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As global aging accelerates, frailty and depressive symptoms have emerged as
critical contributors to cardiovascular disease (CVD) risk among older adults.
However, the dynamic interplay between these factors remains under-
explored. Here, we examine the associations among frailty, depressive symp-
toms, and incident CVD using data from five international cohorts (HRS,
CHARLS, SHARE, ELSA, MHAS) involving individuals aged 50 and above. Our
findings reveal that frailty significantly increases CVD risk, with depressive
symptoms partially mediating this relationship. Transitions into frailty elevate
CVD risk, while improvements reduce it. Cross-lagged panel network analysis
identifies consistent CVD predictors, including hypertension, diabetes, and
mobility issues. Subgroups with stronger associations include frail males, older

individuals, working or retired people, and those with unhealthy lifestyles.
These results underscore the need for integrated interventions targeting
frailty and depressive symptoms to prevent CVD in aging populations.

Cardiovascular disease (CVD) is not only a leading cause of death
among individuals aged 45 and older but is also closely associated with
disability, reduced quality of life, and high healthcare costs'* Globally,
CVD accounts for over 17 million deaths annually, constituting 29% of
all deaths’. Its prevalence among middle-aged and older adults rises
proportionally with age*, and with population aging, the burden of
CVD is expected to increase substantially in the coming decades’®.
Thus, investigating the association between frailty and CVD is crucial,
as it could elucidate disease mechanisms and inform public health
policies aimed at improving health outcomes and quality of life in this
population’.

The frailty index (FI) is linked to various adverse health outcomes,
including disability, higher mortality, and increased CVD incidence®.
Research indicates that frailty often coincides with chronic inflamma-
tion, leading to endothelial dysfunction and heightened athero-
sclerosis risk—a primary pathology of CVD’. Additionally, frailty may

impair autonomic function, reducing heart rate variability and elevat-
ing risks for cardiovascular events such as myocardial infarction and
stroke'®". At the behavioral level, frailty may also contribute to lifestyle
changes such as reduced physical activity, and increased social isola-
tion, which can further elevate CVD risk™.

Studies show that frailty in middle-aged and older adults often
coexists with depressive symptoms”, which not only share common
risk factors with CVD but may also mediate the frailty-CVD relationship.
Depressive symptoms have been associated with increased inflamma-
tion, dysregulated autonomic function, and metabolic disruptions'.
For instance, depression has been linked to higher levels of inflam-
matory markers such as C-reactive protein (CRP) and interleukin-6 (IL-
6)", both of which contribute to endothelial dysfunction and CVD
progression’, Furthermore, depression can lead to behavioral changes
such as physical inactivity, poor nutritional habits, and increased stress
responses, which may exacerbate frailty and CVD risk™.
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Conversely, frailty itself has been identified as a risk factor for
developing depressive symptoms, creating a bidirectional relationship
wherein each condition exacerbates the other”. Declining physical
function, increased dependency, and social withdrawal associated with
frailty may increase psychological distress, contributing to depressive
symptoms'®, This cyclical interplay suggests that depressive symptoms
could act not only as a mediator in the frailty-CVD link but also as a
modifiable intervention target for reducing CVD risk in frail
individuals®. However, cross-sectional designs typically fail to capture
the temporal dynamics and causal pathways between frailty, depres-
sive symptoms, and CVD, often overlooking psychological mechan-
isms and lacking cultural diversity. Furthermore, previous studies have
primarily focused on baseline frailty status and its impact on CVD risk,
while limited research has examined the impact of frailty progression
or improvement on CVD outcomes®. Recent findings suggest that
changes in frailty status may have differential effects on cardiovascular
health, but the mechanisms underlying these effects remain unclear?.
Given the potential role of depressive symptoms in mediating the
frailty-CVD association, understanding this relationship through
longitudinal data is critical for developing targeted interventions.

