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Vascular disease is the leading cause of death worldwide. Predicting the burden of vascular disease and
identifying modifiable key risk factors are critical for developing effective prevention strategies. This
study aimed to project the global and regional burden of peripheral artery disease (PAD) from 2021 to
2050, with a specific focus on the impact of modifiable key risk factors and the potential benefits of their
management. Compared to the 2021 Global Burden of Disease Study (GBD 2021), the number of PAD cases
worldwide is projected to increase by 220% by 2050, reaching a staggering 360 million (95% uncertainty
interval, 270 to 450). Age-standardized mortality is expected to double, while disability-adjusted life years
(DALYs) are forecasted to rise from 19.7 to 33.1 per 100,000. Among individuals aged >65 years, PAD
prevalence is projected to surge to 21.7% in women and 14.8% in men. Moreover, over 50% of PAD cases
are expected to occur in low- and middle-income countries (LMICs). Metabolic diseases are anticipated
to be the primary drivers of the rising PAD burden, with diabetes playing a key role in increasing PAD
prevalence and severity. By effectively managing metabolic risk factors, age-standardized prevalence
could be reduced by 36%, mortality by 17%, and DALYs by 10%. As metabolic risks, particularly diabetes,
continue to rise alongside population aging, the global PAD burden is expected to increase substantially,
especially in LMICs. Importantly, proactive metabolic risk management strategies have the potential to
markedly alleviate the burden of vascular disease and reduce the growing geographic health disparities.
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Introduction

With global aging, industrialization, and urbanization, chronic
noncommunicable diseases have risen dramatically, establish-
ing peripheral artery disease (PAD) as a growing public health
concern [1-3]. According to the Global Burden of Disease
(GBD) 2021 estimates, over 113 million individuals worldwide

Deng et al. 2025 | https://doi.org/10.34133/research.0702

are affected by PAD, a condition whose global prevalence may
exceed that of coronary artery disease (CAD) [4]. PAD is asso-
ciated with substantial morbidity, including varying levels of
limb amputation, particularly among older adults [5], and is
frequently accompanied by cardiovascular and cerebrovascular
diseases, leading to a substantially increased risk of adverse
vascular events and all-cause mortality, with a 5-year mortality
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rate estimate of at least 30% [1,6-8]. Furthermore, PAD imposes
a substantial economic burden, with annual hospitalization
costs in the United States alone reaching $6.31 billion [9].

Approximately 70% of PAD cases are attributed to modifi-
able risk factors such as smoking, obesity, diabetes, hyperten-
sion, and hyperlipidemia [2]. Recent GBD analyses highlight
the escalating severity of metabolic risk factors, with diabetes
alone projected to affect 1.31 billion people globally by 2050
[10,11]. Consequently, the global PAD burden is anticipated to
increase substantially in the coming decades. While anti-smoking
initiatives have demonstrated early success in reducing PAD
risk, the potential impact of targeted interventions addressing
major metabolic risk factors remains unquantified, and to date,
no existing models integrate dynamic interactions between
demographic shifts, socioeconomic determinants, and meta-
bolic risk to project future PAD burden. Predicting the burden
of PAD and identifying modifiable key factors are critical for
developing effective prevention strategies.

Disease burden forecasting is crucial for guiding the strate-
gic allocation of healthcare resources [12], anticipating the
demands of an aging population, and identifying modifiable
risk factors to mitigate adverse outcomes such as cardiovascular
events, limb amputations, and mortality among PAD patients
[7]. This study utilizes the GBD 2021 database to develop a
dynamic prediction model, projecting the global burden of
PAD [including prevalence, mortality, and disability-adjusted
life years (DALYs)] across 204 countries and territories by 2050.
Our approach incorporates key metabolic risk factors, demo-
graphic transitions, and socioeconomic indices to provide a
comprehensive analysis of PAD burden under scenarios of
medical intervention and non-intervention. These projections
aim to supplement existing evidence by offering actionable
insights into PAD prevention and management strategies in a
rapidly changing global landscape.

