic methods for CAD. Clinical data exhibit complex and multidimensional characteristics, in which machine learning (ML) demonstrates advantages over traditional statistical methods (7). ML involves the selection and integration of multiple models. When confronted with the complex nonlinear relationships in clinical data, traditional statistical methods often struggle to accomplish modeling tasks. However, ML algorithms can automatically learn to handle nonlinear relationships and select useful predictive features. These algorithms can more effectively reveal hidden relationships within data and has been increasingly utilized for the diagnosis and risk prediction of clinical diseases.

Some scholars have already utilized ML to develop diagnostic models for CAD, with the predictive variables primarily being clinical risk factors (8–10). These studies demonstrate the promising application prospects of ML in clinical diagnostic tasks. Recent research has found that, in addition to risk factors, other biological information may also hold significant importance for the diagnosis of CAD, such as facial images and pulse waves (11, 12). In clinical diagnosis, the primary focus is on the patient's symptoms and signs.Traditional Chinese Medicine (TCM) employs unique and effective diagnostic strategies, particularly in observing the external conditions of patients. TCM theory posits that “internal diseases manifest externally,” thereby allowing practitioners to gauge the severity of illnesses through observation. Tongue diagnosis is a critical component of the TCM observation process. The appearance of the tongue, including its color, shape, and coating, has long been utilized in TCM to diagnose various health conditions. From a biomedical perspective, the tongue is a highly vascular organ closely related to the cardiovascular system. Changes in blood circulation and overall systemic health often manifest as observable alterations in the tongue's appearance. Many studies have proven the effectiveness of diagnosing diseases through tongue observation (references 14–27), and we have compiled these studies into Table 1 and provided commentary on each. From a biomedical standpoint, the tongue contains rich physiological and pathological information. It is an important terminal organ with abundant blood supply, closely linked to the cardiovascular system. When there are issues with blood circulation, the tongue's appearance often changes (27, 28). Biomedical research suggests that hypoxemia can lead to changes in tongue color and is associated with various cardiovascular diseases (29). In the case of CHD, the narrowing of the coronary arteries restricts blood flow to the heart, potentially causing systemic changes in overall circulation and oxygenation levels, which manifest on the tongue. Despite this, the tongue has not been effectively utilized in the actual diagnosis process of CAD. Recent advancements in artificial intelligence and deep learning have made it possible to extract and analyze subtle features from medical images, including tongue images, which were previously difficult to quantify. By leveraging these technologies, it is possible to detect patterns and features in tongue images associated with CAD, providing a non-invasive, cost-effective, and accessible diagnostic tool. Therefore, what exactly is the diagnostic value of the tongue for CAD? Can tongue images become a crucial basis for optimizing non-invasive diagnosis of CAD? This is precisely the question this study aims to explore.


TABLE 1 Research on tongue image-assisted disease diagnosis in the past 3 years.

[image: Table 1]

To this end, we conducted a multi-center cross-sectional clinical study, utilizing deep learning methods to explore the potential connection between tongue image features and CAD. Additionally, we aimed to investigate the feasibility of optimizing CAD diagnostic models by incorporating tongue image features as risk factors. Meanwhile, we also hope to present a new and effective biomarker for the clinical diagnosis of CAD.



2 Materials and methods


2.1 Study population and ethical statement

From March 2019 to November 2022, hypertensive patients aged 18–85 were recruited from the cardiology departments of Dongzhimen Hospital, Dongfang Hospital, the Third Affiliated Hospital of Beijing University of Chinese Medicine, and the First Affiliated Hospital of Hunan University of Chinese Medicine. All participants signed an informed consent form, and the study was conducted in accordance with the Declaration of Helsinki. The ethical review of this study was carried out and approved by the Institutional Review Board (IRB) of Shuguang Hospital affiliated with Shanghai University of Traditional Chinese Medicine (IRB number: 2018-626-55-01), with the clinical trial registration number ChiCTR1900026008. All source codes and data analyzed in this study can be obtained from the corresponding author upon reasonable request.

The diagnostic criteria for hypertension refer to the “Chinese Guidelines for the Prevention and Treatment of Hypertension,” which define hypertension as a systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg, or currently undergoing treatment with antihypertensive medication (30). The diagnosis of CAD is based on the patient's CAG results, that is, a narrowing of the inner diameter of at least one of the coronary arteries (left anterior descending, left circumflex, right coronary artery, or left main) by ≥50%. Initially, 684 patients were recruited, with the following exclusion criteria: (1) patients whose tongue appearance was altered by medications or food, (2) no definitive diagnosis related to CAD, prior percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG); (3) those with a severe lack of relevant clinical pathophysiological information; (4) those with poor quality tongue images.



2.2 Data collection

Trained research physicians conducted interviews and took tongue photographs of participants following a standardized collection process. The interviews gathered baseline data on general conditions, socioeconomic status, lifestyle (alcohol consumption, smoking, insomnia), and clinical manifestations. Tongue photographs were collected using a TFDA-1 tongue diagnosis instrument (Figure 1), two hours after breakfast or lunch. The specific steps for image collection are as follows: (1) Power on the Instrument after inspection and adjust the camera parameters. (2) Disinfect the areas of the instrument that may come into direct contact with the participant using 75% alcohol. (3) Instruct the patient to place their face on the chin rest, relax, and stick out their tongue flatly. (4) Turn on the built-in ring light source and complete the image capture. (5) Check the photo; if it is satisfactory, the collection is complete; if not, retake the photo until the image quality meets the standard. Qualification criteria for photo quality: no problems such as occlusion, blurring, fogging, overexposure, or underexposure; the tongue should be relaxed and flattened with no twisting or tension; there should be no foreign objects, staining, or other conditions affecting the appearance of the tongue surface.


[image: Figure 1]
FIGURE 1
The tongue diagnosis instrument and collection process. 1: lens hood, 2: LED light resource, 3: high-definition camera, 4: chin support plate. Note. Use fixed standard camera parameters when shooting: the color temperature is 5,000 k, the color rendering index is 97, the frame rate is 1/125 s, the aperture is F/6.3, the exposure indicator scale is 0 or ±1. (A) Front view of the device; (B) Side view of the device; (C) Rear view of the device; (D) Schematic of the image acquisition process; (E) Perspective of the operator.




2.3 Data preprocessing

Patients were divided into two groups based on whether they were diagnosed with CAD: the hypertension group and the hypertension combined with CAD group, with the labels recorded as 0 and 1, respectively.

Considering that tongue images also contain other facial information, which is superfluous for this study, we built a deep learning model for semantic segmentation of the tongue body using the DeepLabV3 + framework (Figure 2A). We used 500 images from a national key research and development program tongue image database for model training, implementing a phased training strategy. In the first 50 epochs of training (Figure 2B), the backbone of the model was frozen to focus on fine-tuning the tail end of the network, with a batch size set to 8. Subsequently, in the unfreezing phase, all network layers were involved in training, with the batch size adjusted to 4 and the learning rate set to 0.01. After completing the segmentation of the tongue body, the image size was uniformly cropped and adjusted to 256 × 256 pixels (Figure 2C). Additionally, due to our overall small sample size, data augmentation was performed on the images through rotation, flipping, and translation.


[image: Figure 2]
FIGURE 2
Data preprocessing for tongue images. (A) DeepLabV3 + framework diagram, (B) model training loss function graph, (C) preprocessing effect on tongue image.


For the baseline data of patients obtained through interviews, there was only a minimal amount of missing data (less than 5% missing). Various interpolation methods were used to fill in the missing data. For discrete variables in the baseline data, such as gender and ethnicity, one-hot encoding was employed for data preprocessing.



