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INTRODUCTION 

Cardiovascular disease (CVD) remains the leading cause 

of morbidity and mortality globally, accounting for an 

estimated 17.9 million deaths annually according to the 

World Health Organization. The evaluation of novel 

therapeutic interventions for CVD relies historically on the 

randomized controlled trial, which provides the highest 

level of evidence through internal validity achieved by 

random allocation of treatment. However, the classical 

two-arm randomized controlled trial (RCT) design 

presents persistent structural challenges. 

ABSTRACT 

 

Background: Conventional randomized controlled trial (RCTs) in cardiovascular medicine are expensive, ethically 

constrained, and logistically demanding. The synthetic control arm (SCA) methodology leverages real-world inspired 

simulated patient data and propensity score matching to construct an external comparator, enabling all enrolled 

participants to receive active treatment. Despite increasing regulatory acceptance, cardiovascular applications of this 

methodology remain methodologically under-characterized. 

Methods: A simulation study was conducted involving 75 patients: 40 in the treatment arm receiving a combined 

antihypertensive and lipid-lowering agent, and 35 in the SCA control arm derived by propensity score matching on ten 

baseline clinical covariates. Primary endpoint was MACE at 12 months. Secondary endpoints were change in LDL 

cholesterol and systolic blood pressure. Statistical analyses included independent samples t-tests, Chi-squared tests, 

Cohen's d, odds ratios, and Kaplan-Meier survival analysis. 

Results: Propensity score matching produced acceptable covariate balance across nine of ten variables (all SMD <0.3), 

with one residual imbalance in baseline systolic BP (SMD=0.54; p=0.024). Treatment significantly reduced LDL 

cholesterol (−29.4±10.3 versus −5.0±5.1 mg/dl; p<0.001; d=−2.94) and systolic blood pressure (−10.6±3.6 versus 

−3.3±3.5 mmHg; p<0.001; d=−2.06). MACE occurred in 32.5% of treated versus 40.0% of SCA control patients 

(OR=0.72; p=0.664), non-significant owing to insufficient power at this sample size. 

Conclusion: The SCA design successfully demonstrates the feasibility of SCA methodology under controlled 

simulation assumptions, with strong performance for surrogate endpoints but limited power for clinical endpoints in a 

cardiovascular simulation context, demonstrating robust detection of surrogate endpoint effects. The MACE non-

significance is attributable to sample size limitations, not methodological failure. Adequate power for a 7.5 percentage-

point MACE difference requires approximately 645 patients per arm. These findings provide a structured 

methodological framework for future SCA applications in cardiovascular pharmacoepidemiology.  
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First, randomizing patients to placebo or standard-of-care 

control in conditions such as hypertension, dyslipidaemia, 

and established coronary artery disease raises substantial 

ethical concerns, particularly when effective treatments 

already exist.1 Second, cardiovascular RCTs are resource-

intensive, the landmark PARADIGM-HF trial, for 

instance, enrolled over 8,400 patients across 47 countries 

at a cost exceeding $100 million USD.2 Third, strict 

eligibility criteria in RCTs often exclude elderly patients, 

those with renal impairment, or patients with multiple 

comorbidities, limiting the generalizability of trial findings 

to real-world populations.3 

The synthetic control arm (SCA) represents a 

methodologically rigorous alternative that addresses these 

limitations by constructing a comparator cohort from 

existing real-world data (RWD) rather than from randomly 

allocated participants. The SCA approach ensures that all 

trial participants receive active treatment, satisfying 

ethical imperatives, while propensity score-based 

matching provides statistical approximation of the balance 

achieved by randomization.4 

Simulation studies provide a controlled environment to 

evaluate methodological performance independent of real-

world data limitations such as missingness, measurement 

error, and unmeasured confounding. This study therefore 

aims not to estimate clinical treatment effects, but to assess 

whether SCA methodology can recover known simulated 

effects under idealized conditions. 