Results

In comparison, we estimated a substantial percentage increase
of 220% in the total number of PAD cases globally between
2021 and 2050 (Table). In 2021, there were an estimated 113
[95% uncertainty interval (UI), 98 to 131] million individuals
living with PAD worldwide, which is projected to increase to
189 (144 to 231) million by 2030, 273 (203 to 339) million by
2040, and 363 (270 to 454) million by 2050. We estimated that
the age-standardized prevalence rate, after adjusting for popu-
lation differences, would increase by 164%, from 1,441.0
(1,248.2 to 1,662.8) per 100,000 in 2021 to 3,803.6 (2,825.0 to
4,749.5) per 100,000 in 2050.

In 2021, there were more females with PAD than males with
PAD globally, with a female-to-male ratio of 2.03. We anticipate
that this pattern will decrease slightly by 2050 due to a higher
growth rate of PAD cases among males, resulting in a female-
to-male ratio of 1.84 (Table and Fig. 1). By 2050, the projected
prevalence rates of PAD among females aged 40 to 59, 60 to 69,
70 to 79, and >80 years would be 2.1% (95% UI, 1.8 to 2.4),
8.7% (7.4 to 10.1), 19.0% (15.5 to 22.6), and 35.3% (27.5 to
43.2), respectively. The corresponding prevalence rates for
males in these age groups are projected to be 1.0% (0.9 to 1.1),
2.8% (1.7 t0 4.0), 19.6% (8.9 to 28.6), and 20.8% (16.4 to 25.4)
(Table and Fig. 1).

Between 2021 and 2050, we estimated that the highest per-
centage change in total PAD cases would occur in sub-Saharan
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Africa (711% [95% U1, 437 to 909]), while the lowest percentage
increases were projected in Central Europe, Eastern Europe,
and Central Asia (41% [22 to 55]). Regarding age-standardized
prevalence, the highest percentage change was projected in
North Africa and the Middle East (855% [675 to 977]), whereas
Central Europe, Eastern Europe, and Central Asia would
exhibit the lowest rate of change (184% [147 to 212]) (Table).
When examining the projected percentage changes in age-
standardized PAD prevalence by country or region, substantial
heterogeneity was evident. While increases were anticipated
across all countries and regions, high-income regions such as
Eastern Europe (206% [95% UL, 176 to 295]) were projected to
experience the lowest increases, whereas the highest increases
were expected in East Asia (1,231% [507 to 1,710]), eastern
sub-Saharan Africa (944% [625 to 1,154]), and North Africa
and the Middle East (855% [675 to 977]) (Table and Fig. 2).

The age-standardized mortality rate for PAD was expected
to increase by 100% (95% UI, 116 to 117) from 0.9 (0.8 to 0.9)
per 100,000 in 2021 to 1.8 (1.6 to 2.0) per 100,000 in 2050 (Table
and Fig. 2). Age-standardized DALYs were projected to increase
by 67% (46 to 78), rising from 19.7 (16.1 to 25.9) per 100,000
in 2021 to 33.1 (28.6 to 37.8) per 100,000 in 2050, with a higher
increase among males (Table and Fig. 2). Further analysis of
the projected percentage changes in age-standardized PAD
mortality by country or region indicated that South Asia (282%
[95% UI, 215 to 331]) would experience the highest increase
in mortality by 2050. Although the lowest increases were pro-
jected in Oceania (100% [71 to 146]) and western Europe
(110% [97 to 128]), mortality rates in these regions would be
twice those reported in 2021. Projections for age-standardized
DALYs indicated that the highest increases were in South Asia
(167% [138 to 178]) and Central Latin America (157% [115 to
161]), while the lowest increases were expected in western
Europe (68% [64 to 66]) and high-income North America (70%
[62 to 72]) (Table and Figs. 2 and 3). At the national level, the
highest projected increases by 2050 are in Qatar (1,691% [1,467 to
1,875]) and the United Arab Emirates (1,553% [1,263 to
1,884]), while the lowest projected increases are in Bulgaria
(9% [—4 to 16]) and Estonia (16% [—2 to 31]).

Decomposition of the projected percentage changes in PAD
cases suggested that metabolic risks would substantially con-
tribute to the overall increase in prevalence, nearly matching
the impact of population aging. In most regions, the increase
in PAD cases was attributed to GBD risk factors including high
fasting plasma glucose, high body mass index, kidney dysfunc-
tion, and high systolic blood pressure. In contrast, smoking-
related PAD cases were projected to decline by 2050, primarily
due to global anti-smoking initiatives. Although metabolic risks
contributed similarly to the projected increase in PAD preva-
lence at the global level, different patterns are projected to be
observed at the regional level. High-income North America
was expected to experience the largest contribution of meta-
bolic risks to PAD prevalence, while eastern sub-Saharan Africa
was expected to see the smallest contribution (Fig. 4).