Building on the background discussed, this study aims to further
explore the dynamic relationship between frailty, depressive symp-
toms, and CVD, integrating blood biomarkers such as C-reactive pro-
tein (CRP) and lipid metabolism markers to gain deeper insights into
the biological mechanisms underlying the frailty-depression-CVD
pathway. We utilize five large-scale longitudinal national cohorts
(HRS, CHARLS, SHARE, ELSA, and MHAS), which represents diverse
ethnic and cultural backgrounds. Compared to prior studies that pri-
marily relied on one or two national cohorts, this cross-national
approach enhances the generalizability of our findings and enables us
to explore potential differences in the frailty-CVD relationship across
various populations. Additionally, we apply cross-lagged panel net-
work analysis to investigate the temporal and dynamic interplay
between frailty and CVD, providing a more detailed understanding of
their interactions beyond traditional regression models. These
approaches provide preliminary insights into the progression of frailty
and its clinical implications, which can inform future intervention
efforts.

Results

Baseline characteristics

To understand the demographics of the participants, we examined the
average age, sex distribution, and frailty levels across cohorts. Table 1
presents baseline characteristics across the five cohorts. The average
age of participants in HRS, CHARLS, SHARE, ELSA, and MHAS was
65.72,61.72, 64.96, 65.35, and 61.67 years, respectively. The proportion
of males ranged from 41.92% to 60.44%. Baseline frailty ranged from
13.60% to 28.19%, and CVD incidence during follow-up ranged from
15.73% to 37.73%. National comparisons showed that Switzerland had
the lowest levels of baseline frailty (4.29%), and Netherlands had the
lowest levels of subsequent CVD incidence (9.18%), whereas Mexico
and the U.S. had the highest values for these measures, respectively
(Supplementary Table 4). Additionally, Fig. 1 illustrates that, across all
five cohorts, participants who developed CVD during follow-up had
significantly higher FI scores compared to those who remained non-
CVD. Similar trends were observed across different countries. The FI
scores of patients with heart disease and stroke were also significantly
higher than those of non-patients, as shown in Supplementary
Figs. 11-12.

Kaplan-Meier curves and Cox models

To evaluate the association between frailty and CVD risk, we used
Kaplan-Meier survival curves based on baseline FI classification, indi-
cating that frail participants had a significantly higher risk of CVD
(Supplementary Fig. 13). Heart disease and stroke showed similar

results (Supplementary Figs. 14-15). Additionally, we conducted Cox
proportional hazards models to further explore the relationship
between baseline frailty and incident CVD. Table 2 presents the asso-
ciation between baseline FI and incident CVD risk using Cox propor-
tional hazards models. Regardless of covariate adjustment, frail
participants at baseline were at significantly higher risk for CVD com-
pared to non-frail participants (e.g., Model 4: HRS: 1.51 [1.40, 1.63];
CHARLS: 1.54 [1.38, 1.71]; SHARE: 1.67 [1.57, 1.78]; ELSA: 1.77 [1.59, 1.98];
MHAS: 1.63 [1.46, 1.82]; Pooled: 1.60 [1.54, 1.66]). Country-specific
results also consistently indicated that baseline frailty significantly
increased the risk of incident CVD (Supplementary Table 5). The
separate effects of baseline frailty status on heart disease and stroke
for each cohort and country-specific results were shown in Supple-
mentary Tables 6-9. The results showed frail participants at baseline
were at significantly higher risk for heart disease or stroke compared to
non-frail participants.

Frailty transitions and nonlinear CVD risk

Next, we investigated the impact of frailty transitions on CVD risk. We
compared participants who transitioned from non-frail to frail with
those who remained stable in their non-frail status. The analysis
revealed that participants transitioning from non-frail to frail status
had a significantly higher CVD risk compared to those with stable non-
frailty (HRS: 1.16 [1.02,1.31]; CHARLS: 1.87 [1.50, 2.34]; SHARE: 1.32 [1.15,
1.52]; ELSA: 1.59 [1.20, 2.10]; MHAS: 1.47 [1.22, 1.77]; pooled: 1.34 [1.24,
1.44]) (Supplementary Table 10). Conversely, those who improved
from frail to non-frail status had a significantly lower CVD risk com-
pared to participants with stable frailty (HRS: 0.73 [0.61, 0.88];
CHARLS: 0.54 [0.40, 0.74]; SHARE: 0.74 [0.61, 0.88]; ELSA: 0.51 [0.34,
0.76]; MHAS: 0.74 [0.60, 0.92]; Pooled: 0.70 [0.63, 0.77]). Further-
more, participants in the highest quartile for mean FI and FI change
had significantly higher CVD risk compared to those in the lowest
quartile, indicating a positive association between FI levels and CVD
risk (Supplementary Table 11). Restricted cubic spline (RCS) analysis
also suggested nonlinear associations between mean FI and FI change
with incident CVD (Supplementary Figs. 16-17). Separate analyses of
heart disease and stroke showed similar results. For details, saw Sup-
plementary Tables 12-15 and Supplementary Figs. 18-21.

