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Introduction 

Coronary artery disease (CAD) remains one of the leading 

causes of morbidity and mortality worldwide despite major 

advances in prevention, diagnosis,  and treatment. 

Cardiovascular diseases account for approximately one-third 

of global deaths, with ischemic heart disease representing the 

largest proportion of this burden (1-4). Increasing prevalence 

of obesity, diabetes mellitus, hypertension, dyslipidemia, and 

population aging has contributed to the persistent burden 

of CAD, particularly among adults aged 50 years and older, 

who have a higher risk of obstructive coronary 

atherosclerosis and adverse cardiovascular outcomes (5-8).  

Among patients undergoing invasive coronary angiography, 

the number of obstructed coronary arteries is widely 

recognized as an important indicator of anatomical disease 

severity (7, 9). Multivessel coronary artery disease is 

consistently associated with a substantially higher risk of 

myocardial infarction, heart failure, repeat revascularization, 

and long-term cardiovascular mortality than single-vessel 
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ABSTRACT 

Background: Coronary artery disease (CAD) is a leading cause of morbidity and 

mortality worldwide. Modeling the number of obstructed coronary arteries as count 

data may better reflect disease severity than conventional binary approaches, 

particularly when excess zeros are present. To identify determinants of coronary 

artery obstruction and compare count regression models for analyzing disease 

severity. 

Methods: This retrospective cross-sectional study included 902 adults aged ≥50 years 

who underwent coronary angiography at Imam Reza Hospital, Iran. The outcome was 

the number of obstructed coronary arteries (0–3). Poisson, Negative Binomial (NB), 

Zero-Inflated Poisson (ZIP), Zero-Inflated Negative Binomial (ZINB), and Hurdle 

Negative Binomial (HNB) models were compared using AIC, BIC, log-likelihood, 

RMSE, MAE, and the Vuong test. 

Results: Among participants, 28.9% had no coronary obstruction and 34.5% had 

three-vessel disease. No significant overdispersion was detected. Zero-modified 

models outperformed conventional Poisson and NB models. Although the HNB 

model showed the best fit, the ZIP model was selected because of its comparable 

performance and greater parsimony. Female sex was associated with fewer obstructed 

arteries (IRR = 0.82, P = 0.016), whereas younger age, female sex, and absence of 

diabetes increased the probability of having no coronary obstruction. 

Conclusion: The ZIP model provided a simple and clinically meaningful approach 

for modeling coronary artery obstruction counts. Age, male sex, diabetes, and 

smoking were the main determinants of CAD severity. 
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disease or angiographically normal coronary arteries (10-14). 

Therefore, accurate characterization of the extent of coronary 

involvement is essential for risk stratification and therapeutic 

decision-making. 

Despite the clinical importance of angiographic disease 

severity, many previous studies have simplified coronary 

findings into binary outcomes, such as presence versus 

absence of obstructive CAD or multivessel versus non-

multivessel disease, and analyzed these outcomes using 

logistic regression models (7, 11, 15, 16). Although clinically 

interpretable, dichotomization results in loss of information 

regarding the actual number of affected vessels and may 

reduce statistical efficiency. Since the number of obstructed 

coronary arteries is a discrete count outcome ranging from 0 

to 3, count regression models may provide a more appropriate 

framework for analyzing angiographic severity (16-19). 

The conventional Poisson regression model is widely 

used for count outcomes; however, its assumption of equality 

between mean and variance is often violated in biomedical 

data because of patient heterogeneity and excess variability 

(18-21). In addition, angiographic datasets frequently contain 

a considerable proportion of patients without significant 

coronary obstruction, resulting in excess zero observations. 

Failure to account for overdispersion and excess zeros may 

lead to biased estimates and inappropriate statistical inference 

(20-24). Therefore, alternative approaches, including 

Negative Binomial regression for handling overdispersion 

and Zero-Inflated and Hurdle models for addressing excess 

zeros, have been developed to provide greater flexibility for 

modeling complex count distributions (18, 21-26). 

Although these models have been increasingly applied in 

biomedical research, their application for modeling the 

number of obstructed coronary arteries remains limited (18, 

19, 21, 27). Most cardiovascular studies have focused on 

binary angiographic outcomes or other measures of 

atherosclerotic burden, such as coronary artery calcium 

scores and imaging-derived indices, while few studies have 

directly compared competing count regression approaches for 

coronary vessel involvement (7, 12, 28-30). Consequently, 

the most appropriate statistical framework for analyzing the 

number of obstructed coronary arteries has not yet been fully 

established. 

Adults aged 50 years and older represent a clinically 

relevant population for this investigation because cumulative 

exposure to cardiovascular risk factors and age-related 

vascular changes contribute to increased heterogeneity in 

coronary atherosclerosis (5, 8, 27, 29, 31). Selecting an 

appropriate statistical model in this population may improve 

the estimation of risk factor associations and provide more 

reliable evidence regarding determinants of coronary disease 

severity. 

Therefore, this study aimed to compare the performance 

of Poisson, Negative Binomial, Zero-Inflated Poisson, Zero-

Inflated Negative Binomial, and Hurdle regression models 

for modeling the number of obstructed coronary arteries 

among adults aged 50 years and older. In addition, we aimed 

to identify demographic, clinical, and laboratory factors 

associated with increasing coronary artery involvement using 

the most appropriate count regression approach. 