Problem statement 

Despite growing regulatory acceptance of SCA designs 

acknowledged by the FDA's 2018 real-world evidence 

framework and the EMA's PRIME scheme the application 

of this methodology in cardiovascular medicine remains 

nascent. Existing SCA literature is dominated by 

oncology, where high event rates, limited treatment 

options, and small patient populations make external 

controls particularly attractive.5,6 In cardiovascular trials, 

the lower event rates for hard endpoints such as MACE, 

the greater heterogeneity of RWD sources, and the 

complexity of multi-drug regimens create distinct 

methodological challenges that have not been 

systematically characterized. 

Critically, no published simulation study has prospectively 

modelled the statistical power, covariate balance, and 

endpoint detection performance of an SCA design 

specifically calibrated for cardiovascular outcomes. This 

gap limits the ability of trialists and regulators to make 

evidence-based decisions about when and how to deploy 

SCA designs in cardiovascular drug development. 

Novelty and contribution 

This study makes the following novel contributions to the 

field as this study presented the first simulation study 

explicitly designed to characterize SCA performance in a 

cardiovascular context, using clinically realistic baseline 

covariate distributions and event rates derived from 

published cardiovascular epidemiology. We provide a 

complete mathematical framework for sample size 

estimation in SCA cardiovascular trials, including power 

curves for MACE detection across a range of per-arm 

sample sizes. We demonstrate a reproducible, open-source 

pipeline for propensity score estimation, nearest-

neighbour matching, balance assessment (Love plot), and 

survival analysis (Kaplan-Meier) applicable to future 

cardiovascular SCA studies. We provide a clinical 

perspective on the adaptation of this methodology to 

medical domains including pharmacovigilance, EHR 

narrative mining, and mental health assessment, 

broadening the translational scope of the findings. 

Objectives 

The specific objectives of this study involved primary 

objective: to evaluate the ability of propensity score 

matching to achieve adequate covariate balance between 

treatment and SCA control groups in a cardiovascular 

simulation and secondary objectives were to quantify 

treatment effects on LDL cholesterol and systolic blood 

pressure as surrogate cardiovascular endpoints, to evaluate 

MACE rates between groups at 12 months and 

characterize the power of the SCA design to detect 

clinically meaningful differences and to derive 

mathematical sample size requirements for adequate 

power in future cardiovascular SCA trials. 

METHODS 

Study design 

This study is a pre-specified simulation-based 

methodological study employing a SCA design, conducted 

over the period January 2025 to December 2025 (12 

months). It was reported in accordance with the 

strengthening the reporting of observational studies in 

epidemiology (STROBE) guidelines and in compliance 

with ICMJE recommendations for the conduct, reporting, 

editing, and publication of scholarly work in medical 

journals. 

A total of 75 patients were included, with 40 patients in the 

treatment arm and 35 patients constituting the synthetic 

control arm derived from real-world data sources. The 

SCA was constructed using propensity score matching 

based on clinically relevant baseline covariates to ensure 

comparability between groups. 

Data generation 

Baseline covariate distributions were parameterized based 

on published cardiovascular trial populations. Age was 

drawn from a uniform distribution over 45–78 years. BMI 

was drawn from a uniform distribution over 22–38 kg/m². 

Baseline systolic blood pressure was drawn uniformly 

over 130–175 mmHg, and diastolic blood pressure over 
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80–105 mmHg. LDL cholesterol was drawn uniformly 

over 100–220 mg/dl and HDL over 30–65 mg/dl. eGFR 

was drawn uniformly over 45–95 ml/min/1.73 m². Binary 

covariates (smoking, diabetes, prior MI) were assigned 

with weighted random sampling reflecting cardiovascular 

risk population prevalences of approximately 33%, 28%, 

and 25% respectively. 

Treatment outcomes were simulated with differential 

probabilities: MACE occurred at approximately 20% in 

the treatment arm and 35% in the control arm, reflecting a 

clinically plausible treatment effect. LDL reductions in the 

treatment arm were drawn from a uniform distribution 

over −45 to −10 mg/dl (mean approximately −30 mg/dl), 

consistent with high-intensity statin and PCSK9 inhibitor 

therapy. Systolic BP reductions in the treatment arm were 

drawn from −18 to −5 mmHg, reflecting dual 

antihypertensive therapy. 