Mediation analysis

We performed mediation analysis to investigate the potential role of
depressive symptoms in the relationship between baseline frailty and
CVD. Mediation analysis revealed that depressive symptoms partially
mediated the association between baseline FI and incident CVD
(Fig. 2), with mediation effects as follows: HRS (24.73%), CHARLS
(16.67%), SHARE (21.05%), ELSA (37.50%), and MHAS (47.37%). Addi-
tionally, depressive symptoms mediated the relationship between
baseline non-frailty transitioning to frailty and CVD in all five cohorts
(Supplementary Fig. 22). However, depressive symptoms didn’t med-
iate the association between baseline frailty transitioning to non-frailty
and CVD (Supplementary Fig. 23). The results of correlation analyses
further indicated that there were significant correlations between
baseline frailty, depressive symptoms, blood markers and CVD (Sup-
plementary Fig. 24 and Tables 16-20). That was, there might be a frailty
> depressive symptoms > worsening of blood markers > CVD medi-
ated pathway.

Cross-lagged panel network analysis

The cross-lagged panel network analysis examined predictive rela-
tionships between FI and CVD indicators over time. Results showed
that several common factors across different databases in the pre-
dictive relationships where Fl indicators at T1 positively predicted CVD
indicators at T2 (Fig. 3). Hypertension, diabetes, general health and
mobility-related factors (eating, walking, and climbing) consistently
appeared in HRS, SHARE, ELSA, and MHAS. Furthermore, arthritis and
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Table 1| Baseline characteristics of participants in HRS, CHARLS, SHARE, ELSA, and MHAS

Characteristics HRS CHARLS SHARE ELSA MHAS
N (%) N (%) N (%) N (%) N(%)
Total 12,624 10,288 36,954 73 9855
Age, mean (S.D.) 65.72 (9.46) 61.72 (8.32) 64.96 (9.29) 65.35 (9.41) 61.67 (9.12)
50~64, n (%) 6485 (51.38) 7013 (68.26) 19,634 (53.13) 3673 (51.20) 6520 (66.16)
265, n (%) 6.139 (48.62) 3275 (31.74) 17,320 (46.87) 3500 (48.80) 3335 (33.84)

Sex, n (%)

Male 7630 (60.44) 5175 (50.30) 15,491 (41.92) 3142 (43.80) 4413 (44.78)

Female 4994 (39.56) 5113 (49.70) 21,463 (58.08) 4031 (56.20) 5442 (55.22)
Education, n (%)

Below high school 3244 (25.70) 9154 (88.98) 14,573 (39.44) 2203 (30.71) 8913 (90.44)

High school 4410 (34.93) 967 (9.40) 11,122 (30.10) 2,665 (37.15) 478 (4.85)

Above high school 4970 (39.37) 167 (1.62) 11,259 (30.47) 2305 (32.13) 464 (4.71)
Employment, n (%)

Unemployed 2804 (22.21) 24171 (40.54) 17,913 (48.47) 1630 (22.72) 5607 (56.89)

Working or retired 9820 (77.79) 6117 (59.46) 19,041 (51.53) 5,543 (77.28) 4248 (43.1)
Marital status, n (%)

Unmarried and others 4220 (33.43) 1296 (12.60) 10,191 (27.58) 2281(31.80) 2989 (30.33)

Married and partnered 8404 (66.57) 8992 (87.40) 26,763 (72.42) 4,892 (68.20) 6866 (69.67)
Co-residence with children, n (%)

No 6913 (54.76) 4932 (47.94) 29,061 (78.64) 6008 (83.76) 2902 (29.45)