 

 

 

Methods 

 

Study design and population 

 

This retrospective cross-sectional study was conducted 

using data extracted from the Hospital Information System 

(HIS) of Imam Reza Hospital, a tertiary referral center 

affiliated with Mashhad University of Medical Sciences, 

Mashhad, Iran. The dataset included patients who underwent 

coronary angiography during 2015 (Iranian calendar year 

1394). 

During the study period, 1,187 patients were screened 

using convenience sampling. The inclusion criterion was age 

≥50 years. Exclusion criteria included pregnancy or lactation; 

rheumatic disease; chronic liver disease; chronic kidney 

disease; any type of cancer; infectious diseases within the 

previous 3 months; history of surgery during the previous 3 

months; previous coronary angioplasty (PCI); 

immunological diseases; inflammatory bowel disease; and 

the use of steroids, penicillin, oral contraceptives, or hormone 

replacement therapy. After applying these eligibility criteria, 

285 patients were excluded, and 902 patients were included 

in the final analysis. 

The outcome variable was the number of obstructed 

coronary arteries with significant stenosis, recorded as a 

count variable ranging from 0 to 3, with higher values 

indicating more extensive coronary artery involvement. 

Among the study population, 261 patients (28.9%) had no 

obstructed coronary vessels, whereas 641 patients (71.1%) 

had at least one obstructed vessel. 

The primary objective of the study was to evaluate and 

compare the performance of alternative count regression 

models for identifying demographic, clinical, and laboratory 

factors associated with the extent of coronary artery 

involvement. 

 

Variables 

 

Outcome variable 

 

The dependent variable was the number of obstructed 

coronary arteries with significant stenosis (Y), recorded as a 

count variable ranging from 0 to 3, where higher values 

indicated more extensive coronary artery involvement. 

Potential predictors were selected according to previous 

literature and clinical relevance. The following demographic, 

behavioral, medical history, and laboratory variables were 

included in the models:  age, sex, Body Mass Index (BMI), 

marital status, education level, occupation, smoking history, 

hypertension, hyperlipidemia, previous cardiovascular 

disease, Fasting Blood Sugar (FBS), High-sensitivity C-

Reactive Protein (hs-CRP), High-Density Lipoprotein 

cholesterol (HDL-C), low-density lipoprotein cholesterol 

(LDL-C), total cholesterol, triglyceride, diabetes mellitus. All 

categorical variables were entered into the regression models 

as indicator variables. 

 

Statistical analysis 

 

Descriptive statistics were first calculated for all study 

variables. Continuous variables were summarized using 

means and standard deviations, whereas categorical variables 
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were presented as frequencies and percentages. 

Before model selection, the distributional characteristics 

of the response variable were evaluated by calculating the 

proportion of zero observations, mean, variance, and 

dispersion index. Overdispersion was assessed using the 

Cameron–Trivedi dispersion test, and residual deviance 

divided by residual degrees of freedom was calculated as an 

additional diagnostic measure. Although the outcome 

variable was bounded (0–3), it represented the actual number 

of obstructed coronary arteries rather than an ordinal severity 

category. Therefore, count regression models were 

considered appropriate because the primary objective was to 

model the expected number of diseased vessels and estimate 

incidence rate ratios. Furthermore, zero-modified count 

models allowed separate modeling of patients with no 

angiographic evidence of coronary obstruction, a common 

characteristic of angiographic datasets (18, 20-22, 25, 26). 

Five alternative count regression models were fitted and 

compared, including Poisson regression, Negative Binomial 

(NB), Zero-Inflated Poisson (ZIP), Zero-Inflated Negative 

Binomial (ZINB), and Hurdle Negative Binomial (HNB) 

models. The Poisson model was considered the baseline 

model, assuming equality between the conditional mean and 

variance of the outcome. The NB model was fitted to account 

for additional variability through an extra dispersion 

parameter. 

 The ZIP model was applied to account for potential 

excess zeros by separating the zero-generating process from 

the count process among individuals at risk. The selection of 

zero-inflated models was motivated by the potential presence 

of distinct mechanisms generating zero observations. 

Specifically, patients with no obstructed coronary arteries 

may represent individuals without angiographic evidence of 

coronary disease, which differs clinically from patients 

contributing to the count-generating process. Therefore, ZIP 

modeling was considered to account for the excess-zero 

structure rather than overdispersion alone. 

The ZINB model was additionally considered to 

simultaneously account for excess zeros and overdispersion. 

The HNB model was fitted as an alternative zero-modified 

approach, assuming that zero counts arise from a separate 

binary process and positive counts follow a zero-truncated 

distribution. (18, 20-22, 25, 26, 32, 33) 

Model performance was evaluated using both goodness-

of-fit and predictive criteria. Predictive performance was 

assessed using 10-fold cross-validation, in which the dataset 

was randomly divided into ten approximately equal subsets. 

