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Abstract

Background: Cardiovascular (CV) diseases remain the leading cause of mortality worldwide.
Various determinants has been indicated contributing in CV mortality, spanning from health
policy, universal health coverage (UHC), tobacco and socioeconomic diversity. To date, no
guantitative regression model has been established to exhibit the magnitude and prediction of
CV mortality. We aimed to formulate a linear regression model of CV determinants involving
healthcare insurance coverage and national policy, economic status, smoking prevalence,
gender and subregional variety.

Methods: A linear regression model was employed, with the percentage of cardiovascular
deaths as the dependent variable. Independent variables were Universal Health Coverage
(UHC), World Bank income classifications, availability of national policy on CV, gender,
availability of national CV guideline, CV risk stratification in primary healthcare, smoking and
sub-regions. Data were gathered from World Health Organization and The World Bank dataset.

Results: A total of 2,385 data points from 2015 to 2019 was acquired constituting 183
countries. More extensive UHC (B =-0.052, t =-3.663, p <0.001) and high-income countries (-
0.060, t =-2.756, p <0.001) exhibited lower predicted CV mortality. Smoking prevalence was
strongly correlated with higher mortality (B = 0.128, t = 8.408, p <0.001). Regional disparities
were observed, with Eastern Europe presenting highest mortality rate (B = 0.685, t = 32.686, p
<0.001). Compared to male, female showed higher cardiovascular death (3 =0.047,t=4.017, p
<0.001). The availability of national policies in cardiovascular health were associated with lower
mortality (B =-0.031, t =-3.211, p = 0.001). CV national guideline was the only non-significant
CV determinant.

Conclusions: The development of a quantitative regression model for cardiovascular mortality
incorporating multifaceted determinants was expected to promote comprehensive public
health strategies, policy reforms, and national health system strengthening, which are essential
to reduce the global burden of cardiovascular diseases.

Keywords: cardiovascular diseases, policy making, socioeconomic disparities in health, tobacco
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Figure 1 (Graphical Abstract). Summary of the research and quantified determinants of CV death.
UHC: universal health coverage, CV: cardiovascular, *>50% availability of CV risk stratification program
in primary health care.
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Introduction

Cardiovascular diseases (CVDs) remain a predominant contributor to global mortality, exhibiting
pronounced disparities across geographic regions and economic strata. The World Health
Organization estimates that CVDs account for more than 17 million deaths annually,
representing approximately 31% of worldwide mortalityl. The nature of multivariable
determinants, encompassing determinants of socioeconomic statusz, healthcare access3,
lifestyle behaviors®, and regional inequalities5 complicating the decision-making process in the
policy level.

Despite well-established of cardiovascular determinants, the formulation of a quantitative
predictive measure of cardiovascular mortality remains challenging. Traditional risk models
often do not fully capture the intricate interplay among socio-demographic factors, lifestyle
behaviors, and healthcare access.? In this study, we addressed this limitation by constructing a
novel linear regression model incorporating critical predictors such as health coverage, World
Bank income classifications?, regional disparities, smoking prevalence?, and gender differences.
Our comprehensive approach seeks to quantify the relative contribution of each determinant,
thereby refining risk stratification and enhancing predictive accuracy. The resulting formula was
intended to serve as a robust tool for both clinicians and public health policymakers, facilitating
targeted interventions to mitigate the burden of cardiovascular diseases.

Methods:

Data were obtained from the World Health Organization® and World Bank databases’.
Independent variables were the percentage of Universal Health Coverage (UHC) for
noncommunicable diseases, World Bank income classifications (low-income [LM], upper-
middle-income [UM], and high-income [H]), sub-regional classifications, gender disparity,
access to cardiovascular risk screening in primary care (defined as 250% coverage), the
presence of an operational policy/action plan for cardiovascular health, smoking prevalence,
and the existence of national guidelines specified for cardiovascular disease.

The dependent variable, percentage of cardiovascular death, represents the annual proportion
of cardiovascular deaths relative to the total population in each country. Baseline
characteristics were summarized using medians with interquartile ranges for continuous
variables and frequencies with percentages for categorical variables. Bivariate analyses were
conducted using the Kruskal-Wallis test to assess differences across sub-regional classifications,
and the Mann-Whitney U test for comparisons of the remaining categorical variables.