Yes 5711 (45.24) 5356 (52.06) 7893 (21.36) 1165 (16.24) 6953 (70.55)
Smoking, n (%)

No 10,667 (84.50) 6019 (58.51) 29,837 (80.74) 6067 (84.58) 8150 (82.70)

Yes 1957 (15.50) 4269 (41.49) 7117 (19.26) 1106 (15.42) 1705 (17.30)
Drinking, n (%)

No 6416 (50.82) 6,679 (64.92) 10,581 (28.63) 1373 (19.14) 6733 (68.32)

Yes 6208 (49.18) 4269 (35.08) 26,373 (71.37) 5800 (80.86) 3122 (31.68)
Social activity, n (%)

No 8366 (66.27) 5643 (54.85) 22,871 (61.89) 5415 (75.49) 8441 (85.65)

Yes 4258 (33.73) 4645 (45.15) 14,083 (38.11) 1758 (24.51) 1414 (14.35)
Physical activities, n (%)

Others 6658 (52.74) 8728 (84.84) 23,481(63.54) 5788 (80.69) 6490 (65.85)

Vigorous 5966 (47.26) 1560 (15.16) 13,473 (36.46) 1385 (19.31) 3365 (34.15)
Frailty status, n (%)

Non-frail 10,407 (82.44) 8111(78.84) 31,930 (86.40) 5969 (83.21) 7077 (71.81)

Frail 2217 (17.56) 2177 (21.16) 5024 (13.60) 1204 (16.79) 2778 (28.19)
CVD at follow-up, n (%)

No 7861(62.27) 8462 (82.25) 30,867 (83.53) 5211 (72.65) 8305 (84.27)

Yes 4763 (37.73) 1826 (17.75) 6087 (16.47) 1962 (27.35) 1550 (15.73)
Follow-up time, mean (S.D.) 10.91 (5.81) 5.91(1.75) 5.76 (2.22) 8.81(4.89) 11.63 (6.29)

S.D. standard deviation, CVD cardiovascular disease; HRS Health and Retirement Study, CHARLS China Health and Retirement Longitudinal Study, SHARE Survey of Health, Ageing and Retirementin
Europe, ELSA English Longitudinal Study of Ageing, MHAS Mexican Health and Aging Study. Bold text is used to indicate subgroup categories for clarity. Source data are provided with this paper.

climbing ability were observed as relevant predictors in CHARLS. The
specific edge weights (regularized logistic regression coefficients)
were presented in Supplementary Tables 21-25. Additionally, we con-
ducted stability tests for the network models, and the results indicated
that the models exhibited strong robustness (Supplementary
Figs. 25-26).

Subgroup analysis

Figure 4 illustrated the association between baseline frailty status and
incident CVD across subgroups, showing a stronger association among
males, older adults, working or retired persons, unhealthy lifestyle
behavior groups (smokers, drinkers, social isolators, and low-
frequency exercisers) in all five cohorts and Pooled cohorts.

Sensitivity analyses

To assess the robustness of our findings, we conducted sensitivity
analyses. These analyses remained consistent with the primary
findings after excluding participants with chronic comorbidities
(Supplementary Tables 26-28), considering the use of medications for
chronic diseases (Supplementary Tables 29-31), recalculating FI
excluding hypertension, diabetes, and arthritis (Supplementary
Tables 32-34), excluding samples lost to follow-up en route (Supple-
mentary Table 35-37), considering death as a competitive risk of CVD
(Supplementary Table 38-40), and using PSM method to avoid possi-
ble residual confounding bias (Supplementary Tables 41-43 and
Figs. 27-29). Baseline frailty status, changes in frailty status, mean FI,
and FI change all showed significant associations with incident CVD.
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Fig. 1| Differences in frailty index across CVD. Note: The images A, B, C, D and
E illustrated the differences in frailty index across CVD by survey year in the fol-
lowing studies: HRS (Health and Retirement Study), MHAS (Mexican Health and
Ageing Study), CHARLS (China Health and Retirement Longitudinal Study), ELSA
(English Longitudinal Study of Ageing), and SHARE (Survey of Health, Ageing and
Retirement in Europe), respectively. Additionally, image F presented the differ-
ences in baseline frailty index across CVD categorized by country. For all countries,
the CVD group has a smaller sample size than the non-CVD group; detailed sample
sizes are provided in Supplementary Table 49. T test (two-tailed independent t-test)
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for trend was used to compare the trends in FI and CVD across different survey
waves. The years corresponding to the horizontal coordinates in images A, B, C, D,
and E represented the Fl using this survey period and the incident CVD at follow-up
(e.g., The 2000 results in HRS corresponded to the use of FI for 2000 and the
prevalence for 2002-2018, and so on). In image F, baseline FI and incident CVD at
follow-up were used. Frailty index are presented as mean values, with error bars
representing = SD. The p value indicates the difference in frailty index between CVD
and Non-CVD groups. **p < 0.01, **p < 0.001. Source data are provided with