In each iteration, nine subsets were used for model fitting and 

the remaining subset for validation. Root Mean Square Error 

(RMSE) and Mean Absolute Error (MAE) were calculated 

from the validation predictions and averaged across the ten 

folds. Goodness-of-fit was assessed using Akaike 

Information Criterion (AIC), Bayesian Information Criterion 

(BIC), and log-likelihood. Lower values of AIC, BIC, RMSE, 

and MAE indicated better model performance. Pairwise 

comparisons of non-nested models were performed using the 

Vuong test to compare the Poisson and ZIP, ZIP and ZINB, 

and ZIP and HNB models. 

Multicollinearity among predictors was assessed using 

the Variance Inflation Factor (VIF), with values below 10 

considered acceptable. The final model coefficients were 

reported as Incidence Rate Ratios (IRRs) for the count 

component and Odds Ratios (ORs) for the zero- inflation 

component, along with 95% confidence intervals. The dataset 

was assessed for missing values before analysis. No missing 

data were identified; therefore, complete-case analysis was 

performed. 

 

Software 

All statistical analyses were performed using R software 

(version 4.5.0). Poisson and Negative Binomial regression 

models were estimated using the MASS package, whereas 

Zero-Inflated and Hurdle models were fitted using the pscl 

package. Multicollinearity diagnostics were conducted using 

the car package, and predictive performance measures were 

calculated using the Metrics package. A two-sided P-value 

less than 0.05 was considered statistically significant. 

 

Results 

Table 1 presents the distribution of demographic and 

clinical categorical variables according to the number of 

obstructed coronary vessels identified by coronary 

angiography. A significant association was observed between 

sex and the extent of coronary artery involvement (P<0.001), 

with men accounting for a progressively larger proportion of 

patients as the number of diseased vessels increased. 

Similarly, the prevalence of diabetes mellitus increased 

significantly with greater coronary artery involvement 

(P<0.001), indicating that diabetic patients were more likely 

to present with multivessel disease. 

A significant association was also found for occupation 

(P<0.001), suggesting that the distribution of employed and 

unemployed participants differed across angiographic 

severity groups. In addition, patients with a history of 

smoking were significantly more likely to have a greater 

number of obstructed vessels than non-smokers (P=0.016). In 

contrast, marital status, educational level, history of 

hypertension, hyperlipidemia, and cardiovascular disease 

showed no statistically significant differences across the four 

angiographic groups (all P>0.05). 

Table 2 compares continuous clinical characteristics 

among patients according to the number of obstructed 

coronary vessels. Significant differences were observed for 

age, fasting blood sugar (FBS), and LDL-C cholesterol. 

Patients with three-vessel disease were significantly older 

and had higher fasting blood glucose than those with less 

severe or no coronary artery disease. LDL-C levels also 

differed across groups, with patients with one-vessel disease 

showing lower concentrations than those with two- and three-

vessel disease. No significant differences were observed for 

BMI, hs-CRP, HDL-C, triglycerides, or total cholesterol. 

Post hoc (LSD) analyses confirmed that three-vessel disease 

was associated with older age and higher fasting blood 

glucose compared with the other angiographic groups. In 

addition, LDL-C was significantly lower in patients with one-

vessel disease than in those with two- and three-vessel 

disease. No other pairwise comparisons were statistically 

significant. 
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Table 1. Comparison of categorical variables according to the number of obstructed coronary vessels

Variable Category 
0 Vessel n 

(%) 

1 Vessel n 

(%) 

2 Vessels n 

(%) 

3 Vessels n 

(%) 
P-value 

Sex 
Male 78 (29.9) 87 (56.1) 105 (60.0) 198 (63.7) 

<0.001 
Female 183 (70.1) 68 (43.9) 70 (40.0) 113 (36.3) 

Marital status 
Married 235 (90.0) 135 (87.1) 162 (92.6) 284 (91.3) 

0.354 
Single/Divorced/Widowed 26 (10.0) 20 (12.9) 13 (7.4) 27 (8.7) 

Education 
Below Bachelor 227 (87.0) 137 (88.4) 147 (84.0) 259 (83.3) 

0.389 
Bachelor and above 34 (13.0) 18 (11.6) 28 (16.0) 52 (16.7) 

Occupation 
Employed 93 (35.6) 86 (55.5) 93 (53.1) 175 (56.3) 

<0.001 
Unemployed 168 (64.4) 69 (44.5) 82 (46.9) 136 (43.7) 

Smoking history 
Yes 74 (28.4) 64 (41.3) 70 (40.0) 119 (38.3) 

0.016 
No 187 (71.6) 91 (58.7) 105 (60.0) 192 (61.7) 

Hypertension history 
Yes 124 (47.5) 72 (46.5) 82 (46.9) 165 (53.1) 

0.392 
No 137 (52.5) 83 (53.5) 93 (53.1) 146 (46.9) 

Hyperlipidemia history 
Yes 98 (37.5) 58 (37.4) 77 (44.0) 123 (39.5) 

0.536 
No 163 (62.5) 97 (62.6) 98 (56.0) 188 (60.5) 

History of CVD 
Yes 129 (49.4) 74 (47.7) 69 (39.4) 141 (45.3) 

0.212 
No 132 (50.6) 81 (52.3) 106 (60.6) 170 (54.7) 

Diabetes 
Yes 49 (18.8) 67 (43.2) 72 (41.1) 161 (51.8) 

