www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Predictive model development
combining CT-FFR and SYNTAX
score for major adverse
cardiovascular events in complex
coronary artery disease
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Deguang Yang? & Shaoheng Zhang'™*

Patients with complex coronary artery disease (CAD) often have poor clinical outcomes. This study
aimed to develop a predictive model for assessing the 1-year risk of major adverse cardiovascular
events (MACE) in patients with stable complex CAD, using retrospective data collected from January
2020 to September 2023 at Guangzhou Red Cross Hospital. The goal was to enable early risk
stratification and intervention to improve clinical outcomes. A total of 369 patients were included

and randomly divided into a training set (70%) for model development and a validation set (30%) for
performance evaluation. Predictive factors were selected using least absolute shrinkage and selection
operator (LASSO) regression, followed by logistic regression to construct the model and create a
nomogram. Seven independent predictors were identified: functional SYNTAX score (OR 1.257, 95% Cl
1.159-1.375), low-density lipoprotein cholesterol (LDL-C, OR 1.487, 95% Cl 1.147-1.963, /iImmol/L),
left ventricular ejection fraction (LVEF, OR 0.934, 95% Cl 0.882-0.985, /1%), albumin (OR 0.889, 95% ClI
0.809-0.974, [1g/L), pulse pressure =272 mmHg (OR 3.358, 95% Cl 1.621-7.118), angiotensin-converting
enzyme 2 (ACE2)227.5 U/L (OR 2.503, 95% Cl 1.290-5.014), and diabetes (OR 2.261, 95% Cl 1.186—
4.397). Among these, the functional SYNTAX score was the strongest predictor. The area under the
receiver operating characteristic curve (AUC) was 0.843 for the training set and 0.844 for the validation
set, with Youden indices of 0.561 and 0.601, respectively. Calibration curves and decision curve analysis
demonstrated good predictive accuracy and clinical utility of the model. These findings suggest that
the developed model has strong predictive performance for 1-year MACE risk in patients with complex
CAD, and early risk stratification and intervention based on this model may improve clinical outcomes.

Keywords Coronary artery disease, Coronary CT-derived fractional flow reserve, Functional SYNTAX
score, Major adverse cardiovascular events, Predictive model

Cardiovascular disease (CVD) is the leading cause of death worldwide, with increasing prevalence and mortality
rates, and coronary artery disease (CAD) remains the primary contributor, posing a significant threat to human
health and a growing socioeconomic burden!. Complex CAD, which includes multivessel disease and lesions
with complex morphology?, is a particularly severe subtype of CAD, often accompanied by comorbidities such as
diabetes mellitus and hypertension. This type of CAD is associated with poor prognosis and has shown a rising
prevalence over time. Despite considerable advancements in the diagnosis and treatment of CAD in modern
medicine, the clinical outcomes of patients with complex CAD remain suboptimal, with delayed prevention
and treatment being one of the major contributing factors. For patients with complex CAD, fractional flow
reserve (FFR) and the SYNTAX score are commonly used to assess lesion severity and guide treatment strategies.
However, FFR involves invasive procedures and pharmacological administration, which carry safety risks, and
it is challenging to comprehensively evaluate the entire coronary tree in a single procedure. The SYNTAX score,
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which is based on the anatomical characteristics of coronary arteries, often fails to reflect the true severity of the
disease. Computed tomography-derived fractional flow reserve (CT-FFR), an emerging noninvasive quantitative
metric, combined with the SYNTAX score, offers a promising solution to these limitations.

The DISCOVER-FLOW trial’, a multicenter prospective study, demonstrated that CT-FFR has good
diagnostic accuracy (84.3%) and specificity (82.2%) in identifying patients requiring revascularization, with a
strong correlation to invasive FFR (R=0.717, P<0.001). The NXT trial* further confirmed that CT-FFR has high
sensitivity (86%, 95% CI 77%-92%) and specificity (79%, 95% CI 72%-84%) in detecting myocardial ischemia,
which helps optimize treatment decisions and reduces unnecessary invasive procedures. Additionally, CT-FFR
measurements have demonstrated reproducibility across different operators, with a low coeflicient of variation
of only 3.6% (95% CI 2.3%-4.6%)°. Currently, the application of CT-FFR in the diagnosis and management
of coronary artery disease is being increasingly promoted and is expected to become a cost-effective first-line
diagnostic tool in the future.