this paper.

Discussion

Using data from five international longitudinal databases—HRS,
CHARLS, SHARE, ELSA, and MHAS—this study reveals that frailty sig-
nificantly increases the risk of cardiovascular disease (CVD) among
middle-aged and older adults, with depressive symptoms acting as a
partial mediator. Additionally, a transition from non-frail to frail status
notably raises CVD incidence, whereas improvement from frail to non-
frail reduces this risk. By confirming the frailty-CVD association across
countries and elucidating the mediating role of depression, this study
provides evidence to inform tailored public health strategies aimed at
improving older adults’ health outcomes. These findings underscore
the importance of frailty monitoring and open avenues for depression-
focused interventions with significant clinical potential.

This study further highlights the frailty-CVD relationship. For
instance, longitudinal studies have shown a substantially higher CVD
incidence among frail older adults compared to non-frail peers?, as
frailty negatively impacts various bodily functions, accelerating car-
diovascular complications®. Through multi-country datasets and
extended follow-up, this study reinforces frailty as an independent
CVD risk factor, emphasizing the need for ongoing frailty monitoring
and management in clinical practice’”. The dynamic nature of frailty-
CVD risk is evident: individuals transitioning to frailty face an elevated
risk of CVD, while recovery from frailty mitigates this risk”, suggesting
a complex, nonlinear association influenced by health system com-
pensatory mechanisms. Lower frailty levels may allow cardiovascular
systems to counterbalance frailty’s burden?®®, while surpassing a critical
threshold could disrupt this compensatory capacity, steeply raising
CVD risk?.

The mediating role of depressive symptoms between frailty and
CVD aligns with evidence on emotional disorders and cardiovascular
health”, Frailty, characterized by physical weakness, fatigue, and a
decline in physical function, can lead to or exacerbate depressive
symptoms by increasing dependency and reducing the ability to
engage in pleasurable activities, thus creating a sense of hopelessness
and isolation®*°, Conversely, depression can accelerate the develop-
ment of frailty by causing behavioral changes such as reduced
physical activity, poor self-care, and diminished social engagement’.

This cyclical relationship between frailty and depression may further
intensify the risk of CVD, creating a vicious cycle. Therefore, inter-
ventions targeting depressive symptoms could serve as an important
strategy for improving cardiovascular health and reducing CVD risk in
older adults®**. Evidence suggests depressive symptoms can activate
the sympathetic nervous system and trigger chronic inflammation,
which accelerates CVD progression in older adults—a mechanism
verified in multiple longitudinal studies'**. Additionally, behavioral
medicine research further links depressive tendencies in older adults
to unhealthy lifestyles, such as reduced physical activity and irregular
diet, significantly elevating CVD risk**. This study builds on these
findings by confirming depression’s mediating role in the frailty-CVD
pathway, emphasizing that psychological interventions targeting
depressive symptoms may offer an approach to improving cardio-
vascular health in older adults, particularly when traditional physical
interventions are less effective. Specifically, depressive symptoms may
not only affect mental health but also contribute to the worsening of
blood markers such as C-reactive protein and glycated hemoglobin
Alc, which can, in turn, exacerbate the negative effects of frailty on
CVDP®. Furthermore, the relationship between frailty and depression is
bi-directional.