<0.001 
No 212 (81.2) 88 (56.8) 103 (58.9) 150 (48.2) 

 

Table 2. Comparison of continuous variables according to the number of obstructed coronary vessels 

Variable 0 Vessel 1 Vessel 2 Vessels 3 Vessels P-value 

Age (years) 59.91±8.17 61.05±7.95 61.96±8.04 63.14±8.58 <0.001 

BMI (kg/m²) 26.90±5.36 26.93±4.40 27.53±5.85 26.89±5.37 0.581 

FBS (mg/dL) 120.04±52.75 128.34±48.87 124.78±52.65 144.35±75.99 <0.001 

hs-CRP (mg/L) 5.47±6.69 7.07±10.00 7.51±10.17 6.49±7.06 0.058 

HDL-C (mg/dL) 42.43±11.06 42.17±18.70 40.08±9.52 40.80±17.83 0.319 

TG (mg/dL) 141.33±75.13 143.35±69.66 151.12±76.39 151.20±72.81 0.324 

LDL-C (mg/dL) 97.23±35.39 90.95±31.99 102.34±42.84 98.85±31.33 0.028 

TC (mg/dL) 167.98±44.19 163.06±43.15 170.07±40.54 169.74±46.37 0.423 

 

 

Table3: Comparison of odds ratios (ORs) for diabetes in the case group versus the control group based on different models 

Number of obstructed coronary arteries Frequency Percentage (%) 

0 261 28.9 

1 155 17.2 

2 175 19.4 

3 311 34.5 

Total 902 100.0 
 

Distribution of the outcome variable 

 

A total of 902 participants were included in the study. The 

outcome variable was defined as the number of obstructed 

coronary arteries detected by coronary angiography, with 

possible values ranging from 0 to 3. As shown in Table 3, 261 

participants (28.9%) had no obstructed coronary arteries, 

whereas 641 participants (71.1%) had at least one obstructed 

vessel. Three-vessel disease was the most frequently 

observed category (34.5%) (Figure 1). 

 

 Distributional characteristics of the response variable 

 

The descriptive characteristics of the response variable 

are presented in Table 4. The mean number of obstructed 

coronary arteries was 1.59, while the variance was 1.51. 

Approximately 28.9% of the observations were zeros. The 

residual deviance divided by the residual degrees of freedom 

was 1.18, and the Cameron–Trivedi dispersion test did not 

indicate significant overdispersion (dispersion = 0.91, P = 

0.997). These findings suggested that the response variable 

did not exhibit meaningful overdispersion despite the 

presence of a moderate proportion of zero observations. 
 

 

Table 4. Distributional characteristics of the response variable 

Statistic Value 
Sample size 902 

Mean 1.594 

Variance 1.511 

Zero counts (%) 28.9 

Dispersion index 0.918 

Residual deviance / df 1.180 

Cameron–Trivedi dispersion test 0.907 

Dispersion test P-value 0.997 
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Figure 1. Distribution of the number of obstructed coronary arteries among study participants 

 

 

 

Comparison of count regression models 

 

To identify the most appropriate model for predicting the 

number of obstructed coronary arteries, five count regression 

models were evaluated, including Poisson, Negative 

Binomial (NB), Zero-Inflated Poisson (ZIP), Zero-Inflated 

Negative Binomial (ZINB), and Hurdle Negative Binomial 

(HNB). The goodness-of-fit statistics for all competing 

models are summarized in Table 5. 

Compared with the conventional Poisson and NB models, 

all zero-modified models demonstrated substantially 

improved model fit. The HNB model achieved the smallest 

Akaike Information Criterion (AIC = 2695.34), the highest 

log-likelihood (−1310.67), and the lowest prediction error 

based on root mean squared error (RMSE = 1.131). The ZIP 

model showed nearly identical performance (AIC = 2699.17; 

RMSE = 1.137), whereas the ZINB model did not provide 

any additional improvement over the ZIP model. 

 
 

 

 

Model comparisons 

 

Pairwise comparisons between non-nested models were 

performed using the Vuong test, and the results are presented 

in Table 6. The ZIP model significantly outperformed the 

conventional Poisson model (P < 0.001). However, no 

statistically significant differences were observed between 

the ZIP and ZINB models (P = 0.497) or between the ZIP and 

HNB models (P = 0.268), indicating that the predictive 

performances of these models were statistically comparable. 

Considering the absence of overdispersion, the comparable 

predictive performance of the ZIP and HNB models, and the 

greater parsimony of the ZIP model, the Zero-Inflated 

Poisson model was selected as the final model for subsequent 

analyses. Importantly, the selection of the ZIP model was not 

based on overdispersion, which was not observed in this 

dataset, but rather on its ability to account for the excess-zero 

structure of the outcome and its superior goodness-of-fit 

compared with the standard Poisson model. 