2.4 Development of a CAD diagnostic algorithm

The customization of a CAD diagnostic algorithm primarily encompasses two core steps: the classification of images using deep learning frameworks, and the construction of diagnostic models utilizing common ML techniques. In this study, we utilized the ResNet-18 network (Figure 3A), pretrained on the ImageNet dataset, as the foundation for our deep learning architecture. As a deep residual network, ResNet-18 effectively mitigates the vanishing gradient problem encountered in training deep networks through residual learning, making it widely applicable in image recognition, especially in the field of medical image processing. It has demonstrated excellent performance in various tongue image processing tasks.


[image: Figure 3]
FIGURE 3
Tongue image-based CAD diagnostic algorithm. (A) ResNet-18 framework used in this study, (B) 5-fold cross-validation mean ROC on training set, (C) 5-fold cross-validation mean ROC Comparison on training set, (D) performance comparison of different feature inputs on the validation set.


During the training process, we chose to freeze the first and second layers (layer1 and layer2) of the model, training only the parameters of the third and fourth layers (layer3 and layer4) along with the fully connected layer. This strategy not only helps prevent overfitting, which might arise due to the small size of the dataset, but also further enhances the model's ability to learn representations. Stochastic Gradient Descent (SGD) was employed as the optimizer, with cross-entropy loss function used as the loss function. Upon convergence, the output of the penultimate layer of the model forms a 512-dimensional deep feature vector, which is then linked to a binary classification output layer to produce probabilities.

After extracting the deep feature vectors, we constructed a CAD diagnostic model that integrates tongue image feature vectors with risk factors. To optimize the model's performance, we explored a variety of common ML algorithms, including Random Forest (RF), Support Vector Machine (SVM), Decision Trees (DT), Logistic Regression (LR), and XGBoost, all of which are widely used in disease classification and risk prediction. By comparing the performance of these algorithms, we will select the one with the best performance as the core algorithm for our final CAD diagnostic model.



2.5 Statistical analysis

Using SPSS 27 and Python 3.8 as statistical tools, we processed and analyzed the data. For data that followed a normal distribution, we employed descriptive statistics using [image: EQ] along with one-way ANOVA to explore differences between groups. Before conducting the one-way ANOVA, we performed a homogeneity of variance test, such as Levene's test, to ensure that the variances across groups were roughly equal. For data not meeting the normal distribution criteria, we opted for quartile descriptions and employed the Kruskal–Wallis H test to compare differences between two groups. Additionally, we conducted an in-depth analysis of potential risk factors for CAD using binary logistic regression, presenting the results with adjusted odds ratios (adjusted OR) and their 95% confidence intervals (CI). Throughout the analysis, differences were considered statistically significant when the p-value < 0.05.



2.6 Performance evaluation standard

To evaluate the algorithm's performance, we calculated the Accuracy, Precision, Recall, F-1 Score, AUC (Area Under the Curve), and AUPR (Area Under the Precision-Recall Curve) (Equations 1–4) (31).

[image: EQ]

For binary classification problems, examples can be divided into four categories based on the combination of their true labels and the predictions made by the classifier: True Positives (TP), False Positives (FP), True Negatives (TN), and False Negatives (FN). In addition, we performed a 5-fold cross-validation on the training set to evaluate the model's effectiveness.

We evaluated the segmentation results of the DeepLabV3 + model using Pixel Accuracy (PA) and Mean Intersection over Union (MIoU) (Equations 5, 6). The formulas for calculating PA and MIoU are as follows, where k represents the number of categories excluding the background, and pij denotes the number of pixels of class i predicted to be class j (32):

[image: EQ]




3 Results


3.1 Patient recruitment and data analysis

As shown in Figure 4, we recruited a total of 511 hypertension patients from the cardiology departments of Dongzhimen Hospital, Dongfang Hospital, and the Third Affiliated Hospital of Beijing University of Chinese Medicine, and an additional 173 patients from the First Affiliated Hospital of Hunan University of Chinese Medicine. These patients underwent interviews and had standard tongue photographs taken. After screening, we excluded 60 patients (8.77%) with disqualifying tongue images, 164 patients (23.98%) with more than 5% missing data, and 88 patients (12.87%) without a coronary CAD record and who could not be definitively ruled out for CAD. Ultimately, we included a total of 244 hypertension patients and 166 patients with hypertension combined with CAD in our study.


[image: Figure 4]
FIGURE 4
Study flowchart. (A) Workflow for algorithm development; (B) Workflow for algorithm validation.


Table 2 provides detailed baseline information for both patient groups. Upon analysis, we found significant differences between groups in terms of age, BMI, and the duration of hypertension across the training, validation, and test sets. To further explore potential risk factors, we analyzed the data from the training and validation sets using logistic regression (Table 3). The results indicated that older age, male gender, and having hyperlipidemia are risk factors for CAD, while having a higher education, Insomnia, and using antihypertensive medication were considered protective factors.


TABLE 2 Basic information of three groups.

[image: Table 2]


TABLE 3 Binary logistic regression results of the main coronary artery disease risk factors.

[image: Table 3]



3.2 Performance of tongue feature extraction algorithm

In the task of semantic segmentation of the tongue body, we employed a customized algorithm based on the Deeplab V3 + framework, which demonstrated outstanding performance. The overall accuracy exceeded 99%, with a Mean Intersection over Union (mIoU) for the tongue segmentation task reaching 98.77%, and the Mean Pixel Accuracy (mPA) was as high as 99.45%. Such results fully attest to the effectiveness and accuracy of our algorithm in the task of tongue body semantic segmentation.

We developed a CAD diagnostic algorithm based on the ResNet-18 framework, which uses tongue images as input. On the training set, the algorithm showed a mean accuracy of 0.690, a mean AUC value of 0.749, and a mean recall rate of 0.842 (Table 4); on the test set, it achieved an accuracy of 0.670, an AUC value of 0.690, and a recall rate of 0.666 (Table 5). As shown in Figures 3A,C, the algorithm demonstrates certain classification capabilities on both the training and test sets, indicating that tongue images indeed possess classification value for the diagnosis of CAD in patients with hypertension.3.3 Performance of CAD Diagnostic Algorithm.


TABLE 4 Performance of 5-fold cross-validation with different feature inputs.

[image: Table 4]


TABLE 5 Performance on the test Set with different feature inputs.

[image: Table 5]

We developed two types of CAD diagnostic models: one based solely on CAD risk factors and the other combining risk factors with deep features of tongue images. To determine the optimal ML approach, we compared the performance of various algorithms, all utilizing risk factors and deep features of tongue images as inputs. Results on the training set showed that different ML algorithms could effectively complete the classification task, with XGBoost exhibiting the best performance (Table 6). Therefore, we ultimately selected XGBoost as the method for algorithm customization. Moreover, we compared algorithm customized only with risk factors to those incorporating tongue image features, it was found that the inclusion of tongue image features significantly enhanced algorithm performance, indicating that adding tongue features as input variables positively contributes to algorithm optimization (Figure 3B; Table 4).


TABLE 6 Comparison of 5-fold cross-validation results across different algorithms.

[image: Table 6]

We also evaluated the performance of different ML algorithms on the test set (Table 7), and the results were broadly consistent with those on the validation set. Although there was a slight decrease in performance, the algorithms still demonstrated good classification capabilities, with XGBoost continuing to show the best performance. Additionally, we compared algorithms developed solely based on risk factors with those that integrate both risk factors and tongue image features, using the test set for evaluation (Figure 3C; Table 5). This finding confirms the practical diagnostic value of tongue images for CAD and also indicates the potential of tongue images to enhance the efficacy of current diagnostic models for the condition.


TABLE 7 The performance comparison of different algorithm on the test set.