The cross-lagged panel network analyses reveal common pre-
dictors across datasets in the relationship between FI and CVD, parti-
cularly hypertension and diabetes, which are well-established risk
factors for CVD*. These chronic conditions impair vascular health and
promote inflammation, both of which contribute to the progression of
CVD**¥. Hypertension, for instance, leads to increased arterial pres-
sure, damaging the blood vessels and causing structural changes that
increase the risk of heart attack and stroke®. Similarly, diabetes
accelerates the development of atherosclerosis, a key driver of CVD*.
Additionally, factors such as general health, and mobility (including
eating, walking, and climbing) are frequently identified in the network,
suggesting that these factors influence both frailty and CVD™.
Reduced mobility, often a result of frailty, diminishes cardiovascular
fitness and exacerbates the strain on the heart, while poor general
health can reflect broader underlying conditions that elevate CVD
risk'®*., Overall, the network analysis emphasizes the importance of
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<0.001
<0.001
<0.001
<0.001

p

HR (95%Cl)

1.66 (1.60, 1.72)
1.67 (1.61, 1.73)
1.67 (1.61, 1.74)

Pooled

<0.001
<0.001
<0.001
<0.001

P

HR (95%Cl)

1.65 (1.48, 1.84)
1.64 (1.47,1.83)
1.64 (1.47,1.83)

MHAS

<0.001
<0.001
<0.001
<0.001

p

HR (95%Cl)

1.83 (1.65, 2.04)
1.82 (1.63, 2.02)
1.81(1.63, 2.02)
1.77 (1.59, 1.98)

ELSA

<0.001
<0.001
<0.001
<0.001

p

HR (95%Cl)

1.81(1.70, 1.93)
1.78 (1.67, 1.90)
1.78 (1.67, 1.89)

SHARE

<0.001
<0.001
<0.001
<0.001

p

HR (95%CI)

1.52 (1.37, 1.69)
1.54 (1.39, 1.72)
1.55 (1.39, 1.72)
1.54 (1.38, 1.71)

CHARLS

<0.001
<0.001
<0.001
<0.001

p

HR (95%CI)

1.60 (1.49, 1.72)
1.64 (153, 1.77)
1.64 (1.52,1.76)

HRS

Model 1
Model 2
Model 3

Table 2 | The association of baseline frailty status with risks of incident CVD

1.60 (1.54, 1.66)

1.63 (1.46, 1.82)
HRS Health and Retirement Study, CHARLS China Health and Retirement Longitudinal Study, SHARE Survey of Health, Ageing and Retirement in Europe, ELSA English Longitudinal Study of Ageing, MHAS Mexican Health and Aging Study. Model 1 adjusted for age

1.67 (1.57, 1.78)

1.51(1.40, 1.63)

Model 4

and sex, Model 2 further adjusted education, employment, Model 3 further adjusted marital status and co-residence with children, Model 4 was fully adjusted, further controlling smoking, drinking, social activity, and physical activity. In the SHARE and Pooled

cohorts, we controlled the different country.

early, cross-domain interventions that target these factors to improve
health, mobility, thereby effectively reducing both frailty and CVD risk.