 

 
Table 5. Comparison of competing count regression models

Model Parameters Log-likelihood AIC BIC RMSE MAE 

Poisson 18 -1370.31 2776.62 2863.11 1.147 1.005 

Negative Binomial (NB) 19 -1370.32 2778.64 2869.92 1.147 1.005 

Zero-Inflated Poisson (ZIP) 36 -1313.59 2699.17 2872.14 1.137 0.983 

Zero-Inflated Negative Binomial (ZINB) 37 -1313.59 2701.17 2878.94 1.137 0.983 

Hurdle Negative Binomial (HNB) 37 -1310.67 2695.34 2873.11 1.131 0.986 
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Table 6. Vuong test comparing non-nested models 

 

Count component of the ZIP model 

 

The incidence rate ratios (IRRs) estimated from the count 

component of the final ZIP model are presented in Table 7. 

After adjustment for demographic, clinical, and laboratory 

variables, female sex was significantly associated with a 

lower expected number of obstructed coronary arteries than 

male sex (IRR = 0.82, 95% CI: 0.69–0.96, P = 0.016), 

corresponding to an approximately 18% reduction in the 

expected number of diseased coronary vessels. Non-diabetic 

participants also showed a lower expected number of 

obstructed coronary arteries than diabetic patients; however, 

this association did not reach conventional statistical 

significance (IRR = 0.86, 95% CI: 0.74–1.01, P = 0.059). 

None of the remaining demographic, behavioral, or 

biochemical variables were significantly associated with the 

number of obstructed coronary arteries. 

 
Table 7. Count component of the final Zero-Inflated Poisson model 

Variable IRR 95% CI P-value 

Age 1.005 0.998–1.013 0.149 

Sex (Female vs 

Male) 

0.817 0.692–0.963 0.016 

BMI 1.003 0.992–1.014 0.647 

Marital status 0.982 0.794–1.213 0.864 

Education 1.112 0.948–1.305 0.193 

Occupation 1.089 0.936–1.268 0.271 

Smoking history 1.020 0.904–1.151 0.750 

Hypertension 0.930 0.821–1.054 0.258 

Hyperlipidemia 0.989 0.871–1.123 0.869 

Cardiovascular 

disease 

1.023 0.908–1.154 0.705 

FBS 1.000 0.999–1.001 0.469 

hs-CRP 0.998 0.991–1.004 0.504 

HDL-C 0.998 0.993–1.003 0.476 

TG 1.000 0.999–1.001 0.703 

LDL-C 1.001 0.998–1.004 0.696 

TC 1.001 0.998–1.004 0.586 

Diabetes (No vs Yes) 0.863 0.741–1.005 0.059 

 

 

Zero-inflation component of the ZIP model 

 

The odds ratios estimated from the zero-inflation 

component are presented in Table 8. Increasing age was 

associated with a lower probability of belonging to the 

structural-zero group (OR = 0.91, 95% CI: 0.86–0.97, P = 

0.005). Female participants had substantially greater odds of 

having completely normal coronary arteries than males (OR 

= 15.75, 95% CI: 5.07–48.88, P < 0.001). Likewise, non-

diabetic individuals exhibited markedly greater odds of 

having no angiographic evidence of coronary artery 

obstruction than diabetic patients (OR = 15.23, 95% CI: 3.98–

58.32, P < 0.001). Participants with a history of smoking also 

showed higher odds of belonging to the structural-zero group 

(OR = 2.24, 95% CI: 1.06–4.72, P = 0.035).  
 

Table 8. Zero-inflation component of the final Zero-Inflated Poisson model 

 

Predictive performance 

 

The predictive performance of the competing models 

evaluated using 10-fold cross-validation is summarized in 

Table 9. Among the evaluated models, the HNB model 

achieved the smallest RMSE (1.131), whereas the ZIP model 

produced the lowest MAE (0.983). Because the differences 

in predictive accuracy between the ZIP and HNB models 

were minimal and statistically indistinguishable according to 

the Vuong test, and because no evidence of overdispersion 

was observed, the ZIP model was considered the most 

appropriate and parsimonious model for predicting the 

number of obstructed coronary arteries in the present study. 

 
Table 9. Predictive performance of the selected model 

 

Multicollinearity assessment 

Multicollinearity among explanatory variables was 

evaluated using the Variance Inflation Factor (VIF). Most 

predictors exhibited VIF values below 5, suggesting a low 

degree of collinearity. The highest VIF values were observed 

for total cholesterol (VIF = 7.41) and LDL cholesterol (VIF 

= 4.89). Although these variables showed moderate 

collinearity, the values remained below the commonly 

accepted threshold of 10; therefore, all predictors were 

retained in the final analysis. 

 