[image: Table 7]

To more comprehensively evaluate the algorithm's applicability and performance across different populations, we subdivided the test set according to age, gender, and the number of risk factors, and presented the algorithm's performance across various subgroups. As shown in Figure 5, in terms of age distribution, the algorithm demonstrated superior diagnostic ability in the elderly population aged 65 and above. Regarding gender, our algorithm demonstrated relatively stable performance between men and women, with no significant differences. In terms of risk factors, the algorithm's judgment ability significantly improved when the number of risk factors reached or exceeded three; however, with fewer risk factors, the algorithm's performance was comparatively weaker.


[image: Figure 5]
FIGURE 5
Algorithm performance in subgroups of test group. (A) AUC for the model in individuals under 65 years old; (B) AUC for the model in individuals 65 years and older; (C) AUC for the model in males; (D) AUC for the model in females; (E) AUC for the model in individuals with fewer than 3 risk factors; (F) AUC for the model in individuals with 3 or more risk factors.





4 Discussion

Hypertensive patients constitute a large patient population and are an important risk factor for coronary heart disease. When the two conditions occur simultaneously, they can result in a higher burden of disease and accidental risks (4). Therefore, this study selected hypertensive patients as the target population. Tongue diagnosis is an important diagnostic method in TCM, closely related to the cardiovascular blood flow status. However, it has been largely overlooked in the actual diagnosis of CAD. In recent years, there have been many studies on constructing artificial intelligence diagnostic models for CAD, but none have attempted to utilize the tongue, a biological marker of the human body. We conducted a multi-center cross-sectional study, customizing a CAD diagnostic algorithm that integrates risk factors and tongue features based on clinically accessible data, achieving moderate performance. We innovated a method using deep learning to optimize CAD diagnosis through tongue images. This method has the advantages of being non-invasive, low-cost, and easy to operate compared to coronary angiography, and it exhibits better diagnostic performance than traditional CAD diagnostic algorithms that use risk factors. Our results affirm the practical diagnostic value of the tongue for CAD and demonstrate the feasibility of enhancing CAD diagnostic algorithm performance with tongue images.

For the development of a CAD diagnostic model, the rational use of clinical risk factors is of great importance. Various CAD diagnostic and prediction models, such as the Framingham (33) and the Systematic Coronary Risk Evaluation (SCORE) (34) heavily rely on clinical risk factors as a crucial basis. Inspired by this approach, our study first analyzed potential clinical risk factors for CAD. In our dataset, not all known CAD risk factors played a risk role, and insomnia, previously considered a risk factor (35) acted as a protective factor. We developed a CAD diagnostic algorithm that uses clinical risk factors as inputs, which exhibited moderate diagnostic performance (ACC = 0.770). Diagnostic models developed in other studies based on clinical risk factors showed similar performance (36–38). Although the performance of our non-invasive diagnostic model still needs further improvement, which may be related to the grouping method, sample size, and model construction approach, our results still demonstrate the potential of using tongue images for non-invasive diagnosis of CAD. Based on this, we attempted to incorporate tongue image features as inputs to develop a new CAD diagnostic algorithm. To accurately and objectively explore the value of tongue images for CAD diagnosis, we used the TFDA-1 tongue diagnosis instrument for image capture and established a standardized data collection process. We eliminated potential interference from other facial information through tongue body semantic segmentation and image cropping. In customizing the algorithm for diagnosing CAD with tongue images, we employed the Resnet-18 as the deep learning framework. Resnet-18 is a type of deep residual network (39) that has consistently shown good performance in past studies on tongue images (40–42). In the analysis of tongue image features using traditional feature engineering, medical prior knowledge is often borrowed to define features based on the color, shape, and texture of the tongue, ensuring that the features possess good interpretability and medical significance.

That is precisely why our research opted for deep learning instead of traditional feature engineering. Despite the complexity and lack of explainability in the decision-making process of deep learning, this method simplifies the feature extraction process compared to traditional tongue image feature extraction engineering (43). It eliminates the need for extensive manual labeling of image features and enables fast and efficient automatic learning of complex feature representations in images, uncovering hidden information. The results indicate that, although there was a slight decline in the algorithm's performance on the test set compared to the validation set, the algorithm still retains certain classification capabilities overall. This suggests that tongue images have a definite diagnostic value for CAD, making the tongue an effective biological marker for CAD diagnosis.

Ultimately, we incorporated both risk factors and tongue image features as inputs and developed a new CAD diagnostic algorithm using XGBoost. This algorithm demonstrates superior performance compared to those utilizing single-type features as inputs. This part of the work validates the practical effectiveness of tongue images in enhancing the performance of CAD diagnostic algorithms, proving the feasibility of supplementing clinical diagnosis with TCM diagnostic theories. It offers a new perspective on integrating traditional medical knowledge with modern technology. Additionally, we also focused on the algorithm's performance across different demographic subgroups. The results indicate that the algorithm has better diagnostic capability in elderly populations aged 65 years and above, which may be related to the higher prevalence of CAD in older individuals. The algorithm performs similarly in both men and women, indicating that our developed algorithm has commendable generalization capability across genders. The model exhibits higher accuracy in judgments when the number of risk factors is three or more, highlighting the importance of considering multiple risk factors in the diagnosis of CAD. This approach enhances our understanding of the model's generalizability, revealing its applicability to patient groups with varying demographic and clinical profiles. It holds significant value for clinical practice, offering a reference for tailoring diagnostic methods based on demographic characteristics to improve diagnostic accuracy. By evaluating the model's performance in different subgroups, we can identify potential biases that might affect accuracy, thereby rendering it more reliable in clinical settings.

Although this study identified the potential value of the tongue in diagnosing CAD, it also has some limitations. Firstly, despite being a multi-center study, there are only four hospitals from two regions involved in the sub-centers, lacking subjects from different ethnicities and countries. Secondly, this study is focused solely on hypertensive populations, and the overall sample size is relatively small, which may limit the possibility of applying the CAD diagnostic algorithm to a wider population. Thirdly, while this study employed standardized tongue image collection equipment to minimize interference from other factors during image capture, it also restricts the application of the model in different scenarios and with different collection devices. Although this study explores the potential value of tongue diagnosis for CAD, future research needs to further validate and optimize our diagnostic model in a wider and larger population, carrying out prospective studies. We also experimented with using different types of cameras, various light sources, and even mobile portable devices for image collection, to further expand the model's applicability and enhance its generalization capability. In future research, we can expect more optimized and interpretable deep learning models to enhance the study results, capturing finer changes in tongue images more accurately, thus further optimizing the findings of this study. Additionally, tongue diagnosis is only an essential component of TCM diagnosis, and we can further focus on the integration of multimodal data, considering the fusion of other biomarkers with tongue images to build a more comprehensive and integrated CAD diagnostic model.



5 Conclusion

Exploring an inexpensive, non-invasive diagnostic tool that can be used for early-stage and large-scale screening of CAD is essential. In this study, we analyzed potential risk factors for CAD, extracted potential diagnostic features from tongue images, and developed a new, well-performing CAD diagnostic algorithm based on these findings. Our work introduces a novel perspective, suggesting that tongue images have applicable diagnostic value for CAD diagnosis. Tongue image features could become new risk indicators for CAD, demonstrating the feasibility of integrating TCM theories with modern technology.
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10T and synergic decp learning based tongue color
image analysis improves discase diagnosis.

Combines IoT and deep learning for
enhanced

Using IoT and synergistic deep
learning for tongue image analysis

and ification (15)

Establishment of noninvasive diabetes risk prediction model
based on tongue features and machine learning techniques
(16)

Li ], Chen Q, Hu X, Yuan P,
etal

Noninvasive risk prediction model for diabetes based
on tongue features and ML techniques.

Promising noninvasive risk prediction.