Subgroup analyses reveal that the association between frailty and
CVD is stronger for frail males, older adults, working or retired people,
and individuals with unhealthy lifestyle behaviors, including smokers,
drinkers, social isolators, and low-frequency exercisers. Frail males, in
particular, exhibit a stronger association due to factors such as accel-
erated atherosclerosis and metabolic issues, which exacerbate the
cardiovascular burden of frailty*’. Older males often experience more
severe cardiovascular complications due to these physiological fac-
tors. In contrast, females benefit from the protective effects of estro-
gen, which can slow the progression of atherosclerosis, thereby
reducing the strength of the frailty-CVD association**. Older adults,
in general, tend to have higher baseline disease burdens and more
significant functional decline, which amplifies the impact of frailty on
cardiovascular health**. Compared to their employed or retired
counterparts, the association between frailty and CVD appears to be
weaker among unemployed older adults. Many older individuals may
no longer be suitable for continued employment due to age-related
physical decline, diminished energy, and reduced capacity to cope
with stress—factors that can exacerbate the health consequences of
frailty*”*%, For those older adults who remain physically capable of
working, unemployment, despite its potential financial strain, may
offer certain health-related advantages. Freed from the constraints of
sedentary work and rigid occupational schedules, some individuals
tend to engage more in routine low-intensity physical activities, such
as housework or walking*’. These forms of activity are known to sup-
port metabolic function and may help attenuate the adverse interplay
between frailty and cardiovascular health®*. Furthermore, unem-
ployment often facilitates the activation of familial and community-
based support networks, including spousal companionship®?, inter-
generational care, and neighborhood assistance®. These forms of
social engagement can enhance emotional connectivity and social
interaction—both of which have been empirically linked to lower levels
of inflammatory biomarkers, such as C-reactive protein®**. As such,
social support may help explain why the observed association between
frailty and CVD was weaker in this group®. Not only that, smoking
damages vascular health, leading to arteriosclerosis and hypertension,
which strengthens the association between frailty and CVD*. Long-
term excessive drinking may cause cardiovascular problems such as
hypertension, arrhythmias, and cardiomyopathy, further reinforcing
the association®®. Social isolation increases psychological stress and
the lack of social support, potentially accelerating frailty progression
and further strengthening the frailty-CVD relationship®. Physical
inactivity contributes to weight gain, elevated blood lipids, and poor
blood sugar control, thereby enhancing the frailty-CVD connection®.
Therefore, these findings highlight the need for targeted frailty man-
agement and CVD prevention strategies, especially for frail males,
older adults, working or retired people, and those with unhealthy
lifestyle behaviors, to improve clinical outcomes®"®,

This study’s insights into frailty and depressive symptoms provide
valuable directions for reducing CVD risk in older adults. First, directly
addressing frailty is beneficial. For example, Multimodal interventions
has effectively reduced risks of heart disease and stroke through
strength training and nutrition improvement®. Similarly, cardiovas-
cular disease management in primary care (CONNECT), through cus-
tomized physical activity, nutrition support, and social interaction, has
shown reduced frailty indices and improved cardiovascular health,
lowering CVD risk®. Additionally, targeting depressive symptoms asan
intervention point for frail older adults has demonstrated efficacy. For
instance, in a U.S. Heart Association intervention program, depression
treatment with cognitive behavioral therapy (CBT) and healthy life-
style guidance (e.g., increased physical activity and balanced diet)
effectively reduced CVD incidence®. Improving Mood Promoting
Access to Collaborative Treatment (IMPACT) has enhanced
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analyses, HRS used frailty status in 2000, depressive symptoms in 2002, and inci-
dent CVD in 2004-2018; CHARLS used frailty status in 2011, depressive symptoms
in 2013, and incident CVD in 2015-2018; SHARE used frailty status in 2011,
depressive symptoms in 2013, and incident CVD in 2015-2019; ELSA used frailty
status in 2004, depressive symptoms in 2006, and incident CVD in 2008-2018;
MHAS used frailty status in 2001, depressive symptoms in 2003, and incident CVD
in 2012-2018.
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and physical activity. In the SHARE, we further controlled the different country. The
lines in the figure represented odds ratios (OR), with values greater than 1 shown in
blue and values less than 1 shown in red. Thicker lines indicate larger OR values. To
enhance clarity, autoregressive effects and covariates were not displayed in the
figure. Additionally, OR values within the range of 1+ 0.3 were not presented.

engagement among older patients, successfully alleviating their
depressive symptoms. The psychological support provided through
Interpersonal Psychotherapy (IPT) helps to reduce inflammation and
improve mental health, potentially lowering the risk of CVD®. Besides,
interventions should focus on older adults who are currently
employed or retired, as they may face career-related risks that increase
the likelihood of cardiovascular disease. Measures include providing
psychological support, alleviating work-related stress, and promoting
a healthy lifestyle to reduce these risks and improve cardiovascular
health®. For individuals with an unhealthy lifestyle, interventions
should focus on smoking cessation, reducing alcohol consumption,
increasing physical activity, with a recommendation of at least 150 min
of moderate-intensity exercise per week®®®, These individualized

approaches underscore effective pathways for frailty management and
CVD prevention. Multilevel interventions aimed at improving frailty
and depression in older adults can yield significant preventive benefits
against CVD**’.