Discussion  

The present study investigated the determinants of 

coronary artery disease (CAD) severity, defined as the 

number of obstructed coronary vessels identified by coronary 

angiography, among adults aged 50 years and older. Five 

count regression models, including Poisson, Negative 

Binomial (NB), Zero-Inflated Poisson (ZIP), Zero-Inflated 

Negative Binomial (ZINB), and Hurdle Negative Binomial 

(HNB), were compared to identify the model that best  

Model 

comparison 

Raw 

z 

P-

value 

Interpretation 

Poisson vs ZIP -6.30 <0.001 ZIP superior 

ZIP vs ZINB 0.008 0.497 No significant difference 

ZIP vs HNB -0.619 0.268 No significant difference 

Variable OR 95% CI P-value 

Age 0.913 0.857–0.973 0.005 

Sex (Female vs Male) 15.75 5.07–48.88 <0.001 

BMI 0.994 0.944–1.047 0.821 

Marital status 1.194 0.441–3.231 0.727 

Education 1.480 0.616–3.560 0.381 

Occupation 0.799 0.324–1.971 0.627 

Smoking history 2.237 1.059–4.724 0.035 

Hypertension 1.344 0.672–2.688 0.404 

Hyperlipidemia 1.090 0.572–2.078 0.794 

Cardiovascular disease 0.768 0.395–1.494 0.437 

FBS 1.007 1.000–1.013 0.052 

hs-CRP 0.910 0.817–1.015 0.089 

HDL-C 1.005 0.986–1.024 0.624 

TG 0.996 0.986–1.006 0.476 

LDL-C 1.001 0.988–1.015 0.856 

TC 1.003 0.989–1.018 0.655 

Diabetes (No vs Yes)  15.23 3.98–58.32 <0.001 

Model RMSE MAE 

Poisson 1.147 1.005 

NB 1.147 1.005 

ZIP 1.137 0.983 
ZINB 1.137 0.983 

HNB 1.131 0.986 
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characterized the distribution of obstructed coronary vessels. 

Although the HNB model achieved the best predictive 

performance, the ZIP model demonstrated comparable 

goodness-of-fit and was selected as the final model because 

it provided a more clinically interpretable framework for 

distinguishing patients without angiographic obstruction 

from those with established obstructive disease. Overall, sex 

was independently associated with the number of obstructed 

vessels, whereas age, diabetes mellitus, and smoking history 

were important determinants of belonging to the zero-

obstruction subgroup. 

Age was one of the strongest determinants of coronary 

artery disease (CAD) severity in the present study. Patients 

with three-vessel disease were significantly older than those 

without angiographic obstruction, and increasing age was 

associated with a lower probability of belonging to the non-

obstructive group. These findings suggest that aging 

contributes not only to the presence of CAD but also to its 

anatomical extent. 

This association is biologically plausible because aging 

promotes endothelial dysfunction, arterial stiffness, oxidative 

stress, chronic low-grade inflammation, and cumulative 

exposure to cardiovascular risk factors, all of which 

accelerate atherosclerotic plaque progression and increase the 

likelihood of diffuse multivessel coronary involvement (31, 

34, 35). 

Our findings are consistent with previous angiographic 

studies. Data from the CONFIRM registry demonstrated that 

advancing age was independently associated with greater 

coronary plaque burden and more extensive obstructive CAD 

(36). Similarly, analyses from the PROMISE trial showed 

that older patients had a higher prevalence of multivessel 

coronary disease than younger individuals (37). More 

recently, Song et al. reported that older age remained an 

important independent predictor of multivessel coronary 

artery disease after adjustment for conventional 

cardiovascular risk factors (38).  Collectively, these findings 

highlight age as a major determinant of CAD severity and 

emphasize the importance of early cardiovascular risk 

assessment in adults aged 50 years and older. 

These findings are further supported by the ARIC Study, 

which demonstrated that coronary artery calcification 

becomes highly prevalent in adults aged 75 years and older, 

reflecting the cumulative burden of atherosclerosis with 

advancing age. Although coronary artery calcification and 

angiographic stenosis represent different manifestations of 

coronary atherosclerosis, both indicate progressive disease 

burden and support the observed association between aging 

and more extensive coronary artery involvement in the 

present study (39). 

Sex differences were also observed in the present study. 

Men had a significantly higher incidence of obstructive 

coronary artery disease than women, whereas women were 

more likely to have no angiographic evidence of coronary 

obstruction. These findings are consistent with the recognized 

cardioprotective effects of endogenous estrogen before 

menopause, which delay the development of obstructive 

atherosclerosis in women. In contrast, men tend to develop 

coronary atherosclerosis earlier and exhibit a greater burden 

of diffuse and multivessel disease (40, 41). Similar findings 

have been reported in large contemporary registries, 

including the CONFIRM study, where women undergoing 

coronary angiography were more likely to have non-

obstructive coronary arteries, whereas men more frequently 

presented with obstructive multivessel disease (42). 

Diabetes mellitus was another important determinant of 

coronary artery disease severity in the present study. Patients 

with diabetes were significantly less likely to remain free of 

coronary obstruction, while higher fasting blood glucose 

levels were observed among patients with three-vessel 

disease. These findings support the established role of 

hyperglycemia in accelerating atherosclerosis through 

endothelial dysfunction, oxidative stress, chronic 

inflammation, and the formation of advanced glycation end-

products, resulting in diffuse coronary plaque progression 

(43, 44). Consistent with our findings, previous studies have 

shown that diabetes is independently associated with greater 

coronary plaque burden, multivessel disease, and adverse 

cardiovascular outcomes (45). These results emphasize the 

importance of optimal glycemic control for preventing the 

progression of coronary artery disease, particularly in adults 

aged 50 years and older. 