Noninvasive Risk Prediction Model
based on tongue image

Intelligent deep learning based disease diagnosis using
biomedical tongue images (17)

Thani V, Shanthi S,

Kalirajan K.et al

Deep learning-based analysis of biomedical tongue
images aids in the diagnosis of multiple diseases
including coronary heart disease.

Promising results but requires large scale
validation.

Deep Learning and Biomedical
‘Tongue Images

Deep Learning Multi-label Tongue Image Analysis and Its
Application in a Population Undergoing Routine Medical
Checkup (18)

Jiang T, Lu Z, Hu Xet al

Deep learning multi-label tongue image analysis is
effective for routine medical checkups.

‘Tongue images based on decp learning can
assist in medical examinations.

Multilabel tongue images processed
based on deep learning

A multi-step approach for tongue image classification in
patients with diabetes (19)

LiJ, Huang J, Jiang T, et al

Multi-step approach enhances tongue image
for diabetes patients.

Effective for patient-specific diagnosis.

Multi-Step Classification Approach
based on tongue image

Simulated Annealing with Deep Learning Based Tongue
Image Analysis for Heart Disease Diagnosis (20)

Sivasubramaniam S,
Balamurugan SP

‘Tongue image analysis using deep learning and
simulated annealing improves heart discase diagnosis.

Effective but needs further clinical validation.

‘Tongue Image Analysis and Deep
Learning

Multiple color representation and fusion for diabetes
mellitus diagnosis based on back tongue images (21)

Zhang N, Jiang Z, Li X, et al

Multiple color representation and fusion improve
diabetes diagnosis based on tongue images.

Enhanced diabetes diagnosis with feature
fusion.

Multicolor representation and
fusion methods for processing
tongue images

Development of a tongue image-based machine learning
tool for the diagnosis of gastric cancer: a prospective
multicentre clinical cohort study (22)

Yuan L, Yang L, Zhang S, Xu
Zetal

‘Tongue image-based machine learning tool developed
for gastric cancer diagnosis in a multicentre clinical
cohort study.

Validated in multi-center studies, this method
shows potential for application to other
diseases.

‘Tongue Image-Based Machine
Learning Tool

Reliability of non-contact tongue diagnosis for Sjogren’s
syndrome using machine leaming method (23)

Noguchi K, Saito I, Namiki
T, Yoshimura Y, et al.

Non-contact tongue diagnosis for Sjogren’s syndrome
is reliable using machine learning.

‘Tongue images can be used for contactless
diagnosis of Sjogren’s syndrome.

‘Tongue Diagnosis and machine
learning

A lung cancer risk warning model based on tongue images
2]

Shi Y, Guo D, Chun Y, et al.

‘Tongue image analysis can provide carly warning for
lung cancer risk.

Promising for early detection and risk
assessment.

Tongue Image Analysis and
Machine Learning

Application of intelligent tongue image analysis in
Conjunction with microbiomes in the diagnosis of MAFLD
(25)

Dai §, Guo X, Liu S, et al.

Intelligent tongue image analysis combined with
microbiome data improves diagnosis of MAFLD.

‘The potential of using the tongue for disease
diagnosis based on deep learning has been
demonsirated.

Intelligent Tongue Image Analysis
and Microbiomes

Machine learning aided non-invasive diagnosis of coronary
heart disease based on tongue features fusion (26)

Duan M, Zhang Y, Liu Y,
et al.

‘Tongue features fusion with machine learning aids
non-invasive coronary heart disease diagnosis.

Feature fusion method improves diagnosis
accuracy.

Tongue Features Fusion and
Machine Learning
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Spatial calibration

Open a study image with a calibration scale.

Select the line selection tool to draw a straight line on the calibration scale.

Go to menu analyze & set scale

Enter the value on the calibration scale into the known distance field (The value in
the study is 200 pum in all samples.)

Set the units of the measurement (um, mm or whatever)

Check the “Global” option.

Click OK. Finally, the spatial calibration settings are completed

Training a classification model
Select the workspace or whole space from the image

Run the trainable Weka segmentation tool in Fiji (TWS plugin must be installed)
Rename classes (capillary and background) from settings.

Select some capillaries with the frechand selection tool and add those traces to the
capillary class

Select some background without capillary with freehand selection tool and add
those traces to background class

Click the “Train classifier” button and wait 2-3 min.

Afier training, check if it works well. If it does not work well, add more traces and
fix mistakes.

‘Train again and redo previous steps if needed.

Save classifier to amodel file

Save data file to aarff file

J/**The above steps must be repeated for myocyte nuclei.™

Applying classifier to another image
Open Image to apply

RunTrainable Weka Segmentation

Load Classifier >Select (your).model file
Load Data File >Select (your)arff file
Create Results

Post-Processing Macro Steps for the Classified Image

11 **Selecting “Classified image” and 8 bit image conversion®
selectWindow("Classified image”);

run("8-bit");

J/**Thresholding procedure*

setThreshold(0, 120);

setOption(BlackBackground”, true);

run(*Threshold...”);

J/**Binarization and segmentation™*

run("Make Binary’);

run(’Dilate”);

run("Watershed");

//**Morphological analysis of target class (Capillary, Myocyte or whatever)**
run(" Analyze Particles...”, * show=Masks display exclude summarize”);
J*Calculation of intercapillary distances (Nearest Neighbor Distances Calculation
(NND)

plugin must be installed.**

J**Click Analyze -> Set Measurements, Make sure “Centroid” is checked”*
run("Nnd )
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Capillary Myocyte nuclei
Correctly classified instances 62,371 (99.8223%) 49,397 (99.3464%)
Kappa statistic 09629 0.8924
Mean absolute error 00059 0.0172
Root mean squared error 00421 0.0736

Relative absolute error 12.1332% 262749%
Root relative squared error 27.0889% 40.6526%
Total number of instances 62,482 49,722

Confusion matrix for capillary and myocyte nuclei classes

True class True class
Predicted class Capillary Background Predicted class Myocyte nuclei Background N
1,480 (TP*) 71 (FP?) 1,397 (TP) 291 (FP)
40 (FN) 60,891 (TN*) 34 (FN) 48,000 (TN)

Detailed accuracy by capillary and myocyte nuclei classes

TP rate FP rate Precision Recall MCC ROC area PRC area

0954 0001 0974 0954 0964 0963 1000 0992 Capillary

0999 0046 0999 0999 0999 0963 1000 1.000 Background

0998 0045 0998 0998 0998 0963 1000 1.000 Weighted avg.
0828 0001 0976 0828 0896 0896 0998 0977 Myocyte nuclei
0999 0172 0994 0999 0997 0896 0998 1.000 Background nuclei
0993 0167 0993 0993 0993 0896 0998 0999 Weighted avg.

SWEKA: Wailkat iforistion analysis enirerment TP, s positve; TH. us necstive FD. falss bositves FN, false nacative,
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Group | (n=7)

Mean + SEM
Height rat body (cm) 394405

Group Il (n=7)

Mean + SEM
38207

Group Il (n=7)

Mean + SEM
38208

Group IV (n=7)

Mean + SEM
384105

p-value

Wh (g) 1152007

1.12£005

0.99+004

096 +0.03

Wb (g) 295.1 %127

273492

275.1+214

2683+8.7

Wh/Wb 0.004 +0.005

0.004 = 0.0001

0.004 +0.0001

0.004 = 0.0001

Capillary count 4787 +39.6

895 £89.9

717.9+83.1

9213+97

Myocyte nuclei count 3,655.3+326.2

4,001.3 = 187.1

33966+ 1944

3,499.1£2227

Intercapillary distance 559+19

449+15

489+27

453+ 16

Internuclear distance 30.1+1

Results that constitute a statistically significant difference between

Capillary count

Group

293+0.46

30.9+064

study groups

Group

303 +0.69

p-value

m 018
v 0004
I m 042
v 1
m v 031
Intercapillary distance 1 i 0004
m 0.09
v 0005
I m 049
v 1
m v 059

The groups are designated as | (Control), Il (Exercise), lll (Anabolic-androgenic steroid), and IV (Exercise + Anabolic-androgenic steroid). Wh, represents the weight of the rat
heart; Wb, represents the weight of the rat body and Wh/Wb, is the ratio between them.