The functional SYNTAX score (ESS), based on CT-FFR, has been shown to guide risk stratification in
patients with multivessel disease, yielding results comparable to those obtained via invasive pressure wire
assessments, with better concordance than the anatomical SYNTAX score (ASS) (Kappa 0.32 vs. 0.19)°. FSS
has also been validated as a superior predictor of major adverse cardiovascular events (MACE) in patients with
triple-vessel disease and has led to changes in revascularization strategies for some patients’. This study aims to
develop a predictive model to assess the 1-year risk of MACE in patients with complex CAD by combining FSS
with traditional risk factors, facilitating early identification of high-risk patients and targeted interventions to
improve clinical outcomes and optimize healthcare resource allocation.

Materials and methods
Definitions

(1) Stable CAD (Chronic Coronary Syndrome)®: A range of clinical manifestations or syndromes caused by
structural and/or functional changes associated with chronic disease of the coronary arteries and/or micro-
circulation. This includes: suspected CAD patients with stable angina symptoms and/or dyspnea; suspected
CAD patients with newly developed heart failure or left ventricular dysfunction; asymptomatic or symp-
tomatically stable patients within 1 year post-acute coronary syndrome (ACS) or recent revascularization;
asymptomatic or symptomatic patients diagnosed for the first time or more than 1 year post-revasculariza-
tion; patients with angina suspected to be caused by vasospasm or microvascular disease; and asymptomatic
CAD patients identified during screening.

(2) Complex CAD*!: Defined as anatomical stenosis>50% in two or more major coronary arteries or the
left main artery as identified by coronary computed tomography angiography (CCTA), or as meeting the
criteria for multivessel disease?. This includes: left main or proximal left anterior descending artery lesion,
chronic total occlusion, trifurcation lesion, complex bifurcation lesion, heavy calcification, severe tortuos-
ity, aorto-ostial stenosis, diffusely diseased and narrowed segments distal to the lesion, thrombotic lesion,
and lesion length > 20 mm. Usually, clinical conditions and baseline comorbidities of the patient need to be
considered comprehensively.

(3) MACE!": Defined as a composite of acute myocardial infarction, stroke, cardiovascular death, hospitaliza-
tion for unstable angina or revascularization, and hospitalization for heart failure.

Study population

This study retrospectively analyzed 369 patients who underwent CCTA at Guangzhou Red Cross Hospital
from January 2020 to September 2023 and met the criteria for "stable complex CAD" (see flowchart in Fig. 1).
Inclusion criteria: (1) Patients aged>18 years with chronic coronary syndrome; (2) Patients meeting the
above definition of complex CAD; (3) Patients with hospitalization records within one month before or after
undergoing CCTA. Exclusion criteria: (1) Patients diagnosed with ACS during the current hospitalization;
(2) Patients with malignant tumors, autoimmune vasculitis, mental disorders, or requiring hemodialysis; (3)
Patients participating in other drug/device studies or with an expected life expectancy of less than one year.
This study complies with the Declaration of Helsinki, and the acquisition and publication of research data were
approved by the Ethics Committee of Guangzhou Red Cross Hospital (approval number: 2024-187-01) with
written informed consent obtained from all patients.

Equipment information

The CCTA images in this study were acquired from three different CT scanners: (1) Hispeed ZX (large
combination spiral type), manufactured by GE (General Electric) Company, USA; (2) Brilliance CT 64 Slice
(large combination 128-slice spiral type>500mA), manufactured by Philips Company; (3) Spectral CT,
manufactured by Philips Medical Systems Netherlands B.V.

Data collection and preprocessing

Clinical data collection included demographic characteristics, personal history, physical examinations upon
admission, laboratory tests, and imaging studies. The CCTA images of the enrolled patients were analyzed
for CT-FFR using RuiXin-FFR (version 1.0, Raysight Medical, China), conducted at Shenzhen Raysight
Medical Technology Co., Ltd. Based on the CCTA and CT-FER reports, two attending physicians or senior-
level physicians independently calculated the ASS and FSS for each patient using the online SYNTAX Score
calculator (https://syntaxscore.org/, including the scoring criteria) (Fig. 2A): (1) ASS: Vessels with anatomical
stenosis >50% identified by the CCTA report were classified as lesion sites (e.g., regions marked by red and
yellow triangles both qualify). The ASS was calculated using the online SYNTAX Score calculator based on the
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We retrospectively collected data from patients (N=620) who underwent Coronary CT
Angiography (CCTA) and met the criteria for "complex coronary artery disease" at
Guangzhou Red Cross Hospital between January 2020 and September 2023

Exclusions (N=234):

Incomplete clinical data (N=76)
Acute Coronary Syndrome (N=88)
Other exclusion criteria (N=70)

The remaining 386 patients' imaging data were sent for
CT-derived Fractional Flow Reserve (CT-FFR) analysis
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Conclusion: The model demonstrates good predictive performance and clinical utility in
assessing the 1-year risk of MACE in patients with complex CAD, offering the potential to
guide clinical management through risk stratification and improve patient outcomes.