Based on these findings, further projections indicated that
substantial reductions in PAD burden can be achieved by improv-
ing major metabolic risk factors. We constructed a counter-
factual baseline scenario that assumes strict implementation
of risk management measures globally. Specifically, the age-
standardized prevalence of PAD could decrease by 36%, from
3,803.6 (95% U, 2,825.0 to 4,749.5) per 100,000 to 2,416.4
(2,344.9 10 2,487.9) per 100,000. Mortality could be reduced by
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Fig. 1. Estimated trends in the global all-age number of cases (A) and age-standardized PAD prevalence (B), with 95% Uls, 2022-2050; global prevalence of PAD by age group

and sex in 2021 (C) and 2050 (D), with 95% Uls.

17%, from 1.8 (1.6 to 2.0) per 100,000 to 1.5 (1.4 to 1.5) per
100,000, and DALY could be reduced by 10%, from 33.1 (28.6 to
37.8) per 100,000 to 29.8 (28.5 to 31.1) per 100,000 (Fig. 5).

Discussion

Our study provides a comprehensive projection of the global
PAD burden, including prevalence, mortality, and DALYs,
across 204 countries and regions up to 2050. These projections
address gaps in previous studies by providing a detailed assess-
ment of the potential PAD burden resulting from increasing
global metabolic risks. While the effectiveness of global anti-
smoking campaigns has contributed to a reduction in age-
standardized PAD rates, these gains are counterbalanced and
may be surmounted by population aging and the increasing
prevalence of metabolic diseases. If current trends continue
without effective interventions, the global PAD burden is pro-
jected to double by 2050.

We estimate that the total number of PAD cases will increase
by 220%, potentially affecting 360 million (95% UI, 270 to
450 million) individuals by 2050. While the overall number of
cases in females is expected to exceed that in males, the growth
rate in males is projected to outpace that in females [2,13]. This
finding is consistent with previous reports and suggests that
the higher growth rate in males is likely due to higher smoking
rates, while the higher total case number in females reflects
their longer life expectancy. Biological factors may also con-
tribute to gender differences in PAD prevalence. First, the dif-
ferences in sex hormones may affect arterial compliance.
Second, increased immune molecules, immune cells, and plate-
lets in women with PAD may contribute to the higher female
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prevalence and altered pathogenesis of the disease. In addition,
women have higher resistance to antiplatelet agents [14-16].
The elderly population remains the most vulnerable group, with
PAD prevalence among those aged 60 years and above pro-
jected to rise from 8.0% in 2021 to 15.2% in 2050. Additionally,
as %/, of the global population 60 years of age and above will
reside in LMICs by 2050 [17], it is expected that over half of
PAD patients will live in these regions. The increase in DALYs
highlights the substantial healthcare resource utilization and
disability risk faced by PAD patients in these regions.

While population aging is a key driver of PAD incidence,
modifiable metabolic risk factors and unhealthy behaviors con-
tribute to 70% of PAD cases globally [2]. Public health interven-
tions targeting these risk factors have already been prioritized
by health organizations, yet the implementation and effective-
ness of these measures remains suboptimal [18]. Among the
metabolic risks, diabetes stands out as the most significant
contributor to PAD, accounting for 37.7% of age-standardized
DALYs.

The link between diabetes and PAD is well established, with
diabetic patients being 2 to 3 times more likely to develop PAD,
and nearly half of diabetic foot ulcer patients suffering from
the condition [19-22]. Other major risk factors, such as obesity,
hypertension, and hyperlipidemia, also substantially contribute
to PAD burden. Despite the high prevalence of these condi-
tions, disparities in diagnosis, treatment, and control remain
widespread due to unequal healthcare resource distribution
[23-25]. Furthermore, studies have shown that important
interactions and mediating effects exist among the main risk
factors. For example, diabetes and obesity may synergistically
exacerbate the risk of developing PAD by promoting systemic
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inflammatory responses and endocrine imbalances. In addi-
tion, smoking, as an independent behavioral risk factor, may
exert long-term effects by promoting atherosclerosis and,
together with metabolic abnormalities, synergistically deterio-
rate vascular function [2]. By applying the population attribut-
able fraction (PAF) model, this study has, to some extent,
reflected the cumulative effects of these interacting risk factors.
However, we acknowledge that further mediation effect analy-
ses are needed to more precisely quantify the pathways and