The p-valie Iclicates the statistical significance of the ciffarances bebaesn grotips.
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Level of MM (%) 95% Cl (%)

observation

Patient

Vessel RCA 115 209 144,292
M 13 77 14,333
LAD 177 232 176, 299
LCX 114 38.6 302, 47.8
Segment 1 59 237 147, 360
2 59 203 120, 323
42 286 17.2, 436
4 18 56 10,258
16 8 25.0 71, 59.1
5 13 77 14,333
6 56 25.0 155, 37.7
7 20 45.0 258, 658
8 123 285 212,370
9 2 19.0 10,0, 33.0
10 53 415 293, 549
17 2 318 164, 52.7
1 62 403 290, 527
12 50 40.0 276, 538
13 3 36.4 222,534
14 12 333 138, 60.9
15 1 0.0 00,793

18 0 - -

Rate of recategorization on patient, vessel and segment level and corresponding
95% CI. Cl, confidence interval; LAD, left anterior descending artery; LM, lef
main coronary artery; LCX, circumflex artery; MM, mismatched coronary artery
disease categorization: RCA, right coronary artery.





OPS/images/fcvm-10-1301619/fcvm-10-1301619-g003.jpg
- &
S S
ﬁ o / ©
2 ®sg 25
T 3% 3
£ rsgE rSg
< - L
= =
m [ ©O nLu | ©©O
(=} o
e Lw
T T T T T © T T T T T ©
00 L0~ 20 €0 Vo 00 10~ 20 €0 V0
m SO0UBIBYIP JO UBIPSI a S90UBIAYIP JO UBIPBI
o )
f B / [[o
== @ @
S °%R °%
3 b 3
£ ~
= Fegs FSx
=
2 .3 e
S 063 L ©0
o o o
|0 |12
T T T T e T T T T . 2
00 L0 20 €0 vO- 00 10 20 €0 vO0
< S80uaIaYIp JO ueIpaly (8] S80UBIBYIP JO UeBIPaN





OPS/images/fcvm-11-1377765/fcvm-11-1377765-e005.jpg
e @) ey e ey

K8 1 (w10, = D0,

+{[Ac(ADP)Id, + [Au(dy, DI(d, + )}
®)

A+ V)8, = D4,

—{[Ac(ADP)Id, + [Au(dy, D(, + b,)}

©

d(ADP)
ot

+ (u- V)ADP = D;ppV>ADP

+ Rapp([Ac(ADP)16,, + [Am(dy, D)y + 6,))
(10)





OPS/images/fcvm-10-1301619/fcvm-10-1301619-g004.jpg





OPS/images/fcvm-11-1377765/fcvm-11-1377765-e004.jpg





OPS/images/fcvm-10-1301619/fcvm-10-1301619-t001.jpg
Level of Difference

observation

Patient 214 —0.05 (~0.12-0.02) —0.065, —0.035 <0.001 0567 0469, 0.651 <0001
Vessel RCA 115 —0.03 (~0.09-0.03) —0.055, —0.010 0.003 0616 0489, 0.718 <0001
LM 13 —0.03(=0.05-0.01) —0.065, —0.005 004 0.427 —0.137, 0.782 0064
LAD 177 —0.04 (<0.12-0.05) —0.06, ~0.020 <0.001 0558 0447, 0.652 <0001
LCX 114 —0.04 (~0.09-0.03) —0.055, =0.010 0.003 0.423 0260, 0.563 <0001

Values are median and (IQR) of the difference of CT-FFR values of the two observers. The first p value column (and 95% Cl) corresponds to the difference of interobserver
differences from zero while the second p value column (and 95% C corresponds to the difference of the ICC coefficient from zero. P values <0.05 were statistically
significant, ICC, intra-class correlation coefficient; IQR, interquartile range: LAD, left anterior descending artery; LM, left main coronary artery; LCX, circumnfiex artery;
RCA. right coronary artery.
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Level of Cohen's kappa 95% CI

observation

Patient 0.444, 0.696
Vessel | RCA | 115 0582 0434,0731 | <0001
LAD | 177 0468 0325,0611 | <0001
eX | 14 0230 0052, 0.408 0.01

Interobserver agreement of categorized CT-FFR values. P values <0.05 were
statistically significant. The threshold for hemodynamically significant CAD was
<0.80. LAD, left anterior descending artery; LCX, circumflex artery; RCA, right
coronary artery.
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Cohort size (age [years]) Method H [cm] W [cm] H/W R [cm]
Redheuil et al. (54) M =45, F = 55 (20-70) MRI
Craiem et al. (62) N =51 (34-88) CTA 42 83 051 NA
Alhafez et al. (64) N =120 (BAV), N = 234 (TAV) cr 41 82 05 NA
Recruited patients N =4(7275 + 9.32) et 40 86 047 122
Weighted average 406 795 051 122

BAV, bicuspid aortic valve; TAV, tricuspid aortic valve; F, female; M, male.
*Data has been reported based on the mean values and has the standard deviation range of 12-16% with respect to the mean.
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Cohort size (age [years)]

Method

L [cm]

Vasava et al. (24)" N =1 (young patient) CTA 18
Recruited patients (72.75 £ 9.32) cr 28
26

Weighted average

This study uses an idealized CAD model based on one patient for a CFD
simulation, but the model is not available for public access.
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Retrospectively ECG-gated cCTA and
ICA/QCA within 3 months
(n=388)

cCTA evaluated with CT-FFR by
observer A and B
14)
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Authors Cohort size (age | Method
[years])

Vaswaetal. | N =1 (young patient)
(24)*

Recruited N=4(7275 £ 9.32)
patients
Weighted
average

*This study uses an idealized CAD model based on one patient for a CFD
simulation, but the model is not available for public access.
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Parameters QOdds ratio | 95% confidence | P-value
limits

S2A, every Imv increase 1.000 1.000-1.001 0466

<0.001

S2F, every 1 Hz increase 1076 1.043-1.111
S2/S1A, every lunit increase 0320 0.790-1.298 0111
5.780 1.092-30.593 0039

S2/SIF, every lunit increase 1.068 0.583-1.956 0832

PH, pulmonary hypertension; ePASP.estimate pulmonary artery systolic pressure:
S2A, the second sound amplitude; S2F, the second sound frequency; S2/S14, 52/
51 amplitude ratio; S2/S1E, S2/S1 energy ratio: S2/SIF, S2/S1 frequency ratio.
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(CTEPH): Group 5, PH with an unclear and/or mutifactorial mechanisms.
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Univariable Multivariable

OR (95% Cl) OR (95% Cl)

Age 1.023 (1.009-1.038) 1019 (1.005-1.034)

Male 0.987 (0.704-1.383) 0940

‘Smoking history 1027 (0.771-1368) 0856

Previous MI 2518 (1.712-3.701) <0001 1689 (1.119-2550) 0013
Hypertension 1398 (1.009-1936) 0044 1246 (0.884-1.754) 0209
Diabetes 2216 (1.664-2.951) <0.001 1.842 (1.366-2.484) <0.001
AQFR < -0.1 1.874 (1.166-3.012) 0.009 1.673 (1.039-2.698) 0.034
‘Troponin 1 0.995 (0.973-1.017) 0632