Because all data were simulated, the true underlying 

treatment effect was known by design. This enables 

evaluation of whether the SCA methodology can 

accurately recover expected differences between groups. 

Inclusion criteria 

The following eligibility criteria were applied in the 

simulation design and would apply to patient selection in 

a real-world implementation of this protocol. 

Eligible participants were adults aged 45–78 years with an 

established diagnosis of hypertension (systolic BP≥130 

mmHg) and LDL cholesterol of at least 100 mg/dl. Patients 

were required to have stable cardiovascular status at 

enrolment, demonstrate willingness to comply with the 12-

month follow-up protocol, and provide informed consent 

or a proxy equivalent for simulation purposes. 

Exclusion criteria  

Patients were excluded if they had an active malignancy or 

terminal illness, severe renal impairment (eGFR<30 

ml/min), or severe hepatic disease (ALT/AST>3×ULN). 

Additional exclusion criteria included a recent myocardial 

infarction or stroke within the preceding 3 months, 

concomitant use of PCSK9 inhibitors, pregnancy or 

breastfeeding, and participation in another interventional 

trial within the past 6 months. 

Propensity score estimation and matching 

Propensity scores were estimated using binary logistic 

regression, with treatment group assignment (treatment=1, 

SCA control=0) as the outcome variable. The ten baseline 

covariates entered as predictors were: age, sex, BMI, 

baseline systolic BP, baseline diastolic BP, LDL 

cholesterol, HDL cholesterol, eGFR, smoking status, 

diabetes status, and prior MI history. 

The logistic regression model takes the form. 

𝑙𝑜𝑔[𝑝/(1 − 𝑝)] = 𝛽₀ + 𝛽₁(𝐴𝑔𝑒) + 𝛽₂(𝑆𝑒𝑥) + 𝛽₃(𝐵𝑀𝐼)
+ 𝛽₄(𝑆𝐵𝑃) + 𝛽₅(𝐿𝐷𝐿)+. . . +𝛽ₖ(𝑋ₖ) 

Where, p=P (treatment=1|X) was the estimated propensity 

score for patient i given covariate vector X, and β₀...βₖ are 

the logistic regression coefficients. The estimated 

propensity score ê(X)=P̂(T=1|X) was then used for 

nearest-neighbour matching. 

Nearest-neighbour matching was performed without 

replacement, with a caliper of 0.05 on the propensity score 

scale to limit poor matches. 

|ê(𝑋ᵢ) − ê(𝑋ⱼ)| ≤ 0.05  

Where i denoted a treatment patient and j denotes the 

nearest candidate control. Covariate balance was assessed 

post-matching using the standardized mean difference 

(SMD). 

𝑆𝑀𝐷 = (𝑋 ₜ − 𝑋 _𝑐)/√[(𝑆ₜ² + 𝑆_𝑐²)/2]  

Where X̄ₜ and X̄_c were group means and Sₜ² and S_c² are 

group variances for each covariate. An SMD <0.1 was 

considered indicative of excellent balance; SMD 0.1–0.2 

acceptable; and SMD>0.2 indicative of residual imbalance 

requiring further adjustment.7 

Sample size and power calculation 

For a two-proportion comparison (MACE rates p₁=32.5% 

treatment versus p₂=40.0% control) at a two-sided 

significance level α=0.05 and power 1−β=0.80, the 

required per-arm sample size is derived using the normal 

approximation. 

𝑛 = [𝑧_{𝛼/2}√(2𝑝 (1 − 𝑝 )) + 𝑧_𝛽√(𝑝₁(1 − 𝑝₁) + 𝑝₂(1
− 𝑝₂))]²/(𝑝₁ − 𝑝₂)² 

Where, p̄=(p₁+p₂)/2 is the pooled proportion, 

z_{α/2}=1.960 (two-sided α=0.05), and z_β=0.842 

(power=80%). Substituting the values, the equation 

becomes. 

𝑝 = (0.325 + 0.400)/2 = 0.3625 

𝑛 = [1.960√(2 × 0.3625 × 0.6375)

+ 0.842√(0.325 × 0.675
+ 0.400 × 0.600)]²/(0.075)² 

n≈645 patients per arm (1,290 total) for 80% power. 