Subsequently, a linear regression model was developed using SPSS to quantify the relationships
between the independent variables and cardiovascular mortality. Model diagnostics were
performed to evaluate the assumptions of linearity, independence, homoscedasticity, and
normality of residuals. Statistical significance was established at a two-tailed p-value of less
than 0.05.
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Results:

Baseline characteristics and bivariate analyses
In the bivariate analysis, we examined the association between various determinants and the

percentage of CV-related deaths (% CV death) in the study population. The median % CV death
was 0.19%, with a range from 0.02% to 1.03%.

Table 1. CV death % amongst the included population.
Variable Median (min-max) in %

CV Death % 0.19 (0.02-1.03)

There was a significant relationship between income level and % CV death (P < 0.001). The
proportion of included data points has been visualized in Table 2.

Table 2. Bivariate analysis of World Bank income classification towards % CV death.

Determinants n (%) P-value

High Income 780 (28.4%) <0.001
Upper-Middle Income 774 (28.2%)
Low-Mid Income 747 (27.2%)
Low Income 444 (16.2%)

More than half of the population was covered by well-established national policies on
cardiovascular (CV) health, with 63.4% receiving coverage under the National Policy of CV and
82.5% under the National CV Guidelines. Both the National Policy and National Guidelines were
significantly associated with % CV death. However, CV risk stratification remains
underdeveloped in many countries, with only 15.3% of the population benefiting from a
comprehensive primary care approach to CV risk assessment and management. Although non-
significant, female gender showed a p value of 0.25, enabling the imputation into the linear

regression model.

Table 3. Bivariate analysis of the remaining determinants towards % CV death.

Variable n (%) P-value
National Policy of CV 1740 (63.4%) <0.001
National Guideline 2265 (82.5%) <0.001
Female Gender 915 (33.3) 0.25
Primary CV risk 421 (15.3%) <0.001

stratification*
*in 250% primary health care
Varied UHC and smoking prevalence were observed with a median percentage of 62% and
16.4%, respectively.
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Table 4. Bivariate analysis of the continuous variables towards % CV death.

Variable Median (min-max) in % P-value

% UHC Coverage 62 (16-85) <0.001

% Smoking Prevalence 16.4 (0.1-72.8) <0.001
Linear Regression

Further analysis with linear regression was employed for variables showing a significance with a
p-value of 0.25 or lesser. The linear regression was conducted to examine the relationship
between various CV death determinants and the percentage of CV-related deaths in the
population. The model summary reveals that the regression model has a high degree of fit, with
an R value of 0.897 and an R? of 0.805, indicating that the model explains 80.5% of the variance
in CV death percentage. The adjusted R? of 0.803 further supports the robustness of the model,
accounting for the number of predictors used. The standard error of the estimate is 0.08918,
reflecting the precision of the model's predictions. The Durbin-Watson statistic of 0.428
suggests some autocorrelation in the residuals, although this does not appear to significantly
affect the model's validity.

Table 5. Model summary of R and R square value.

Model Summaryb

Model R R Square Adjusted R Square  Std. Error of the Estimate Durbin-Watson
1 ,897° ,805 ,803 ,08918 ,428

The ANOVA results show that the overall model is statistically significant, with a p-value of
0.000 (F = 404.379). The sum of squares for regression is 77,194, explaining a substantial
portion of the variability in the dependent variable, while the residual sum of squares is 18,731.
The large F-value and small p-value indicate that the model provides a statistically significant
explanation of the variation in CV death percentages across the population.

Table 6. ANOVA result of regression.

ANOVA
Model Sum of Squares df Mean Square F Sig.
1 Regression 77,194 24 3,216 404,379 ,000
Residual 18,731 2355 ,008
Total 95,925 2379

The results of the linear regression analysis are presented in the coefficients table, which
provides both unstandardized and standardized coefficients for the predictors of CV death
percentage. The unstandardized coefficients (B) represent the change in the dependent
variable for a one-unit change in the predictor, while the standardized coefficients (Beta) allow
for comparison of the relative importance of each predictor.
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Among the significant predictors, UHC coverage showed a negative association with CV death
percentage (B =-0.001, Beta =-0.052, p < 0.001), indicating that higher UHC coverage is
associated with a lower predicted CV mortality. Smoking percentage had a significant positive
impact (B = 0.002, Beta = 0.128, p < 0.001), indicating a catastrophic effect of smoking in
cardiovascular mortality across diverse populations. Notably, the coefficients for the regions
reflect the varying impact of geographical locations on CV death percentage.

Other predictors such as gender, operational policy action plans, and the availability of
cardiovascular risk stratification in primary care also contributed significantly to explaining the
variance in CV death percentage. In contrast, the National Guideline was not statistically
significant (p = 0.224) in predicting cardiovascular mortality.