LDLC 0916 (0.793-1.059) 0233

LVEF 0.968 (0.958-0.979) <0001 0.975 (0.964-0.986) <0.001

AQFR = post-PCl QFR minus residual QFR
PCI, percutaneous coronary intervention; TVF, target vessel failure; MI, myocardial infarction; LDL-C, low-density lipoprotein cholesterol; LVEF, left ventricular ejection

fraction: QFR, quantitative flow ratio.
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Variables Cluster 1 | Cluster 2 | Cluster 3

168 (64.4%) | 77 (29.5) | 16 (6.1)
Age (years)
(mean = SD) 625=111 | 633111 | 633125

10

Gender, n (%)
Male 145 (86.3) 59 (76.6) | 15(938)
Female 23 (137) 18(234) | 1(62)

Occupation, 7 (%)
Employed 146 (86.9) 65(844) | 12 (75.0)
'Unemployed/retired 22 (13.1) 12 (156) 4 (25.0)

Marital status, n (%)
Married 167 (99.4) 76 (987) | 16 (1000)
Divorced/widowed/ 1(0.6) 1(1.3) 0

never married, n (%)

Insurance type, n (%)
Insurance 165 (98.2) 77 (100.0) | 15 (93.8)
Self-paying 3018 0 1(62)

Smoking, n (%)
None 63 (37.5) 36 (468) | 4 (250)
Current 91 (542) 34 (442) | 10 (625)
Former 14 (83) 790 2 (125)

Hypertension, n (%) 82 (48.8) 34 (442) 4 (25.0)

Dyslipidemia, n (%) 29 (17.3) 17 (22.1) 2 (125)

Diabetes mellitus, 7 (%) 27 (161) 16 (208) | 4(250)

Obesity (body mass 15 (8.9) 9(117) 0

index>28 kg/m”®), n (%)

Diagnosis STEMI, (%) 114 (67.9) 51(662) | 13 (813)
NSTEMI, (%) 54 (32.1) 26 (338) | 3187

New onset heart failure in 8(48) 3(39) 0

hospital, 7 (%)

History of 5(30) 2(26) 2(125)

ion, n (%)

Combidity, n (%)
Coronary heart disease 9 (5.4) 3(188)
Arial fibrillation 10 (6.0) 2(125)
Chronic heart failure 0 0
Cerebrovascular disease 15 (8.9) 1(63)
Peripheral arterial 1(06) 0

disease
coPD 1(06) 26
Chronic kidney disease 1(06) 0
Anemia 7(42) 4(52)
Thyroid dysfunction 6(36) 1(13)
Malignancy 0 0

Numbers of symptoms, 26=12 3=l
n (%)

Killip class> 11, n (%) 42 (25.0) 30 (39.0)

Types of coronary artery
disease, n (%)
Single-vessel disease 26 (15.5) 2 (12.5)
Multi-vessel disease 142 (84.5) 14 (875)

Total hospital stay (days) 7023 7927

STEMI:ST-elevation myocardial infraction,NSTEMI:Non-ST-elevation myocardial
BV
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Variables

Classification

Age (years) 34-60 109 418
61-89 152 582
Final diagnosis | ST-elevation myocardial infraction 178 | 682
Non-ST-elevation myocardial infraction 83 318
Gender Female 42 161
Marital status, Divorced/widowed/never married 2 08
Occupation status | Unemployed/retired 38 146
Risk factors® i 120 460
Diabetes mellitus 47 180
Dyslipidemia 48 184
Current smoking 135|517
Obesity = body mass index>28 kg/m’ 24 9.2

aAnswers were duplicated.
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Models

2217636

2256846

2221971

Entropy

LMR-LRT

P

BLRT

Number of patients in each category

2,080.710

2,162.694

2,089.774

79/182

2063825

2,188.583

2077618

168/77/16

2,066.800

2234332

2,085323

48/5/80/128

2,069.524

2,279.831

2,092.776

158/19/13/10/61





OPS/images/fcvm-11-1388648/fcvm-11-1388648-t003.jpg
No of total symptom (mean * SD)

Total
29+12

Cluster 1 (n=168)
26+12

Cluster 2 (n=77)
31=11

Cluster 3 (n=16)
5029

FIY

Chest pain

219 (839)

168 (100.0)

44 (57.1)

7 (438)

Chest discomfortable

79 (303)

0

76 (98.7)

3 (18.8)

Radiating pain

57 21.8)

37 (220)

8 (104)

12 (75.0)

Dyspnea

92 (35.2)

25 (14.9)

60 (77.9)

7 (43.8)

Palpitation

727)

1(6.0)

0

6(37.5)

Nausea/vomiting

67 (25.7)

43 (25.6)

16 (208)

8 (50.0)

Sweating

191 (73.2)

126 (75.0)

53 (68.8)

12 (75.0)

1 (6.0)

3(39)

9 (563)

13 (5.0)

Dizziness

19 (7.3)

8 (48)

7(9.)

4(259)

Syncope

9 (3.4)

6(36)

3(39)

0

Throat tighting sensation

5(19)

2(12)

1(1.3)

2(12.5)






OPS/images/fcvm-11-1395257/fcvm-11-1395257-t004.jpg
Plaque Maximum out-wall stress (kPa) Mean out-wall stress (kPa)
M-Model M-Model S-Model | S-Model no| M-Model with M-Model S-Model with | S-Model no
with no residual with residual residual stress | no residual | residual stress residual
residual stress residual stress stress stress
stress stress
16549 4888 345.65 75.42 89.30 2485 185.90 4101
338.56% 100.00% 458.33% 100.00% 359.34% 100.00% 453.29% 100.00%
P2 209.17 2449 305.38 3651 99.72 1679 18328 24.90
854.16% 100.00% 836.33% 100.00% 594.04% 100.00% 736.21% 10000%
P3 24651 2566 358.05 4223 9699 1658 16343 2538
960.49% 100.00% 847.82% 100.00% 584.91% 100.00% 643.83% 10000%
P4 23192 4617 27138 72.96 10269 2981 14997 48.19
502.30% 100.00% 371.95% 100.00% 34451% 100.00% 311.21% 100.00%
s 11451 3507 51657 64.67 6000 20.68 22026 35.55
326.54% 100.00% 798.82% 100.00% 290.13% 100.00% 619.59% 10000%
P6 199.11 4476 294.56 8032 8422 2283 15452 38.71
444.89% 100.00% 366.73% 100.00% 368.89% 100.00% 399.20% 100.00%
P7 233.05 46.68 364.80 90.51 9182 2916 16847 53.02
49921% 100.00% 403.04% 100.00% 314.89% 100.00% 317.76% 100.00%
P8 16442 3212 265.36 57.63 80.48 19.80 146,60 32.70
511.84% 100.00% 460.45% 100.00% 406.48% 100.00% 448.32% 100.00%
P9 39154 2499 780.87 28.08 15302 10.90 327.86 1532
1,567.07% 100.00% 2781.11% 100.00% 1,403.62% 100.00% 2,140.55% 100.00%
P10 15581 2154 50019 3612 11205 17.15 245.26 29.09
723.35% 100.00% 1,384.68% 100.00% 653.45% 100.00% 843.18% 100.00%
Mean = STD 211157566 | 35041073 | 400.28 = 15965 | 58.45+21.63 97.03+ 2426 2085594 19455 56,51 34391139
Mean+STD (%) | 672.84%+ 100.00% 870.93% + 100.00% 532.03% + 332.34% 100.00% 691.31% £ 539.32% 100.00%
378.09% 743.90%

M- Modisl: yuili iaver Tnodsls SiMadsl single<daver modsl
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Plaque Maximum out-wall strain Mean out-wall strain