Deng et al. 2025 | https://doi.org/10.34133/research.0702

50 75
Percent (%)

proportions of the influence among these factors, thereby pro-
viding theoretical support for targeted prevention strategies.
Chronic kidney disease (CKD), a nontraditional metabolic
risk factor, also plays a crucial role in PAD development, with a
29.0% contribution to PAD-related age-standardized DALYs.
CKD patients with PAD are at increased risk for limb amputa-
tions, cardiovascular events, mortality, and all-cause mortality
[26]. Our study highlights that those unhealthy behaviors, such
as smoking, physical inactivity, and high sodium intake, account
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for over 30% of PAD-related age-standardized mortality. Smoking
remains the primary behavioral risk factor. Despite progress in
smoking cessation campaigns, the long-term impact of smoking
on PAD risk persists, with former smokers taking decades to
reach the same risk level as nonsmokers [27]. For example, a
recent community-based cohort study indicates that former
smokers may take up to 30 years to reach the same PAD risk level
as nonsmokers [28]. Additionally, the burden associated with
physical inactivity and high sodium intake is expected to rise.

Our projections suggest that the combined effects of aging
and increasing metabolic risks will partially offset the benefits
of smoking cessation and medical interventions targeting meta-
bolic conditions. Under a scenario where medical interventions
effectively control metabolic risk factors, we estimated a 36%
reduction in age-standardized PAD prevalence, a 17% reduc-
tion in mortality, and a 10% reduction in DALYs by 2050. These
finding highlights that more than 30% of PAD cases could be
preventable through effective risk factor management.

The limited awareness of PAD among healthcare professionals
and the public, particularly in socioeconomically disadvantaged
regions, contributes to delayed diagnosis and underdiagnosis
[29]. Only 10% to 30% of PAD patients present with classic symp-
toms of intermittent claudication, which complicates early detec-
tion and timely treatment [30]. The resting ankle brachial index
(ABI), a simple, noninvasive physiological test, remains as the
primary method for initial diagnosis of PAD. In addition, other
diagnostic testing for PAD is performed to supplement the ABI
and includes exercise ABI testing, segmental pressures, leg pres-
sures and Doppler waveforms, toe branchial index, and perfusion
imaging [14]. Despite the evidence from high-quality clinical
trials, PAD remains under-recognized compared to CAD, lead-
ing to suboptimal adherence to guideline-recommended thera-
pies. Global treatment rates for PAD remain low, especially
in low-sociodemographic index (SDI) regions, with substantial
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gaps in the prescription of antiplatelet therapy, statins, and pro-
protein convertase subtilisin/kexin type 9 inhibitors [31,32].
Furthermore, supervised exercise therapy, a first-line treatment,
has demonstrated efficacy comparable to that of endovascular
interventions. However, its implementation is hampered by inad-
equate healthcare infrastructure, particularly in resource-limited
settings [33].

Our estimates can inform the planning of resources and
healthcare services needed to address the growing PAD burden.
Currently, substantial gaps exist globally in PAD awareness, diag-
nosis, and treatment. Diagnostic and treatment rates are lower
in low- and middle-income regions than in high-income coun-
tries, where PAD management resources are more readily avail-
able. Efforts to address these disparities must include increasing
public and healthcare provider awareness, improving access to
diagnostic services, and ensuring equitable distribution of PAD
management resources [31]. Government health agencies must
take a leading role in strengthening PAD-related policies and
expanding treatment options, especially in regions with limited
healthcare infrastructure. By supporting comprehensive public
health strategies and emphasizing the importance of managing
metabolic risk factors, we can reduce the future burden of PAD
and improve health outcomes globally.