For 90% power (z_β=1.282), the required sample size 

increases to approximately 865 patients per arm (1,730 

total). The current simulation (n=40 treatment, n=35 

control) was therefore expected to be substantially 

underpowered for MACE detection, yielding an estimated 

power of approximately 13% — a design limitation that is 
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deliberately modelled to characterize SCA performance in 

small samples. 

Endpoints 

The primary endpoint was MACE at 12 months, defined 

as a composite of non-fatal myocardial infarction, non-

fatal stroke, and cardiovascular death, consistent with the 

endpoint definition used in the COMPASS, DECLARE-

TIMI 58, and REDUCE-IT trials. Secondary endpoints 

were: change in LDL cholesterol from baseline at 12 

months (mg/dl), and change in systolic blood pressure 

from baseline at 12 months (mmHg). Both are established 

surrogate endpoints with demonstrated prognostic validity 

in cardiovascular risk reduction. 

Statistical analysis 

All statistical analyses were performed using Python 3.12 

with SciPy (v1.11), NumPy (v1.26), and lifelines (v0.27) 

libraries. Continuous variables are presented as mean±SD. 

Between-group comparisons for continuous outcomes 

were performed using independent samples t-tests 

(Welch's correction not applied given similar group 

variances). Categorical outcomes were compared using 

Pearson's Chi-squared test with Yates' continuity 

correction where cell counts were small. Effect sizes for 

continuous outcomes were expressed as Cohen's d; for 

binary outcomes as odds ratio (OR) with 95% confidence 

interval were computable.  

Table 1: Summary of statistical methods. 

Comparaison type Statistical test Effect measure Software 

Continuous variables (two groups) Independent samples t-test Cohen's d Python/SciPy 

Categorical variables Pearson Chi-squared test Odds ratio (OR) Python/SciPy 

Covariate balance assessment Standardized mean difference (SMD) SMD<0.1=balanced Python/NumPy 

Survival analysis Kaplan-Meier estimator Log-rank p value Python/lifelines 

Sample size calculation 
Normal approximation (two 

proportions) 
Power (1-β) Python/SciPy 

Propensity score estimation Logistic regression Propensity score Python/sklearn 

LDL=low-density lipoprotein, BP=blood pressure, SMD=standardized mean difference, sklearn=scikit-learn

Survival analysis for time-to-MACE was performed using 

the Kaplan-Meier estimator with a log-rank test for 

between-group comparison. All tests were two-tailed with 

significance threshold α=0.05. A summary of all statistical 

methods employed is provided in Table 1. 

RESULTS 

Participant characteristics and propensity score balance 

Baseline characteristics of the 75 participants are 

presented in Table 2. The two groups were comparable in 

age (62.3±9.2 versus 60.9±9.7 years; p=0.535; 

SMD=0.14), BMI (30.1±5.0 versus 31.2±4.7 kg/m²; 

p=0.319; SMD = 0.23), LDL (157.5±33.3 versus 

166.6±34.5 mg/dl; p=0.246; SMD=0.27), HDL (44.6±10.1 

versus 47.9±9.9 mg/dl; p=0.169; SMD=0.32), and eGFR 

(71.8±15.6 versus 69.7±13.3 ml/min; p=0.529; 

SMD=0.15). No significant differences were observed for 

smoking, diabetes, or prior MI history (all p>0.40). 

A statistically significant difference was observed in 

baseline systolic BP (156.8±12.5 versus 150.7±9.9 mmHg; 

p=0.024; SMD=0.54), representing the only covariate with 

an SMD exceeding the 0.2 imbalance threshold.  

This residual imbalance is acknowledged as a limitation of 

the propensity matching at the current sample size and is 

discussed in section 5. 

The propensity score distribution by group is presented in 

Figure 1. Mean propensity scores were well-matched 

(0.52±0.13 versus 0.55±0.12; p=0.250), and the Love plot 

(Figure 2) confirms adequate balance for all covariates 

except baseline systolic BP. 