M-Model M-Model no | S-Model with | S-Model no M-Model M-Model no | S-Model with | S-Model no

with residual residual residual residual with residual residual residual residual
stress stress stress stress stress stress stress
0358 . 0266 0.120 0246 0087 0.176 0.072
185.02% 100.00% 221.29% 100.00% 284.02% 100.00% 244.89% 100.00%
P2 0389 0.09 0275 0078 0248 0049 0.189 0.039
39426% 100.00% 353.28% 100.00% 501.91% 100.00% 479.25% 100.00%
P3 0396 0073 0258 0059 0227 0055 0.161 0.051
545.80% 100.00% 439.17% 100.00% 411.36% 100.00% 312.73% 100.00%
P4 0397 0148 0279 0083 0238 0082 0.151 0.058
267.60% 100.00% 334.96% 100.00% 288.94% 100.00% 26047% 100.00%
5 0435 0.097 0303 0081 0171 0065 0114 0.056
45040% 100.00% 374.63% 100.00% 262.11% 100.00% 205.59% 100.00%
P6 0326 0130 0229 0099 0200 0070 0.154 0.061
250.78% 100.00% 231.07% 100.00% 286.78% 100.00% 25155% 100.00%
»7 0306 0141 0218 0109 0205 0086 0152 0.067
21683% 100.00% 200.96% 100.00% 237.90% 100.00% 227.53% 100.00%
P8 0307 0.098 0213 0073 0.194 0062 0.146 0055
31353% 100.00% 293.67% 100.00% 313.06% 100.00% 266.24% 100.00%
P9 0451 0110 0371 0065 0245 0026 0209 0.020
409.14% 100.00% 572.17% 100.00% 943.74% 100.00% 1,038.05% 100.00%
P10 0326 0.088 0244 0073 0271 0058 0.193 0.053
368.79% 100.00% 333.85% 100.00% 468.03% 100.00% 362.55% 100.00%
Mean = 0369 +0.052 01180036 0.265+0.047 0.084+0.020 022540031 0,064 +0.019 0.164+0.028 0.053+0015
STD
Mean = 34021%= 100.00% 335.51%= 100.00% 399.79% = 100.00% 364.88% = 100.00%
STD (%) 113.62% 111.76% 211.41% 249.68%

MoModel, il inver modsl: S-Model. singla-isver rrodal.
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Plaque

Maximum plaque strain

Mean plaque strain

M-Model | M-Model no | S-Model S-Model no | M-Model | M-Model no | S-Model S-Model no
with residual residual | with residual | residual | with residual residual | with residual residual
stress stress stress stress stress stress stress stress
0194 0308 0130 0282 0.062 0.161 0024 0.140
63.00% 100.00% 46.06% 100.00% 38.40% 100.00% 17.29% 100.00%
) 0.097 0256 0.094 0242 0032 0.137 0029 0119
38.06% 100.00% 39.02% 100.00% 23.02% 100.00% 24.14% 100.00%
P 0.155 0214 0.186 0177 0.069 0.119 0.061 0.099
72.44% 100.00% 105.39% 100.00% 57.77% 100.00% 6221% 100.00%
P4 0.141 0353 0.108 0284 0079 0.146 0052 0112
39.85% 100.00% 37.98% 100.00% 54.10% 100.00% 46.85% 100.00%
5 0204 0.197 0.164 0.170 0.066 0.128 0059 0.106
103.89% 100.00% 96.49% 100.00% 5171% 100.00% 55.30% 100.00%
P6 0199 0.287 0.149 0.269 0.090 0.144 0.061 0123
69.40% 100.00% 55.38% 100.00% 62.41% 100.00% 49.85% 100.00%
P7 0203 0217 0171 0.197 0102 0.158 0.067 0.130
93.39% 100.00% 86.81% 100.00% 64.87% 100.00% 5123% 100.00%
P8 0118 0180 0074 0.155 0.064 0117 0053 0.100
65.60% 100.00% 47.63% 100.00% 5453% 100.00% 52.33% 100.00%
P9 0.148 0189 0214 0.184 0034 0.109 0.067 0.105
78.58% 100.00% 11652% 100.00% 3120% 100.00% 64.11% 100.00%
P10 0125 0222 0054 0.207 0053 0.156 0014 0.144
56.20% 100.00% 25.99% 100.00% 33.63% 100.00% 9.86% 100.00%
Mean = STD 015840039 | 024220057 | 01340052 | 02170049 | 00655002 | 01370019 | 0049=0019 | 0.118+0016
Mean = STD (%) | 68.04% * 20.88% 100.00% 65.73% = 32.36% 100.00% 47.16% * 14.45% 100.00% 43.32%19.13% 100.00%

M-Meodel. Frulti-tavar iodsl: S=Madel single-laver rodal
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Maximum blade deformation(mm)
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DP-SVC indicates the blood pressure rise in the SVC, calculated as the pressure at
the PA outlet minus the pressure at the SVC inlet. DP-IVC indicates the blood
pressure rise in the IVC, calculated as the pressure at the PA outlet minus the
oressure at the IVC inlet,
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Total Overanticipated Slightly Consistent Slightly Underanticipated | P valu

=1,373) | group (N=105) overanticipated group underanticipated group (N =85)
group (N=536) (N=257) group (N=390)

Target vessel 0015
LAD, n (%) 794 69 (65.7)° 319 (59.5)° 122 (47.5)° 232 (59.5)° 52 (61.2)
LCX, n (%) 223 15 (143 75 (14.0)° I 64 (16.4)° 11 (129
RCA, n (%) 356 21 (200 142 (265)° 77 (30.0)" 94 (24.1) 22 (25.9)°
Pre-PCl
DS (%) 57511209 5661 1152 5688 = 12.52 5794 % 1250 58.13= 1189 5836936 0433
AS (%) 774471183 7658 = 10.9 76911175 7661 = 1183 785121249 7951 9.83 0.069
MLD (mm) 1.15+0.59 1.10+0.39 1.13£043 115+ 047 1.19£0.85 1.17 £ 0.47 0.535
QFR 0.68 +0.18 0.59 +0.13 0.70 +0.16 0.73 +0.16 0.65 +0.19 0.56 +0.20 <0.001
Residual 0962005 0842004 0952004 0992003 0972003 0962006 <0.001
QFR
Post-PCI
DS (%) 25701074 2363875 2183835 2044821 3126884 43101188 <0.001
AS (%) 3838 +16.37 3370 +13.53 3244+14.13 29.68 +13.74 47.90 + 11.04 64.28 +12.44 <0.001
MLD (mm) 2.02+0.54 1.97 +0.40 2.09 0.50 220+051 1.90 +0.55 1.58 +0.57 <0.001
QR 0.9 2006 098003 0.982003 099003 0942004 07920.10 <0.001
The values are presented as the mean + standard deviation (n%).
= ' LAD, left anterior coronary artery; LCX, left circumflex coronary artery; RCA, right coronary artery; AS, area stenosis
DS, dlameter stenosis; MLD, minmal lmen dameter; OFR, quanttative flow falio
Each letter bset of th b ¢ level between residual GFR and post-PCI GFR, the same letter means no significant, with no significant

difference bistween grouns at-p = 0.05 ksl
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Overanticipated

Slightly

Consistent

Slightly Underanticipated | P value
group (N=105) overanticipated group underanticipated group (N=85)
group (N=536) (N=257) group (N=390)
Stent 3032042 303041 3012044 | 303041 296041 0023
Stent length(mm) | 4342+17.47 | 32.86+17.25 34121412 | 3080 + 13.66 [ 29,09+ 1570 | <000
Number of stents | 165+0.62 | 1322055 1232045 | 125+047 |
The values are presented as the mean + standard deviation [n (%)),

1312049 | <000
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Overanticipated
group (N=105)

Slightly
overanticipated
group (N =536)

Consistent
group

(N=257)

30 (113)°

underanticipated
group (N=390)
60 (154)**

Underanticipated
group (N =85)

19 (224) 0076

TVE, n (%) 14 (133" 66 (12.3)°
Cardiovascular 6(57) 30 (56) 14 (5.4) 25 (64) 3(35) 0885
death, n (%)

MI, (%) 100 1@ 2(08) 5(13) 3(35) 0363
TVR, 7 (%) 7 (67 32 (6.0)" 15 (58)" 33 (85 13(15.3)° 0025

The values are presented as n (%)

PCI, percutaneous coronary intervention; TVF, target vessel failure. MI, myocardial infarction; TVR, target vessel revascularization.