This study has several limitations. Our analysis relies on data
from the GBD 2021 study, which integrates estimates of PAD
prevalence and mortality from diverse sources. Variations in
methodology and data availability across regions may lead to
discrepancies between GBD estimates and national or subna-
tional data [10]. However, our focus was on projecting future
trends rather than comparing absolute values across datasets.
In addition, because the forecasting model is based primarily
on GBD historical data and established assumptions, there are
inevitably uncertainties introduced by technological advances,
healthcare policy adjustments, and socioeconomic shifts. With
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the further development of the prediction model in the future,
this uncertainty may be reduced. For example, dynamic adjust-
ment mechanism is introduced to capture the changes of exter-
nal environmental factors in a more timely manner and improve
the sensitivity and accuracy of the prediction model. The pro-
jection of PAD prevalence using PAFs for GBD risk factors is
based on assumed causal relationships. If noncausal factors
influence the estimates, the projections may over- or underes-
timate true prevalence. Additionally, the estimation of PAD
prevalence within the GBD framework is constrained by lim-
ited and heterogeneous data, as population-based studies often
lack standardized diagnostic methods. Finally, while this study
offers valuable insights into the future PAD burden, it highlights
the need for more robust epidemiological research. Standardized
diagnostic methods and exploration of novel therapies, such as
GLP-1 receptor agonists (GLP1RAs), are essential. Retrospective
studies suggest that GLP1RA may reduce the risk of major limb
events in diabetic patients [34]. Recent evidence from random-
ized trials on PAD indicated that semaglutide increased walk-
ing distance in patients with symptomatic PAD and type 2
diabetes [35]. Future cardiovascular research should prioritize

Deng et al. 2025 | https://doi.org/10.34133/research.0702

PAD as a key endpoint to enhance burden estimates and guide
prevention strategies.

Conclusion

Despite its limitations, this study is the first to offer compre-
hensive projections of the global burden of PAD, providing
detailed forecasts for prevalence, mortality, and DALYs. Unlike
previous studies that focused primarily on regional estimates,
we utilized national-level data from the 2021 GBD dataset to
project PAD prevalence by 2050 across countries, world regions,
and SDI. By integrating projections of key metabolic risk factors
and modeling their impact on PAD prevalence from 1990 to
2021, our analysis provides a more nuanced understanding of
the future burden of PAD. Additionally, we employed decom-
position analysis to quantify the relative contributions of popu-
lation growth, aging, and changes in risk factors to the projected
trends.

The granularity of our national-level estimates offers policy-
makers valuable insights into the anticipated rise in PAD cases
and the underlying drivers of these increases within specific
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geographic and socioeconomic contexts. This information is
critical for public health planning, particularly in ensuring
adequate resource allocation to meet the growing demands of
PAD patients and their caregivers. As population growth and
aging emerge as major contributors to the increasing burden,
urgent research is needed to develop disease-modifying thera-
pies, cost-effective prevention strategies, and interventions
targeting modifiable risk factors.

Our study provides a global perspective on PAD projections
up to 2050, spanning 204 countries and territories and examin-
ing the interplay between metabolic risk factors and disease
burden. We highlight the dynamic shifts in PAD prevalence
across geographic regions, income groups, age categories, and
genders while also exploring the potential impact of effective
interventions targeting metabolic risk factors. These findings
underscore the potential to substantially curb the rise in PAD
prevalence through proactive public health measures, despite
the challenges posed by an aging population.

By presenting a robust framework for predicting the future
PAD burden, this study provides actionable insights for poli-
cymakers, healthcare planners, and researchers. Expanding
healthcare service capacity, improving access to cost-effective
treatments, and maximizing adherence to evidence-based strat-
egies for PAD management should be prioritized to address
the growing global burden. Furthermore, the identification of
novel risk factors and the development of innovative interven-
tions remain critical to mitigating the impact of PAD in the
decades to come.

Methods

Overview

Using GBD 2021 estimates as input data, we projected the PAD
burden across 204 countries and regions from 2022 to 2050. Our
forecasting framework builds on the methodology established by
Foreman et al. [36] and incorporates refinements to predict inde-
pendent health drivers and their associations with specific health
outcomes. The prevalence prediction framework integrates key
drivers such as sociodemographic characteristics by location, SDI
values, gender-age-specific risk factor exposures (e.g., smoking
and metabolic risks), and age-specific population proportions.
Prevalence and mortality attributable and non-attributable to
GBD risk factors were modeled, with additional residual drift
from other causes incorporated into the estimates [10].