Fig. 1. The study flowchart.

number of lesions in the patient’s coronary artery tree and the corresponding imaging features. (2) FSS: Vessels
with anatomical stenosis>50% and CT-FFR<0.8 at the same site were classified as lesion sites (e.g., regions
marked by red triangles meet the criteria, while those marked by yellow triangles do not). The FSS was similarly
calculated using the online SYNTAX Score calculator based on the number of lesions in the patient’s coronary
artery tree and the corresponding imaging features.

Based on the upper limit of normal clinical values, N-terminal prohormone of brain natriuretic peptide (NT-
proBNP) and high-sensitivity troponin T (hs-TnT) were converted into binary variables using cutoff values of
125 pg/mL and 0.014 pg/L, respectively. For angiotensin-converting enzyme 2 (ACE2), D-dimer, pulse pressure,
high-sensitivity C-reactive protein (hs-CRP), and other continuous variables, due to their excessively large or
small ranges, this study used the occurrence of MACE as the dependent variable and the optimal cutoff values
based on the ROC curve of the full dataset to convert them into binary variables. The 369 enrolled patients
were randomly divided into a training set (N=258) for model construction and a validation set (N=111) for
evaluating model performance in a 7:3 ratio.

Statistical methods

All statistical analyses in this study were performed using R software (version 4.3.2). Continuous variables
conforming to normal distribution were expressed as x +s, while those not conforming to normal distribution
were expressed as M (Q1, Q3). Comparisons between groups were conducted using the independent sample
t-test for normal data and the rank-sum test for non-normal data. Categorical variables were expressed as
n(%), and comparisons between groups were performed using the x? test or Fisher’s exact test. For missing
data, variables with missing rates >20% were excluded, while those with missing rates < 20% were imputed using
simple imputation: the median was used for continuous variables, and the mode for categorical variables. Based
on the training set, predictive factors were selected using LASSO regression, and a risk prediction model was
established using logistic regression, with a nomogram constructed. The predictive performance of the model
was evaluated through ROC curves, calibration curves, decision curves, and reasonableness analysis in both the
training and validation sets. All statistical tests were two-sided, with P<0.05 considered statistically significant.

Results

Study population characteristics

A total of 369 patients were included in the study, with a mean age of (70.38 £ 9.22) years, and 242 males (65.58%).
Among them, 145 patients (39.30%) experienced MACE within 1 year. Of the patients with MACE, 49.7% were
hospitalized for unstable angina or underwent revascularization procedures, and 31.7% were hospitalized for
heart failure. The mean ASS and FSS were 11.00 (9.00, 14.00) and 10.00 (7.00, 13.00), respectively. There were
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Fig. 2. (A) Illustration of the SYNTAX score. (B) Coefficient plot of the 9 predictors preliminarily selected

by LASSO regression. The coefficient corresponding to a variable represents the effect of a unit change in that
variable on the outcome event (MACE). A positive value indicates a positive correlation (risk factor), while

a negative value indicates a negative correlation (protective factor). (C) LASSO coefficient profiles of the 56
candidate predictors. (D) A coefficient profile plot against the log (Lambda) sequence. A vertical line indicates
the value selected using tenfold cross-validation, where the optimal Lambda resulted in 7 predictors with non-
zero coefficients (Lambda =0.0396).

no statistically significant differences in baseline characteristics between the training and validation sets, with all
indicators showing P>0.05 (baseline characteristics are shown in Table 1).