Unstandardized | Standardized
Coefficients Coefficients
Std.
Model B Error Beta t Sig.
1 (Constant) ,263 | ,023 11,382 | ,000
UHC_coverage -,001 | ,000 -,052 | -3,663 | ,000
Smoking percentage ,002 ,000 ,128 8,408 | ,000
world_bank_class=LM ,034 | ,007 ,075 | 4,929 | ,000
world_bank_class=UM ,027 ,008 ,059 3,354 | ,001
world_bank_class=H -,026 | ,009 -,060 | -2,756 | ,006
Sub-Saharan Africa -119 | ,013 -,250 | -9,284 | ,000
East Asia ,035 | ,016 ,030 2,190 | ,029
Southeast Asia -,087 ,014 -,111 | -6,427 | ,000
South Asia -,104 | ,015 -,106 | -7,060 | ,000
Central Asia ,005 | ,015 ,004 ,307 | ,759
South America -051 | ,014 -,061 | -3,555 | ,000
North America -,068 ,015 -,074 | -4,642 | ,000
Oceania -,064 | ,015 -,074 | -4,246 | ,000
Western Europe ,056 ,016 ,061 3,635 | ,000
Eastern Europe 444 | 014 ,685 | 32,686 | ,000
Southern Europe ,154 | ,015 ,187 | 10,324 | ,000
Northern Europe ,091 | ,016 ,093 5,796 | ,000
Caribbean ,022 ,015 ,024 1,471 | ,141
Middle-East -,110 ,014 -,145 | -7,807 | ,000
Male gender -,021 ,005 -,050 | -4,286 | ,000
Female gender ,020 ,005 ,047 4,017 | ,000
CV_risk_strata_in_more_half_in_2015_primary_care=Yes ,036 | ,006 ,066 6,376 | ,000
operational_policy_action_plan=Yes -,014 | ,004 -,031 | -3,211 | ,001
National_guideline=Yes ,007 ,006 ,012 1,216 | ,224

Figure 2. Coefficient, B, beta, t statistic and p-values result of the regression.
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Residual statistics indicate the predicted values for CV death percentage, ranging from a
minimum of 0.0608 to a maximum of 0.7966, with a mean predicted value of 0.2529. The
residuals showed a mean of 0, with a standard deviation of 0.08873. These findings further
highlight the overall robustness of the model and the importance of the determinants in
predicting CV-related mortality across different regions.

Table 7. Residual statistics of the regression.

Residuals Statistics®

Minimum Maximum Mean Std. Deviation N
Predicted Value ,0608 ,7966 ,2529 ,18013 2380
Residual -,38655 ,34705 ,00000 ,08873 2380
Std. Predicted Value -1,067 3,018 ,000 1,000 2380
Std. Residual -4,334 3,891 ,000 ,995 2380

a. Dependent Variable: percentage_cv_death_population
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The final model for predicting the percentage of cardiovascular deaths in the population is as
follows:

Predicted CV death =
0.263

- 0.001 * UHC_coverage
+0.002 * smoking percentage
+0.034 * (LM)
+0.027 * (UM)
-0.026 * (H)
-0.119 * (Sub-Saharan Africa)
+0.035 * (East Asia)
-0.087 * (Southeast Asia)
-0.104 * (South Asia)
+0.005 * (Central Asia)
-0.051 * (South America)
-0.068 * (North America)
- 0.064 * (Oceania)
+0.056 * (Western Europe)
+0.444 * (Eastern Europe)
+0.154 * (Southern Europe)
+0.091 * (Northern Europe)
+0.022 * (Caribbean)
-0.110 * (Middle East)
-0.020 * (gender_male)
+0.020 * (gender_female)
+0.036 * (CV_risk_strat_in_more_half in_2015_ primary_care=Yes)
- 0.014 * (operational_policy_action_plan=Yes)
+0.007 * (national_guideline=Yes)

Figure 3. Linear regression formula to predict annual % CV death in a country with respective variables.
UHC: universal health coverage; LM: lower middle income (World Bank Class); UM: upper middle income; H: high income.
*Multiplication



https://doi.org/10.1101/2025.04.23.25326323
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.04.23.25326323; this version posted April 25, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

Discussion

This study advances current understanding by developing a novel quantitative predictive model
to estimate cardiovascular (CV) mortality across 183 countries through multivariate linear
regression. Our approach integrates multiple established determinants—including
socioeconomic status, healthcare access, regional factors, health policies, gender, and lifestyle
behaviors—into a unified, quantitative predictive formula. By quantifying the individual and
collective impacts of these determinants, our model provides actionable insights to guide
targeted interventions, policies, and clinical practices at the national level.