Data sources

The GBD 2021 study systematically reviewed globally representa-
tive data sources for PAD prevalence, mortality, and DALYs. Data
visualization tools and the GBD protocol are publicly accessible,
with historical population data obtained from the World Health
Organization. Future population forecasts were derived using
the method proposed by Vollset et al. [17] All concepts, analytical
structures, and detailed methodologies related to GBD risk fac-
tors have been previously described and documented in prior
GBD publications [2,10].

Risk factor forecasts

We evaluated the influence of 6 primary risk factors for PAD [2],
as identified in previous study: smoking, high fasting plasma
glucose, high body mass index, kidney dysfunction, high sodium
intake, and lead exposure. Additionally, we considered other
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factors including low physical activity, alcohol consumption,
dietary patterns, and air pollution. Multivariate regression was
applied to address potential correlations among risk factors, ulti-
mately grouping them into 2 broad categories: metabolic risks
and behavioral risks. Summary exposure value (SEV) forecasts
were estimated using historical trends and weighted averages.

The prevalence forecasts: Attributable to

independent risk factors

We forecasted the combined effect of GBD risk factors by cal-
culating the proportion of PAD prevalence attributable to each
risk factor. Using both historical and predicted SEV values
(1990-2021) along with their associated relative risk estimates,
we estimated the PAF for each risk factor based on GBD 2021
data. Subsequently, we estimated the joint PAF for 2 risk catego-
ries and computed location-, age group-, and gender-specific
scalars for each prediction year.

1
Scalar = ————
calar [ PAF (1)
Detailed methodologies for PAF estimation, risk factor media-
tion, and scalar computation are available in prior GBD projec-
tion studies [10,17].

Prevalence forecasts: Not attributable to

independent risk factors
The GBD risk-deleted prevalence was estimated by dividing
total PAD prevalence by the risk factor scalar. To refine our
prediction model, we evaluated associations between risk fac-
tors and PAD prevalence (logit-transformed), employing gen-
der-stratified models adjusted for 5-year age groups and global
regions. Covariates associated with PAD prevalence estimates
for both males and females, with effect directions consistent
with those reported by the Lancet Commission Report, were
incorporated into the model [37]. Additionally, the SDI was
included as a covariate, with SDI projections derived by calcu-
lating the weighted average of historical changes.
Gender-stratified linear regression models were used to pre-
dict logit-transformed, risk-deleted PAD prevalence, incorpo-
rating 5-year age groups, global regions, and SDI as covariates.
To account for uncertainty in input estimates, we performed
2,000 model iterations, drawing from the distributions of each
input variable. Residual trends unexplained by the covariates
were modeled using a random walk (autoregressive integrated
moving average, ARIMA[0,1,0]), with predicted residuals added
to the final prevalence estimates [10]. We utilized a grid search
over possible combinations of autoregressive (p), differencing
(d), and moving average (q) orders, guided by information cri-
teria such as the Akaike information criterion (AIC) and the
Bayesian information criterion (BIC). This process ensured that
the chosen model minimizes the information loss while main-
taining parsimony.

(Logit(prevalance) , ) =B+ B, SDI + ZZZ piAge;

204 ()
+ Zi:w p;Country;+a

Comprehensive prevalence forecasts

The total PAD prevalence was projected as the product of risk-

deleted prevalence and forecasted risk factor scalar. To ensure

consistency between historical and future means and Uls, we
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applied an intercept shift to the predicted logit-transformed
prevalence. Total PAD cases were calculated by multiplying
prevalence projections by population forecasts. Using Das Gupta
decomposition methods, we quantified the contributions of pop-
ulation growth, aging, and nondemographic factors to changes
in PAD cases from 2021 to 2050 [37,38].

Death and DALY forecasts

The forecasting framework for PAD-related mortality and
DALYs mirrored that used for prevalence. This included
(a) baseline mortality modeled using population character-
istics, SDI, regions, and gender; (b) gender- and age-specific
projections of risk factor exposure by location; and (c) a ran-
dom walk model with attenuated drift to account for residual
mortality trends.

Improved behavioral and metabolic risks

This analysis refers to the hypothetical scenario of the GBD
Foresight Visualization tool. Exposure to all dietary risk fac-
tors as well as high low-density lipoprotein cholesterol, body
mass index, fasting plasma glucose, and systolic blood pres-
sure are eliminated by 2050. (https://vizhub.healthdata.org/
gbd-foresight/).

Analytical tools
All analyses were conducted using Python (version 3.12.7) and
R (version 4.4.2).
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