Selected predictors and construction model

Using the training set, 56 variables, excluding ASS (due to multicollinearity with FSS), were subjected to
dimensionality reduction via LASSO regression with tenfold cross-validation. The optimal model was determined
by selecting the minimum lambda value (0.0396). The results identified 9 risk predictors (Fig. 2B-D): FSS,
low-density lipoprotein cholesterol (LDL-C), NT-proBNP>125 pg/mL, hs-CRP >4.73 mg/L, left ventricular
ejection fraction (LVEF), albumin, pulse pressure>72 mmHg, ACE2>27.5 U/L, and diabetes. Based on these 9
predictors, a risk prediction model was constructed using Logistic regression with stepwise backward selection,
and a nomogram was plotted (Fig. 3). Logistic regression finally included 7 independent risk predictors: FSS,
LDL-C, LVEE albumin, pulse pressure > 72 mmHg, ACE2 >27.5 U/L, and diabetes (Table 2). The model’'s Akaike
information criterion (AIC) was 262.5.

Model performance validation

The predictive performance of the model was evaluated using the ROC curve (Fig. 4A). The AUC for the training
and validation sets was 0.843 and 0.844, respectively. Sensitivity was 0.867 and 0.851, specificity was 0.694 and
0.750, Youden index was 0.561 and 0.601, F1-score was 0.733 and 0.777, and Kappa value was 0.524 and 0.586.
When comparing the AUC of the functional score model (developed in this study) with the anatomical score
model, FSS alone, and ASS alone, results showed that the functional score model had the highest AUC (Fig. 4B).
The Hosmer-Lemeshow X? test was used to evaluate model fit, with x? values of 11.513 (P=0.174) and 8.519
(P=0.385) for the training and validation sets, respectively.

Using 500 bootstrap samples, calibration curves were plotted (Fig. 5A-B), which demonstrated good
calibration of the model, with mean absolute errors of 0.042 and 0.045, Dxy values of 0.686 and 0.689, and
Brier scores of 0.159 and 0.160 for the training and validation sets, respectively. Similarly, clinical decision
curves generated using 500 bootstrap samples (Fig. 5C-D) showed that at prediction probability thresholds in
the range of 0.05-0.78 for the training set and 0.03-0.97 for the validation set, the net clinical benefit of using
the predictive model exceeded both the “no intervention” and “full intervention” strategies, suggesting good
clinical applicability of the model. Nomoscores were calculated for patients using the nomogram, and boxplots
were created after grouping patients by MACE status (Fig. 5E-F). The results indicated significant differences
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Variables Total (N=369) Train (N =258) Test (N=111) Pvalue
MACE 145 (39.30%) 98 (37.98%) 47 (42.34%) 0.503
SYNTAX Score

Functional SYNTAX Score | 10.00 (7.00—13.00) 10.00 (7.00—13.00) 10.00 (7.00—13.75) 0.966
Anatomical SYNTAX Score | 11.00 (9.00—14.00) 11.00 (9.00—14.00) 12.00 (9.50—14.00) 0.880
General Condition

Age (years) 70.38+£9.22 70.37+£9.18 70.39+9.37 0.492
Male 242 (65.58%) 169 (65.50%) 73 (65.77%) 1.000
Pulse Pressure>72 mmHg | 81 (21.95%) 58 (22.48%) 23 (20.72%) 0.812
Hypertension 311 (84.28%) 217 (84.11%) 94 (84.68%) 1.000
Diabetes 146 (39.57%) 101 (39.15%) 45 (40.54%) 0.893
Chronic Kidney Disease 28 (7.59%) 19 (7.36%) 9 (8.11%) 0.974
COPD 17 (4.61%) 14 (5.43%) 3 (2.70%) 0.382
Medication Utilization

ACEI/ARB 200 (54.20%) 138 (53.49%) 62 (55.86%) 0.761
Beta-Blockers 180 (48.78%) 125 (48.45%) 55 (49.55%) 0.936
Calcium Channel Blockers | 211 (57.18%) 145 (56.20%) 66 (59.46%) 0.642
Diuretics 45 (12.20%) 34 (13.18%) 11 (9.91%) 0.480
Clopidogrel 289 (78.32%) 201 (77.91%) 88 (79.28%) 0.876
Lipid-Lowering Agents 335 (90.79%) 232 (89.92%) 103 (92.79%) 0.498
Imaging and Laboratory Parameters