Universal Health Coverage (UHC)

Our analysis demonstrated a significant negative association between UHC and cardiovascular
mortality, consistent with previous findings highlighting the critical role of equitable healthcare
access in reducing disease burden and mortality>®. This underscores that countries investing in
comprehensive healthcare coverage are likely to achieve improved cardiovascular outcomes,
primarily through preventive services, early detection, and consistent disease management”°.
Policymakers at the national level should thus prioritize policies that advance universal
coverage and equitable access to essential cardiovascular healthcare services.

World Bank Income Classifications

The disparities observed across World Bank income classifications reflect the complex interplay
between economic development and cardiovascular mortality. High-income nations exhibited
lower cardiovascular mortality compared to low- and middle-income countries (LMICs), a
finding aligning with previous studies demonstrating that economic resources are strongly
linked to better health outcomes due to improved healthcare infrastructure, public health
interventions, and lifestyle modifications****2. Consistent with the findings of the Lancet NCDI
Poverty Commission, our results emphasize the urgent need for context-specific strategies in
LMICs that address financial constraints and healthcare inequities to mitigate the persistent
disparities in cardiovascular outcomes™?. Consequently, national governments should focus not
only on healthcare investment but also on broader socioeconomic policies designed to alleviate
poverty and enhance population-level cardiovascular health.

Regional Disparities

Significant regional disparities in cardiovascular mortality rates were observed in our analysis,
with higher predicted CV death percentages in regions such as Northern Europe, Eastern
Europe, Southern Europe, the Caribbean, East Asia, Central Asia, and Western Europe. These
regions demonstrate consistently higher cardiovascular mortality, likely reflecting the complex
interplay of socioeconomic factors, healthcare access, lifestyle behaviors (e.g., diet, smoking,
physical activity), and the prevalence of cardiovascular risk factors (e.g., hypertension,
diabetes). Notably, Northern and Eastern Europe have been identified in previous studies as
regions with alarmingly high rates of cardiovascular disease (CVD), often attributed to high
smoking rates, suboptimal dietary patterns, and limited access to advanced healthcare
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technologies in certain areas (EuroHeart Survey, 2019)*. Our results align with these findings,
reinforcing the need for targeted intervention strategies in these regions.

Conversely, regions such as Southeast Asia, South Asia, Sub-Saharan Africa, North America, the
Middle East, South America, and Oceania exhibited lower predicted CV death rates. This finding
is consistent with several large-scale studies, such as the Global Burden of Disease study, which
highlights lower mortality in many parts of Southeast Asia and Sub-Saharan Africa due to
relatively lower rates of non-communicable diseases (NCDs) in these regions compared to high-
income countries™®. However, it is essential to note that although these regions show lower
predicted mortality, the increasing prevalence of risk factors such as smoking, poor dietary
habits, and a rising burden of obesity in regions like South Asia and the Middle East may
contribute to future shifts in cardiovascular mortality patterns.

An intriguing observation in our study is the low cardiovascular mortality in regions with high-
risk behaviors, such as smoking, which is commonly associated with increased CVD risk. This
could suggest a potential underdiagnosis or currently poor detection system for CVD-related
deaths in these regions. In areas with limited healthcare infrastructure or insufficient access to
diagnostic tools, CVD may go undiagnosed or misclassified, leading to lower reported mortality
rates. Moreover, in some low- and middle-income countries, CVD-related deaths might be
attributed to other causes, such as respiratory or infectious diseases, further obscuring the true
burden of CVD mortality. This highlights the importance of improving diagnostic capabilities and
establishing comprehensive mortality tracking systems to more accurately capture the true
impact of cardiovascular disease, particularly in regions where risk factors are prevalent but
mortality rates remain unexpectedly low.

Gender Differences

Our study observed that males exhibiting a lower predicted cardiovascular (CV) mortality
despite a higher prevalence of smoking compared to females. This counterintuitive result can
be attributed to a combination of biological, diagnostic, and healthcare-related factors.

From a biological perspective, women may experience greater susceptibility to cardiovascular
diseases, particularly coronary artery disease, due to hormonal influences such as estrogen,
which may provide some protective effect for pre-menopausal women®. This could explain the
higher CV mortality in females despite their lower smoking rates.