Primary endpoint: MACE at 12 months 

MACE occurred in 13 of 40 patients (32.5%) in the 

treatment group and 14 of 35 patients (40.0%) in the SCA 

control group. This difference did not reach statistical 

significance (χ²=0.188; p=0.664; OR=0.72), as illustrated 

in Figure 3. The Kaplan-Meier curves are presented in 

Figure 4, demonstrating a consistent trend favoring the 

treatment arm throughout the 12-month observation 

period, though the log-rank p value of 0.612 did not reach 

significance. As established by the power analysis (Figure 

6), the current sample size of 40 patients per arm yields an 

estimated power of approximately 13% for detecting the 

observed 7.5 percentage-point MACE difference, 

confirming that non-significance reflects underpowering 

rather than absence of a true effect. 

Secondary endpoints 

Table 3 summarizes all primary and secondary outcomes. 

Statistically significant and clinically large treatment 

effects were observed for both secondary endpoints. The 

treatment group demonstrated a mean LDL reduction of 

29.4±10.3 mg/dl compared to 5.0±5.1 mg/dl in the SCA 

control group (t=−12.68; p<0.001; d=−2.94). An LDL 
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reduction of this magnitude (24.4 mg/dl greater than 

control) is consistent with the pharmacodynamic profile of 

combined high-intensity statin and PCSK9 inhibitor 

therapy.8 

Table 2: Baseline characteristics by group. 

Variable Treatment (n=40) SCA control (n=35) P value SMD 

Age (years), mean±SD 62.3±9.2 60.9±9.7 0.535 0.14 

BMI (kg/m²), mean±SD 30.1±5.0 31.2±4.7 0.319 0.23 

Systolic BP (mmHg), mean±SD 156.8±12.5 150.7±9.9 0.024* 0.54 

Diastolic BP (mmHg), mean±SD 92.6±7.2 93.1±8.3 0.781 0.07 

LDL (mg/dl), mean±SD 157.5±33.3 166.6±34.5 0.246 0.27 

HDL (mg/dl), mean±SD 44.6±10.1 47.9±9.9 0.169 0.32 

eGFR (ml/min), mean±SD 71.8±15.6 69.7±13.3 0.529 0.15 

Propensity score, mean±SD 0.52±0.13 0.55±0.12 0.250 0.27 

Smoking, N (%) 16 (40.0%) 10 (28.6%) 0.427 — 

Diabetes mellitus, N (%) 12 (30.0%) 9 (25.7%) 0.877 — 

Prior MI, N (%) 10 (25.0%) 10 (28.6%) 0.931 — 

**p<0.05, SMD=standardized mean difference, values are mean±SD unless otherwise stated, MI=myocardial infarction, eGFR=estimated 

glomerular filtration rate, SMD<0.1=excellent balance, 0.1–0.2=acceptable, >0.2=residual imbalance 

 

Figure 1: Propensity score distribution by group; (a) overlapping histograms demonstrate reasonable distributional 

overlap between the treatment and SCA control arms, confirming the region of common support required for valid 

matching; and (b) boxplots confirm comparable median propensity scores                                                              

(treatment 0.52 versus control 0.55; p=0.250). 

Table 3: Primary and secondary outcome results. 

Outcome 
Treatment 

(n=40) 

SCA control 

(n=35) 

Test 

statistic 
P value Effect size 

MACE at 12 months, N (%) 13 (32.5) 14 (40.0) χ²=0.188 0.664 OR=0.72 

LDL change (mg/dl), mean±SD -29.4 ±10.3 -5.0±5.1 t=-12.68 <0.001*** d=-2.94 

Systolic BP change (mmHg), mean±SD -10.6 ±3.6 -3.3±3.5 t=-8.90 <0.001*** d=-2.06 

***P<0.001, OR=odds ratio, d=Cohen's d effect size, χ²=chi-squared test statistic, t=independent samples t-test statistic, MACE=major 

adverse cardiovascular event, LDL=low-density lipoprotein, BP=blood pressure, SD=standard deviation 

Systolic BP reduction was −10.6±3.6 mmHg in the 

treatment group versus −3.3±3.5 mmHg in the SCA 

control group (t=−8.90; p<0.001; d=−2.06).  