LVEF (%) 64.00 (61.00—67.00) 65.00 (61.00—67.75) 64.00 (61.00—67.00) 0.459
NT-proBNP>125 pg/mL | 150 (40.65%) 110 (42.64%) 40 (36.04%) 0.285
hs-TNT >0.014ug/L 131 (35.50%) 96 (37.21%) 35(31.53%) 0.354
hs-CRP >4.73 mg/L 114 (30.89%) 81 (31.40%) 33 (29.73%) 0.846
Platelet (x 10°/L) 231.00 (185.00—270.00) | 230.50 (193.25—266.00) | 232.00 (173.50—271.00) | 0.411
Serum Potassium (mmol/L) | 3.99+0.38 3.97+0.40 4.02+0.34 0.247
Serum Iron (umol/L) 14.05 (11.10—17.20) 14.05 (10.93—16.98) 14.05 (11.60—17.25) 0.320
Albumin (g/L) 39.80 (37.70—41.90) 39.80 (37.70—42.10) 39.80 (37.65—41.55) 0.638
ACE2>27.5U/L 228 (61.79%) 164 (63.57%) 64 (57.66%) 0.340
Serum Creatinine (umol/L) | 81.00 (68.00—95.00) 82.00 (67.25—95.00) 79.00 (68.00—93.00) 0.463
Serum Uric Acid (umol/L) | 382.53+108.50 385.28+101.43 376.14+£123.63 0.365
Lipoprotein(a) (mg/L) 111.00 (54.10—214.00) | 111.00 (55.48—210.75) | 111.00 (50.80—217.55) | 0.845
HDL (mmol/L) 1.15 (0.95—1.33) 1.13 (0.94—1.31) 1.19 (0.99—1.35) 0.121
LDL (mmol/L) 2.63 (1.97—3.61) 2.66 (1.96—3.72) 2.60 (2.02—3.51) 0.704
TSH (ulU/L) 1.57 (1.08—2.41) 1.57 (1.07—2.39) 1.57 (1.14—2.46) 0.947
D-Dimer > 365ug/L 214 (57.99%) 149 (57.75%) 65 (58.56%) 0.977

Table 1. Baseline clinical characteristics (Presentation Section). MACE Major adverse cardiovascular events,
LVEF Left ventricular ejection fraction, NT-proBNP N-terminal pro B-type natriuretic peptide, hs-TNT High-
sensitivity troponin T, hs-CRP High-sensitivity C-reactive protein, ACEI Angiotensin-Converting enzyme
inhibitors, ARB Angiotensin II receptor blockers, ACE2 Angiotensin-converting enzyme 2, LDH Lactate
dehydrogenase, HDL High-density lipoprotein, LDL Low-density lipoprotein, TSH Thyroid-stimulating
hormone.

in Nomoscore distributions between the groups in both the training and validation sets (P <0.001), supporting
the strong risk stratification performance of the nomogram. Based on the Nomoscores of patients from the full
dataset, the optimal ROC cutoff (109.6) was calculated to categorize patients into high-risk (Nomoscore>110)
and low-risk (Nomoscore < 110) groups.

Discussion

Based on the characteristics of the patients included in this study, Logistic regression analysis identified FSS,
LDL-C, LVEEF albumin, pulse pressure > 72 mmHg, ACE2 >27.5 U/L, and diabetes as independent predictors of
1-year MACE in patients with stable complex CAD.

CT-FFR, with its advantages of being non-invasive, accurate, comprehensive, and reproducible, plays a
significant role in cardiac functional assessment and has been incorporated into guidelines as a supplementary
diagnostic tool, particularly for patients with complex CAD'2. Currently, commercial platforms for obtaining
CT-FFR via on-site workstations are available, demonstrating excellent diagnostic accuracy (80.6%, 95%CI
80.5%-80.7%), sensitivity (88.1%, 95% CI 82.4%-93.7%), and specificity (75.6%, 95% CI 69.6%-81.7%)13. The
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Fig. 3. Predictive model nomogram: Based on the values of each predictor for a patient, the corresponding
scores can be obtained from the nomogram. These scores are summed to calculate the total score. The

total score is then used to determine the corresponding predicted probability, providing the 1-year MACE
probability for the patient.