A history of smoking was significantly associated with a 

lower probability of having angiographically normal 

coronary arteries, indicating its important role in the 

development of obstructive coronary artery disease. Cigarette 

smoking promotes endothelial dysfunction, oxidative stress, 

inflammation, platelet activation, and thrombus formation, 

all of which accelerate atherosclerotic plaque initiation and 

progression (46, 47).  Although smoking was not associated 

with the number of obstructed vessels among patients with 

established CAD, its significant effect on the transition from 

normal to obstructive coronary arteries suggests that smoking 

primarily contributes to the early development of coronary 

atherosclerosis. These findings are consistent with previous 

angiographic and population-based studies identifying 

smoking as an independent predictor of obstructive coronary 

artery disease (7).  

In contrast to age, sex, and diabetes, lipid parameters, 

including LDL-C, HDL-C, triglycerides, and total 

cholesterol, were not independently associated with the 

severity of coronary artery disease in the multivariable count 

models. Although some lipid markers differed across 

angiographic groups in the univariate analyses, these 

associations disappeared after adjustment for potential 

confounders. This finding may reflect the widespread use of 

lipid-lowering therapy before angiography, whereby 

measured lipid concentrations no longer represent cumulative 

lifetime lipid exposure. Moreover, coronary atherosclerosis 

is influenced by multiple interrelated mechanisms, including 

chronic inflammation, glycemic control, endothelial 

dysfunction, and long-term exposure to cardiovascular risk 

factors, which may attenuate the independent contribution of 

circulating lipid levels. Similar findings have been reported 

in previous angiographic studies, where the predictive value 

of conventional lipid markers was substantially reduced after 

multivariable adjustment (48). 

This observation is also consistent with the concept of 

residual  cardiovascular  r isk,  whereby substantial 

cardiovascular risk persists despite optimal lipid control 

because atherosclerosis is driven by multiple interrelated 

pathways, including chronic inflammation, metabolic 

dysfunction, endothelial injury, and vascular aging. 

Consequently, conventional lipid markers may have limited  
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independent predictive value once these mechanisms and 

other clinical risk factors are considered (49). 

An important methodological aspect of this study was the 

comparison of alternative count regression models for the 

number of obstructed coronary vessels. Although 

approximately 29% of participants had no angiographic 

evidence of coronary obstruction, dispersion statistics 

suggested no substantial overdispersion, indicating that the 

Poisson model provided an acceptable baseline fit. 

Nevertheless, cross-validation showed slightly lower 

prediction errors for hurdle and zero-inflated models than for 

conventional Poisson and negative binomial regression. 

Because coronary angiographic data may arise from two 

distinct clinical processes—the probability of having no 

obstructive disease and the severity of disease among affected 

individuals—zero-inflated and hurdle models offer a 

clinically meaningful framework for separating these 

mechanisms. While their overall statistical fit was 

comparable to that of the standard count models, these 

approaches may provide additional interpretability when 

analyzing angiographic outcomes with a substantial 

proportion of zero counts (19, 21).  

Our findings are broadly consistent with those of 

Shahsavari et al., who used a truncated zero-inflated double 

Poisson model to investigate factors associated with the 

number of stenotic coronary arteries. They reported that older 

age, male sex, diabetes mellitus, hypertension, 

hyperlipidemia, smoking, and higher body mass index were 

significant determinants of coronary artery stenosis. 

Similarly, our study identified age, male sex, diabetes, and 

smoking as important predictors of coronary artery disease 

severity, further supporting the role of these established 

cardiovascular risk factors while highlighting the value of 

flexible count regression models for analyzing angiographic 

count outcomes. (50) 

Model selection was not based solely on information 

criteria but also incorporated cross-validation to evaluate 

predictive performance. While AIC and BIC quantify the 

trade-off between model fit and complexity using the 

observed data, they do not directly assess the ability of a 

model to generalize to independent samples. Cross-validation 

provides an estimate of out-of-sample prediction error and 

has therefore become an essential component of modern 

predictive modeling. In the present study, the hurdle negative 

binomial model yielded the lowest prediction error (RMSE), 

whereas ZIP and ZINB models also demonstrated superior 

predictive performance compared with conventional Poisson 

and negative binomial regression. These findings emphasize 

that predictive validation should complement likelihood-

based model selection when identifying the most appropriate 

regression model for coronary angiographic count outcomes 

(51-53). 

Our findings are also supported by recent methodological 

research comparing robust zero-inflated and hurdle 

regression models under varying degrees of zero inflation, 

overdispersion, and outlier contamination. In that study, 

model performance was shown to depend strongly on the 

underlying characteristics of the count data rather than on the 

modeling framework alone. Specifically, robust Poisson-

based zero-inflated and hurdle models performed best when 

overdispersion and outlier contamination were minimal, 

whereas robust negative binomial–based models became 

superior as data complexity increased. These findings 

reinforce the principle that no single count regression model 

is universally optimal and that model selection should be 

driven by empirical data characteristics. Consistent with this 

perspective, our study showed that although the Hurdle 

Negative Binomial model achieved the lowest prediction 

error, the ZIP model offered a clinically meaningful 

representation of coronary angiographic findings by 

distinguishing patients with structurally normal coronary 

arteries from those with established obstructive disease. 

Furthermore, the observation that approximately 29% of 

participants had no angiographic obstruction did not 

automatically justify the selection of a zero-inflated model, 

emphasizing that the presence of excess zeros alone is 

insufficient to determine the optimal analytical approach. 