A between-group difference of 7.3 mmHg in systolic BP 

is clinically meaningful; meta-analytic data suggest that 

each 5 mmHg reduction in systolic BP reduces major 

cardiovascular event risk by approximately 10%.9 The 

outcome boxplots are presented in Figure 5. 

Power analysis and sample size requirements  

Figure 6 presents the power curve for MACE detection as 

a function of per-arm sample size, for the observed event 

rates (p₁=32.5%, p₂=40.0%) at α=0.05. Applying equation 

a b 
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4, the required sample size for 80% power is 645 patients 

per arm (1,290 total), and for 90% power is 865 patients 

per arm (1,730 total). The current simulation at n=40 per 

arm yields a post-hoc power of approximately 13%, 

confirming that MACE non-significance was statistically 

expected. 

 

Figure 2: Love plot depicting absolute standardized mean differences (SMD) for all baseline covariates after 

propensity score matching. Blue bars indicate SMD≤0.1 (excellent balance); red bars indicate SMD>0.1. Dashed 

line at SMD=0.1; dotted line at SMD=0.2. Systolic BP represents the only covariate with SMD>0.2 (SMD=0.54). 

 

Figure 3: MACE event rates at 12 months by group. MACE occurred in 32.5% of treated patients versus 40.0% of 

SCA control patients (χ²=0.188; p=0.664; OR=0.72). Non-significance reflects insufficient statistical power at the 

current sample size (estimated power=13%). 
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Figure 4: Kaplan-Meier curves for MACE-free survival over 12 months. The treatment arm (navy) consistently 

trends above the SCA control arm (red), reflecting a direction of effect consistent with the observed OR=0.72. Log-

rank p=0.612 and shaded regions represent ±1 SE bands. 

 

Figure 5: Boxplots of secondary endpoint outcomes by group; (a) LDL cholesterol change at 12 months: treatment 

−29.4±10.3 mg/dl versus SCA control −5.0±5.1 mg/dl (p<0.001); and (b) systolic BP change at 12 months: treatment 

−10.6±3.6 mmHg versus SCA control −3.3±3.5 mmHg (p<0.001). Horizontal dashed line at zero denotes no change 

from baseline. 

a b 
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Figure 6: Power curve for MACE endpoint detection (p₁=32.5% versus p₂=40.0%; α=0.05; two-tailed). The current 

study at n=40 per arm (red dot) achieves approximately 13% power. Achieving 80% and 90% power requires 645 

and 865 patients per arm respectively. Dashed line: 80% power threshold. Dotted line: 90% power threshold. 

DISCUSSION 

Summary of key findings 

This simulation study is, to the best of our knowledge, the 

first to systematically characterize SCA methodology 

performance in a cardiovascular trial context. Three 

principal findings emerge. First, propensity score 

matching achieved adequate covariate balance across nine 

of ten baseline variables, validating the methodological 

framework for constructing a synthetic comparator in this 

clinical domain. Second, the treatment arm demonstrated 

highly significant and clinically meaningful reductions in 

both LDL cholesterol (d=−2.94) and systolic blood 

pressure (d=−2.06), confirming that the SCA design has 

excellent sensitivity for detecting surrogate endpoint 

effects of this magnitude. Third, MACE non-significance 

at the observed event rates is entirely attributable to the 

underpowered sample size, as confirmed by post-hoc 

power analysis. 

Interpretation of surrogate endpoint findings 

The magnitude of the LDL reduction effect (d=−2.94) 

warrants contextual interpretation. Effect sizes of this 

magnitude are characteristic of comparisons between 

active treatment and minimal-treatment controls in 

pharmacological trials, and appropriately reflect the design 

of this simulation, in which the SCA control group 

received no active lipid-lowering intervention. In a real-

world SCA study where the comparator cohort is drawn 

from patients receiving standard-of-care therapy, the 

expected between-group difference would be substantially 

smaller (d≈0.3–0.6), and sample size requirements would 

correspondingly increase. 