Variable B SE OR (95%CI) VIE | Pvalue
Functional SYNTAX Score (/1) 0.230 | 0.043 | 1.257 (1.159-1.375) | 1.011 | <0.001
Low-Density Lipoprotein (/1 mmol/L) 0.397 | 0.137 | 1.487 (1.147-1.963) | 1.101 | 0.004
Left Ventricular Ejection Fraction (/1%) | —0.068 | 0.028 | 0.934 (0.882-0.985) | 1.058 | 0.015
Albumin (/1 g/L) —0.117 | 0.047 | 0.889 (0.809-0.974) | 1.062 | 0.014
Pulse Pressure>72 mmHg 1.211 | 0.376 | 3.358 (1.621-7.118) | 1.062 | 0.001
ACE2>27.5U/L 0.918 | 0.345 | 2.503 (1.290-5.014) | 1.028 | 0.008
Diabetes 0.816 | 0.333 | 2.261 (1.186-4.397) | 1.095 | 0.014

Table 2. Multivariate logistic regression analysis (Intercept=3.626). ACE2 Angiotensin-converting enzyme 2.

introduction of on-site workstations has made the clinical application of CT-FFR more efficient and convenient.
The SYNTAX score is a commonly used quantitative measure for assessing the severity of disease in patients with
complex CAD. However, ASS reflects only the anatomical coronary lesions and may overestimate the severity
of the disease, potentially interfering with the selection of the optimal treatment strategy. FSS, which combines
CT-FFR with the SYNTAX score, provides an assessment of the functional severity of coronary lesions, offering
better guidance for treatment planning. Studies have shown that FSS provides risk stratification results for
multivessel disease patients that are comparable to those obtained using pressure wire-measured FFR (21.6+7.8
vs. 21.2+8.8, P=0.589), with greater consistency than ASS (kappa 0.32 vs. 0.19)°. Furthermore, compared to
ASS, FSS is a better predictor of MACE in patients with three-vessel disease (AUC: 0.81 vs. 0.75, P=0.01)". This
study also concluded that FSS is the best independent predictor of 1-year MACE in patients with stable complex
CAD (OR=1.258, P<0.001). Therefore, for patients diagnosed with complex CAD via CCTA or coronary
angiography, even if their condition is stable, further evaluation with CT-FFR is recommended to assess the
disease using FSS. For the population included in this study, disease progression in elderly CAD patients is often
unpredictable and rapid. Any exacerbation of the condition would impose a significant burden on the patient.
Moreover, elderly patients are often less willing to undergo invasive coronary angiography. Thus, CCTA and CT-
FFR could be considered as regular evaluation tools for this population, with treatment plans optimized based
on the results of these assessments.

LDL-C, known as "bad cholesterol,” is considered a major causative factor for atherosclerotic cardiovascular
disease (ASCVD) due to its role in promoting inflammation and foam cell formation through oxidized LDL-C,
leading to atherosclerosis and cardiovascular damage!*!>. Retrospective database analyses have shown that
LDL-C is independently associated with the risk of MACE in ASCVD patients (HR=1.19, 95% CI 1.16-1.22,
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Fig. 4. (A) ROC curve of the nomogram. (B) Comparison of ROC curves among the established predictive
model and other models and risk factors. “FSS” = Functional SYNTAX score, “ASS” = Anatomical SYNTAX
score, "Mod-FSS" =The predictive model established in this study, "Mod-ASS" = The predictive model with
“FSS” replaced by "ASS."
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Fig. 5. Evaluation of the predictive model: (A) Calibration curve for the training cohort. The closer the
“Apparent” curve and the “Bias-corrected” curve are to the “Ideal” curve, the better the predictive performance
of the model. (B) Calibration curve for the validation cohort. (C) Clinical decision curve for the training
cohort. The “Nomo” (red curve) represents clinical decisions made based on the predictive model. The “All”
(gray line) reflects the scenario where all patients receive intervention, while the “None” (black line) represents
the scenario where no patients receive intervention. The area where the red curve lies above both the “None”
line and the “All” line indicates that the strategy using the predictive model provides greater net benefit
compared to either intervening in all patients or withholding intervention altogether. (D) Clinical decision
curve for the validation cohort. (E) Boxplot of group distributions based on Nomoscore in the training cohort.
(F) Boxplot of group distributions based on Nomoscore in the validation cohort.
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/1mmol/L)!6. A 10-year follow-up study further demonstrated that elevated LDL-C levels are independently
associated with an increased risk of cardiovascular mortality, even in low-risk ASCVD populations'”. The results
of this study indicate that elevated LDL-C is an independent risk factor for 1-year MACE in patients (OR=1.487,
95% CI 1.147-1.963, /1 mmol/L). Therefore, lowering LDL-C levels can improve clinical outcomes regardless
of baseline conditions and risk stratification. In this study population, cholesterol control remains suboptimal,
primarily due to unhealthy lifestyles, insufficient chronic disease management, and poor adherence to lipid-
lowering therapies. Thus, clinicians should emphasize the combined use of medications and the promotion of
healthy lifestyle interventions.