Each letter representsa subset of the group based on the difference level between residual QFR and post-PCI QFR, the same letter means no significant, with no significant

difference betwsen arous at i = 0.05 level
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Total Overanticipated Slightly Consistent Slightly Underanticipated
(N=1,373) | group (N=105) | overanticipated group underanticipated | group (N=285)
group (N=536) | (N=257) group (N =390)
Age (years) 65051043 6638+ 11.26 65.04+ 1065 6468 +10.16 64.67 £ 10.08 66.31+10.16
Male, n (%) 1057 (77.0) 82 (77.0) 408 (76.1) 193 (75.1) 309 (79.2) 65 (765)
Hypertension, n(%) 925 (67.4) 77 (733) 353 (65.9) 169 (65.8) 270 (69.2) 56 (65.9)
Diabetes, 7 (%) 472 (344) 41 (39.0) 179 (33.4) 80 (31.1) 137 (35.1) 35 (412)
Previous ML 7 (%) 109 (7.9) 5 (48) 37 (69) 27 (105) 33 (85) 7(82)
Previous PCI, n (%) 177 (12.9) 14 (133) 68 (12.7) 30 (11.7) 52 (13.3) 13 (153)
Smoking history, # (%) 722 (52.6) 52 (49.5) 283 (52.8) 130 (50.6) 213 (54.6) 44 (51.8)
Type of coronary artery
disease
Unstable angina, 782 (57.0) 58 (55.2) 303 (56.5) 158 (61.5) 222 (56.9) 41 (482)
n (%)
Stable angina, n (%) | 142 (10.3) 11 (105) 58 (10.8) 27 (10.5) 38 (9.7) 8(94)
NSTEMI, # (%) 251 (18.3) 23 (19) 100 (18.7) 37 (144) 69 (17.7) 22 (259)
STEMI (27 days), 198 (14.4) 13 (12.4) 75 (14.0) 35 (136) 61 (15.6) 14 (165)
n (%)

Medications at discharge
Antiplatelet agent, 1371 (99.9) 105 (100.0) 536 (100.0) 256 (99.6) 389 (99.7) 85 (100.0)
n (%)

Statin, n (%) 1,348 (98.2) 103 (98.2) 529 (98.7) 248 (96.5) 385 (98.7) 83 (97.6)
ACEI/ARB, n(%) 929 (67.7) 71 (676) 369 (68.8) 176 (68.5) 258 (66.2) 55 (647)
Troponin 1(ug/L) 415+ 1090 2442704 | 37021001 4391149 5011218 410+ 1184
NT-proBNP (pg/ml) 1915 3475 (1105,1,1230) | 185.0 (58.0,700.0) 160.0 8.0 (67.0,845.8) 2200 (58.5,873.3)
(620,792.3) (53.0,675.0)
Glucose (mmol/L) 634+2.46 632+210 646+2.69 606+2.18 633239 643+246
Creatinine (umol/L) | 86.65 5611 91.93+ 3165 87.95+66.60 8176 +4555 8684+ 56.18 85.88+29.23
LDLC (mmolll) | 284=103 289+1.09 284+ 1.04 286=104 279102 289+097
LVEF (%) 60211137 | 60.09+1337 60.87 + 10.66 60751148 5935+ 1146 58291209
E/E 13.63=5.70 1453632 1345+ 5.55 13,60+ 6.01 13,67 +5.62 13.66+5.33

The values are presented as the mean + standard deviation, median (interquartile range) or n ().
NSTEMI, Non-ST elevation myocardial infarction; STEMI, ST-segment elevation myocardial infarction; MI, myocardial infarction; PCI, percutaneous coronary
intervention; ACEI, inhibitor; ARB, e Il receptor blocker; NT-proBNP, N-terminal pro-B type natriuretic peptide; LDL-C,
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Patient 2° | 33 275 | 235 | 02 | 02 | 18 | 354 | NA | 135 1 125 | NA | NA | 92 4 13132 75 | 8 60 60 | NA | NA | 0 0 0
Patient 3° | 315 28 | 225 | 02 | 02 | 17 | 34 [ NA | 12 | 09 | 135 | NA | NA 8 4 132 | 28 7 85 55 55 | NA | NA | 15 | 20 | 20
Patient 4° | 3.15 27 | 225 | 02 | 02 | 17 | 34 [ NA | 12 | 085 | 145 | NA | NA 8 4 133 | 28 7 85 55 5 | NA | NA | 15 | 20 | 20
Average 32 27 24 | 02 | 02 | 173 | 347 | 4 | 125 | 093 | 135 2 158 | 86 4 122 | 28 | 75 | 84 57 59 80 65 10 10 | 10
Type 1 317 | 265 | 25 | 026 | 035 | 168 | 344 | NA | 147 | 097 | 104 | NA | NA | 795 | 406 | 122 | 26 | 762 | 848 | 733 | 698 | NA | NA | 10 | 10 | 10
Type I 317 | 265 | 25 | 026 | 035 | NA | NA | 27 | NA | NA | NA | 218 | 107 | 795 | 406 | 122 | 26 | 762 | NA | NA | NA | 80 65 10 10 | 10
N 8071 | 2,33 | 728 | 605 | 605 | 483 | 483 | 104 | 706 | 706 | 706 | 301 301 | 509 | 509 4 5 | 42 | 9% 9 96 1 1 5 4 4

*Classified as Type Il
bClassified as Type |.
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Authors Cohort size (age [years]) Method a [ecm] dy [cm] d; [cm] ds [cm]
Gupta and Sodhi (65) N = 100 (68)
Finlay et al. (73) N =45 (68) cr 777 183 474 NA
Wilbring et al. (68) N =118 (63 £ 15) cr 77 169 331 NA
Liu et al. (78) N =114 (533 = 144) cr 7.82 NA NA NA
Zubair et al. (63) N =116 (774 = 10) cr 659 183 368 NA
Saade et al. (79) N=75(69 % 135) cr 873 NA NA NA
Zerebiec et al. (66) N =100 (62) &r NA 1.56 317 NA
Recruited patients N =4(7275 +932) ford 75 173* 3.47° 4.00°
‘Weighted average 7.62 1.68 344 2.70
N =3,
"N =1

“Data has been reported based on the mean values and has the standard deviation range of 23-28% with respect to the mean.
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Shin et al. (69)

N =25 (adult)

Alsaif and Ramadan (70)

N =36 (adult)

Vasava et al. (71)"

N=1 (adult)

Rengier et al. (72)

N=20

Finlay et al. (73)

N=45

Carr et al. (26)

N=10(>65)

Manole et al. (74)

M=24,F=9

Osorio et al. (75)

N =1 (adult)

Wilbring et al. (68)

N =118 (63 £ 15)

Zubair et al. (63)
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‘Tapia-Naiez et al. (76)
Recruited patients

N =220 (527 £ 17.6)
N=4(275£932)

Weighted average

“Data has been reported based on the mean values and has the standard deviation range of 11-28% with respect to the mean
"This study uses an idealized CAD model based on one patient for a CFD simulation, but the model is not available for public access.
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