The direction and magnitude of the systolic BP effect (7.3 

mmHg between-group difference) is consistent with the 

clinical evidence base. A Lancet meta-analysis of 48 trials 

(n=444,000 patients) demonstrated that each 5 mmHg 

reduction in systolic BP reduces the risk of major 

cardiovascular events by approximately 10%.9 

Extrapolating from this relationship, the observed BP 

differential in the treatment group would be expected to 

confer approximately a 15% relative risk reduction in 

cardiovascular events consistent with the observed 

directional trend in MACE rates (OR=0.72, equivalent to 

a 28% relative odds reduction). 

Residual covariate imbalance in systolic BP 

The residual imbalance in baseline systolic BP 

(SMD=0.54; p=0.024) represents the primary 

methodological concern of this simulation. In a real-world 

SCA study, this imbalance would be addressed through 

covariate adjustment in the primary analysis model 

(ANCOVA), sensitivity analyses with varying propensity 

score specifications (e.g., inclusion of interaction terms, 

polynomial terms), trimming of extreme propensity scores, 

or replacement of 1:1 matching with inverse probability of 

treatment weighting (IPTW), which retains more of the 

dataset. 

𝑤(𝑋) = 𝑇/ê(𝑋) + (1 − 𝑇)/(1 − ê(𝑋)) 
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Where, w(X) is the IPTW weight for patient with 

covariates X, T is the treatment indicator, and ê(X) is the 

estimated propensity score. IPTW creates a pseudo-

population in which treatment assignment is independent 

of observed covariates, analogous to randomization, while 

utilizing the full dataset rather than discarding unmatched 

patients.10 

SCA methodology in broader medical context 

Beyond cardiovascular medicine, the SCA methodology 

has compelling applications in domains where RCT 

conduct is ethically or logistically constrained. In 

oncology, SCAs have supported regulatory submissions 

for rare cancers where placebo-controlled trials would be 

unethical. In psychiatry and mental health, where sham 

procedures and placebo effects are complex and ethically 

sensitive, SCA designs using EHR-derived control 

populations offer a viable alternative. The interdisciplinary 

dimension of this paper drawing on clinical informatics, 

statistical methodology, and medical domain expertise 

reflects the collaborative model increasingly required for 

high-quality clinical research. The integration of medical 

student co-authorship from a clinical training context 

provides direct translational relevance to the interpretation 

of treatment effect magnitudes and the clinical 

significance thresholds applied in this analysis. 

Limitations 

First, all data are synthetically generated and do not reflect 

the full complexity of real-world cardiovascular 

populations, including unmeasured confounders, missing 

data, and coding heterogeneity inherent to EHR-derived 

RWD. Propensity score performance in this simulation is 

therefore optimistic relative to real-world applications. 

Second, the simulation sample (n=75) is substantially 

smaller than the 1,290 patients required for adequate 

MACE detection, and conclusions regarding the primary 

endpoint must therefore be interpreted cautiously as 

directional evidence only. 

Third, the study does not model time-varying 

confounding, competing risks, or informative censoring, 

all of which are relevant in real cardiovascular follow-up. 

Future extensions should incorporate these 

methodological elements using competing risks regression 

(Fine-Gray model) or marginal structural models. 

Fourth, the simulation assumes perfect measurement of all 

baseline covariates without missing data, which is rarely 

achievable in practice. Multiple imputation methods 

would be required in a real implementation. 

CONCLUSION  

This simulation study provides a rigorous, reproducible, 

and mathematically grounded demonstration of the 

synthetic control arm methodology applied to a 

cardiovascular intervention context. The SCA design 

successfully produced well-balanced comparison groups, 

detected large surrogate endpoint effects, and generated a 

directionally consistent MACE trend despite being 

substantially underpowered for hard endpoint detection. 

The mathematical framework presented including 

propensity score estimation, SMD balance assessment, 

sample size calculation, and IPTW weighting provides a 

replicable methodological template for future 

cardiovascular SCA studies. A fully powered 

cardiovascular SCA study targeting MACE at the 

observed event rates would require approximately 645 

patients per arm. The open-source dataset and analysis 

pipeline are available on request to support further 

methodological validation and extension by the research 

community. 
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