LVEF reflects cardiac function and structural remodeling and is considered a valuable diagnostic and
prognostic tool'®. A cohort study of ASCVD patients showed that those with an LVEF below 65% had a 1.3-fold
higher risk of MACE compared to those with an LVEF > 65%, while patients with an LVEF <55% had a mortality
risk more than 3.5 times higher than those with an LVEF > 55%°. Consistent with these findings, this study also
identified reduced LVEF as an independent risk factor for MACE. However, large cohort studies have reported a
U-shaped, rather than linear, relationship between LVEF and mortality risk, with the lowest risk observed when
LVEF is between 60 and 65%%". Elevated LVEF beyond the normal range may indicate a compensatory response
in the pre-heart failure stage. Therefore, for CAD patients with concomitant heart failure, early initiation of the
“new quadruple” therapy for heart failure is reccommended, regardless of whether LVEF is already reduced, to
delay ventricular remodeling and improve clinical outcomes.

Human serum albumin, the mostabundant carrier protein in plasma, binds to variousligands (including drugs)
and plays an important role in the transport, distribution, and metabolism of substances?!. Hypoalbuminemia
typically reflects conditions such as malnutrition, chronic disease, or inflammation. Numerous studies have
demonstrated that hypoalbuminemia is a strong predictor of increased all-cause and cardiovascular mortality?2.
Additionally, hypoalbuminemia at admission is associated with elevated mortality, while normalization of
albumin levels before discharge is linked to a lower risk of death?’. Supplementing human albumin is a reasonable
therapeutic strategy for patients with hypoalbuminemia; however, its efficacy requires further investigation. In
general, improving nutritional intake and managing underlying diseases should be prioritized in patients with
hypoalbuminemia. For elderly patients requiring intravenous infusion of human albumin, the infusion rate and
dosage should be strictly controlled to avoid precipitating or exacerbating heart failure symptoms.

Pulse pressure, defined as the difference between systolic and diastolic blood pressure, is an important
indicator of arterial elasticity, with elevated pulse pressure commonly caused by large artery stiffness. High
pulse pressure (=60 mmHg) is a functional marker of target organ damage, and hypertensive patients with
high pulse pressure have a significantly increased risk of MACE compared to those with normal pulse pressure
(HR=1.57,95% CI 1.12-2.22, P=0.01)?*. A multicenter observational study demonstrated that the prevalence
of elevated pulse pressure (>60 mmHg) increases linearly with age (R?=0.979) and is independently associated
with increased cardiovascular risk (OR=3.41, 95% CI 3.08-3.77)%. The conclusions of this study are similar;
however, the definition of high pulse pressure in this study was set at>72 mmHg, which was determined as the
optimal ROC cutoff based on the full dataset, possibly reflecting the predominantly elderly population included
in the study. Therefore, this conclusion may not be generalizable to all populations. Nevertheless, it is well-
established that actively managing blood pressure, implementing antiplatelet and lipid-lowering therapies, and
promoting a healthy lifestyle in patients with high pulse pressure are beneficial and can reduce the risk of MACE.

ACE2 plays a critical role in the progression of CVD, particularly in the development of hypertension and
heart failure with reduced ejection fraction?®. A global multicenter cohort study demonstrated that increased
plasma ACE2 concentrations are associated with a higher risk of mortality (HR=1.35 /SD, 95% CI 1.29-1.43)
and identified ACE2 as the best predictor of mortality risk?”. Similarly, this study concluded that ACE2>27.5
U/L (normal range: 6.0-86.0 U/L) is an independent risk factor for MACE. The 27.5 U/L threshold is not a high
value within the normal range but rather the optimal ROC cutoff determined from the full dataset. The findings
of this study suggest that maintaining relatively low plasma ACE2 levels is beneficial for the cardiovascular
system. For example, the early use of ACE inhibitor (ACEI) in hypertensive and heart failure patients can confer
significant benefits. However, ACE2 concentration is not routinely measured in clinical practice, particularly in
smaller hospitals, and prior studies on ACE2 remain limited. These factors restrict the generalizability of this
study’s conclusions. Therefore, further research is needed to confirm the impact of ACE2 concentrations on the
human body and to explore its risk thresholds.