Furthermore, gender differences in healthcare access and diagnostic practices could contribute
to the observed disparity. Women are more likely to present with atypical symptoms of CVD,
which may lead to delays in diagnosis and treatment™®. This delayed intervention may result in
poorer outcomes for women, reflected in higher predicted CV mortalityle. In contrast, men,
who typically present with more recognizable symptoms, may receive earlier diagnosis and
treatment, mitigating the impact of smoking on their CV mortalitylG.

Moreover, regional and healthcare system disparities may influence these outcomes. Men may
benefit from more aggressive treatment protocols and more prompt interventions due to
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better recognition of their symptoms, while women may face delays in both diagnosis and
16
care .

Risk Stratification in Primary Health Care

Interestingly, improved risk stratification program for cardiovascular disease in primary care
was significantly associated with more cardiovascular mortality. This is might be due to more
extensive detection of CVD in the primary healthcare, hence, better documentation on the
follow-up of the mortality cases attributable to CVD. This inverse relationship substantiates that
robust primary healthcare infrastructure is essential for early detection, effective management,
and continuous monitoring of cardiovascular risk factors, which collectively contribute to
improved health outcomes. The integration of cardiovascular screening and risk stratification
within primary care settings is thus an essential component of national strategies aimed at
cardiovascular risk reduction.'” Policymakers should prioritize investments in primary care
capacity building, particularly in regions currently underserved by healthcare services, to
achieve meaningful improvements in population cardiovascular health.'’

Operational Policy for Action Plans

Our model indicates that national policies for cardiovascular disease prevention significantly
contribute to lower cardiovascular mortality rates. Such structured health policies promote
consistent application of evidence-based preventive measures and facilitate systematic
monitoring and evaluation of cardiovascular health outcomes*®. National policymakers should
thus prioritize the development, implementation, and enforcement of clearly articulated
operational plans to provide standardized, evidence-based care across healthcare systems,
ensuring more equitable health outcomes.

Smoking Prevalence

Finally, consistent with extensive previous literatures, our study reinforced the critical role of
smoking prevalence as a modifiable cardiovascular risk factor'®?°. Countries with higher
tobacco use exhibited substantially elevated cardiovascular mortality, aligning with previous
global epidemiological studies demonstrating tobacco as a leading cause of preventable
cardiovascular deaths'®?°. Effective tobacco control policies remain fundamental in national
strategies to reduce tobacco use and cardiovascular mortality. Policymakers should pursue
aggressive and comprehensive tobacco control measures, integrating both regulatory and
educational approaches, to achieve sustained cardiovascular health improvements.

National Guideline

Our linear regression model revealed a non-significant association between the availability of
national CV prevention and treatment guidelines and CV mortality rates. This finding was
unexpected, given the established role of standardized guidelines in optimizing clinical
outcomes for cardiovascular disease. Despite the unavailability of national CV guideline, some
countries, however, may have adopted the other existing guidelines from other countries with
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well-established cardiovascular healthcare. Such adaptations could mitigate the expected
impact of local guideline unavailability, leading to heterogeneous effects in our model.

Strengths, Limitations, and Implications

Current study exhibits a comprehensive quantitative assessment of multiple cardiovascular
determinants across diverse national settings along with predictive regression model, enabling
a nuanced understanding of global disparities in the present and future. Nevertheless,
limitations include the cross-sectional nature of the study, which limits causal inference, and
potential data variability due to differences in reporting standards across countries.

The synthesis of new knowledge provided by this study offers actionable insights for national
policymakers and health systems. Our findings suggest that future cardiovascular prevention
strategies should integrate multifactorial determinants into comprehensive frameworks,
prioritizing equitable healthcare access, tailored regional interventions, targeted socioeconomic
improvements, gender-specific preventive strategies, strengthened primary care infrastructure,
structured operational guidelines, and rigorous tobacco control policies. Adoption of these
recommendations at national levels could substantially decrease global cardiovascular
mortality, aligning with the broader goals of improving population health and achieving
sustainable development.

Conclusion

Present study highlights the importance of improving nationwide healthcare access,
policymaking, and addressing personal modifiable lifestyle risk factors to reduce the global
burden of CVD. Future research should focus on tailored, multifaceted approaches, including
improving healthcare access, implementing regional interventions, targeting socioeconomic
disparities, developing gender-specific prevention plans, strengthening primary care,
establishing clear guidelines, and enforcing stronger tobacco control policies.
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