Instead, comprehensive model comparison using goodness-

of-fit indices together with predictive validation provides a 

more robust basis for selecting an appropriate count model 

(54). 

Our findings are also supported by recent methodological 

studies evaluating zero-inflated and hurdle regression models 

under varying degrees of zero inflation, overdispersion, and 

data heterogeneity (55, 56). Collectively, these studies 

demonstrate that no single count regression model is 

universally optimal and that model performance depends 

primarily on the underlying characteristics of the data rather 

than on the modeling framework alone. They further 

emphasize that model selection should be guided by the 

degree of zero inflation, overdispersion, and predictive 

performance instead of relying solely on the proportion of 

zero counts or likelihood-based goodness-of-fit criteria. 

Consistent with these methodological recommendations, our 

study showed that although the HNB model achieved the 

lowest prediction error, the ZIP model provided a clinically 

meaningful representation of coronary angiographic findings 

by distinguishing patients with structurally normal coronary 

arteries from those with established obstructive disease. 

These findings highlight the importance of combining 

predictive validation with clinical interpretability when 

selecting count regression models for angiographic 

outcomes.  

Overall, the present study demonstrates that coronary 

artery disease severity in adults aged 50 years and older is 

influenced by both traditional cardiovascular risk factors and 

the underlying distributional characteristics of angiographic 

count data. Beyond identifying age, male sex, diabetes, and 

smoking as key determinants of disease severity, our findings 

underscore the importance of selecting count regression 

models according to empirical data characteristics and 

predictive performance rather than relying on a single 

statistical approach. 

This study has several strengths. It included a relatively 

large cohort of adults aged 50 years and older undergoing 

coronary angiography and compared multiple advanced 

count regression approaches rather than relying solely on 

conventional regression methods. Moreover, coronary artery 

disease severity was quantified using the number of 

angiographically obstructed vessels, an outcome with direct 

clinical relevance. 

Although the ZIP model provided clinically meaningful 

estimates, some odds ratios from the zero-inflation 

component had relatively wide confidence intervals,  
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indicating limited precision for certain predictors. These 

findings should therefore be interpreted cautiously, and future 

studies with larger sample sizes are recommended to provide 

more precise estimates. 

 

Strengths and Limitations  

 

Several limitations should also be acknowledged. First, 

the retrospective cross-sectional design precludes 

establishing causal relationships between the identified risk 

factors and coronary artery disease severity. Second, some 

estimates from the zero-inflation component were associated 

with relatively wide confidence intervals, indicating limited 

precision for certain predictors. Third, information on 

medication use, duration of diabetes, lipid-lowering therapy, 

inflammatory biomarkers other than hs-CRP, and lifestyle-

related factors was  unavailable. Fourth, the dataset did not 

contain the exact percentage of coronary artery stenosis; 

therefore, the threshold used to define significant stenosis 

could not be independently verified. Finally, the study was 

conducted at a single tertiary referral center, which may limit 

the generalizability of the findings to other populations and 

healthcare settings. Future multi center prospective studies 

with larger sample sizes and more comprehensive clinical, 

angiographic, and biomarker data are warranted to validate 

these findings. 

This study has several strengths. First, it included a 

relatively large cohort of 902 adults aged 50 years and older 

who underwent coronary angiography, providing a 

substantial sample for evaluating determinants of coronary 

artery disease severity. Second, coronary artery disease 

severity was assessed using the number of angiographically 

obstructed coronary vessels, a clinically relevant count 

outcome that provides more information on disease extent 

than a simple binary classification. Third, the study 

comprehensively compared five count regression 

approaches, including Poisson, Negative Binomial, Zero-

Inflated Poisson, Zero-Inflated Negative Binomial, and 

Hurdle Negative Binomial models. Model selection was 

based not only on likelihood-based measures such as AIC and 

BIC but also on predictive performance using cross-

validation and prediction error measures, providing a more 

robust basis for model selection. Finally, the selected ZIP 

model allowed separate interpretation of the count and zero-

inflation components, thereby providing clinically 

meaningful information regarding both the extent of coronary 

involvement and the probability of having no angiographic 

obstruction. 

 

Conclusion  

 

This study demonstrated that the number of obstructed 

coronary arteries can be effectively modeled as a count 

outcome using flexible regression approaches that account 

for the presence of zero observations. Among the evaluated 

models, the Zero-Inflated Poisson model provided a 

favorable balance between goodness of fit, predictive 

performance, parsimony, and clinical interpretability, despite 

the Hurdle Negative Binomial model showing slightly better 

predictive performance. The findings identified age, male 

sex, diabetes mellitus, and smoking history as important 

determinants of coronary artery disease severity. In 

particular, the ZIP framework provided clinically meaningful 

information by distinguishing factors associated with the 

number of obstructed vessels from those associated with 

having no angiographic obstruction. These results highlight 

the potential value of count-based modeling for 

characterizing the extent of coronary artery disease and 

emphasize that model selection should be guided by 

empirical data characteristics, predictive validation, and 

clinical interpretability rather than by the proportion of zero 

observations alone. Further multicenter prospective studies 

are needed to validate these findings and assess their 

generalizability across different clinical populations. 
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