Diabetes is a traditional risk factor for CAD, with hyperglycemia and insulin resistance being key mechanisms
in the progression of atherosclerosis and its complications®®. Studies have shown that type 2 diabetes is a
significant prognostic predictor in CAD patients, and effective glycemic control can substantially improve
their outcomes?. Randomized controlled trials have demonstrated that diabetic patients with multivessel
CAD have higher 5-year all-cause mortality rates following any revascularization strategy compared to non-
diabetic patients®’. Therefore, it is essential for patients with diabetes to actively manage blood glucose levels and
adopt healthier lifestyles. For those with concomitant heart failure, the "new quadruple " therapy is particularly
recommended for heart failure management.

For patients with stable complex CAD, the predictive model established in this study can be used for disease
assessment. Patients with a Nomoscore <110 can be managed with secondary prevention of CAD and undergo
regular follow-ups based on their individual conditions (e.g., after one year). For patients with a Nomoscore > 110,
elective revascularization is recommended in addition to secondary prevention of CAD. High-risk patients with
an FSS <22 are advised to undergo percutaneous coronary intervention (PCI), while those with an FSS>22 or
left main CAD combined with diabetes are recommended to undergo coronary artery bypass grafting (CABG).

It is important to note that the 1-year MACE incidence in this study was 39.30%, which is higher than the
rates reported in most studies. We consider the following reasons for this discrepancy: First, this study defined
MACE using a "five-point MACE" criterion (a composite of acute myocardial infarction, stroke, cardiovascular
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death, hospitalization for unstable angina or revascularization, and hospitalization for heart failure), which
naturally results in a higher event rate compared to studies using the "three-point MACE" definition (a
composite of acute myocardial infarction, stroke, and cardiovascular death). Second, the population in this
study consisted of patients with "complex CAD," whose MACE incidence is significantly higher than that of
the general “CAD” population. Third, the average age of the study cohort was higher than that of most studies,
and there were regional differences in the population. These factors all contribute to the statistical outcomes of
the endpoint events. Age, as an important prognostic predictor for CAD patients, has been well-documented
in previous studies. However, this study’s predictive model did not include “age” as a variable, which warrants
further consideration. Upon reviewing the data, we found that the study population had a relatively high mean
age (70.38 +9.22 years) with a narrow distribution range, leading to statistically insignificant differences between
groups. This limitation may affect the model’s applicability to populations in other age ranges, particularly the
middle-aged population, which has shown an increasing incidence of CAD in recent years. Additionally, it
should be noted that the assessment of coronary artery anatomical stenosis in this study was based on CCTA
findings rather than the “gold standard” of coronary angiography. Although CCTA, as a non-invasive modality,
has been shown to have good diagnostic performance for anatomical evaluation in patients with chronic
coronary syndromes, this distinction should be considered®!. In summary, the results of this study are based on
the characteristics of the current sample, and the lack of external validation necessitates caution when applying
the model to other populations with different characteristics.

Limitations

(1) This study is a single-center, small-scale retrospective study, which is subject to selection bias. The regional
characteristics of the enrolled patients are strong, the age distribution is narrow, and there is a lack of an external
validation cohort. The stability and clinical applicability of the predictive model require further improvement. (2)
Coronary artery calcification scoring was not performed in this study. Although we excluded as many patients
with severe coronary calcification as possible, the presence of calcified plaques may still affect the accuracy of
CT-FFR results. (3) The study follow-up period included the outbreak of the COVID-19 pandemic, which may
have led to an underestimation of the actual incidence of endpoint events due to difficulties in seeking medical
care. Conversely, the insufficient treatment of underlying diseases and the increased risk of pneumonia and other
infections may have resulted in an overestimation of the actual incidence of endpoint events.

Conclusion

This study constructed a clinical predictive model based on CT-FFR-derived FSS through retrospective analysis
to evaluate the 1-year MACE risk in patients with complex CAD. The results demonstrated that the model has
good predictive performance and clinical utility, offering the potential to guide risk stratification and improve
patient outcomes through tailored clinical management. However, the study population was limited to a specific
regional cohort with a narrow age distribution. Future multicenter studies and external validation are urgently
needed to further assess the model’s applicability and value.

Data availability

To protect patient confidentiality, the raw data used in this study are not publicly accessible but are available from
the corresponding author or first author upon reasonable request. The dataset is stored in a controlled-access
repository at Guangzhou Red Cross Hospital.
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