This study’s strengths include using multiple international data-
sets, enhancing generalizability and reliability. By examining both
frailty’s impact on CVD and the mediating role of depressive symp-
toms, this analysis provides a perspective on mind-body health.
However, several limitations remain. As an observational study, causal
inference is limited, and unobserved confounders may affect the
relationship between frailty, depressive symptoms, and CVD. Despite
efforts to account for national differences, different social, economic,
cultural contexts, and healthcare systems across countries may
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physical activity. In the SHARE and pooled cohorts, country was included as a
covariate. For detailed sample sizes, please refer to Table 1. Each circle represents
the HR for a specific group, and the horizontal line through the circle denotes the
95% CI. The vertical dashed line represents the null value of HR = 1. Arrows indicate
confidence intervals exceeding the plotting range.

influence the results, particularly regarding health management, social
support, and cultural attitudes. Additionally, data attrition may affect
the sample’s representativeness, especially if dropouts differ system-
atically from those who remain. Finally, while the study includes mul-
tiple cohorts, cross-national comparisons are still challenging due to
differences in healthcare infrastructure, access to care, and health
behaviors.

In summary, this study reveals a complex relationship between
frailty, depressive symptoms, and cardiovascular disease. By empha-
sizing the mediating role of depression, highlighting the importance of
biomarkers, and utilizing cross-lagged panel network analysis, this
research provides a direction for clinical interventions, underscoring
the importance of comprehensive frailty interventions among older
adults to reduce CVD burden.

Methods

Ethics and Inclusion

This study complies with all relevant ethical regulations. Ethical
approval for the data used was obtained from the following institutions:
HRS (approved by the University of Michigan Institutional Review
Board), CHARLS (approved by the Biomedical Ethics Review Committee
of Peking University, IRBO0001052-11015), SHARE (approved by the
Ethics Council of the Max Planck Society), ELSA (approved by the
National Research Ethics Service Committee South Central-Berkshire),
and MHAS (approved by the Institutional Review Boards and Ethics
Committees of the University of Texas Medical Branch in the USA, the
National Institute of Statistics and Geography (INEGI), and the National
Institute of Public Health (INSP) in Mexico). No additional approvals
were required. All participants provided written informed consent. The
authors did not conduct direct data collection, and data ownership
remains with the original data custodians.

The research team acknowledges the contributions of local
researchers involved in data collection and cohort design. Authorship
follows the ICMJE criteria, with attribution limited to contributors
involved in conceptualization, analysis, interpretation, and manuscript
writing. No material transfer, intellectual property concerns, or local
restrictions were involved. The study poses no risks of stigmatization
or discrimination, and local/regional research relevant to each dataset
has been cited appropriately. As only secondary analysis of existing
data was performed, no benefit-sharing arrangements or capacity-
building plans were required.

Study design and population

Data were derived from five international longitudinal cohorts focused
on middle-aged and older adults: the Health and Retirement Study
(HRS)”®, the China Health and Retirement Longitudinal Study

(CHARLS)", the Survey of Health, Ageing, and Retirement in Europe
(SHARE)”, the English Longitudinal Study of Ageing (ELSA), and the
Mexican Health and Ageing Study (MHAS)”. These surveys provide
globally comparable insights into aging, encompassing information on
frailty index, depressive symptoms, blood markers and cardiovascular
disease (CVD)™. To fully examine the effects of frailty and changes in
frailty status on incident CVD, and the mediating role of depression, this
study used long-term findings from five cohorts. The final dataset
included survey waves as follows: HRS 2000-2018, CHARLS 2011-2018,
SHARE 2011-2019, ELSA 2004-2018, and MHAS 2001-2018.

Sample selection was restricted to participants aged 50 and above,
with exclusions for those missing data on baseline frailty index, cov-
ariates, and follow-up CVD. The final baseline frailty status analytic
sample comprised 12,624 participants from HRS (81,507 observations),
10,288 from CHARLS (37,082 observations), 36,954 from SHARE
(143,406 observations), 7173 from ELSA (38,767 observations), and 9855
from MHAS (37,127 observations) (Supplementary Fig. 1). The sample
screening processes for analysis of changes in frailty status, mediating
role of depression in baseline frailty status and changes in frailty status,
cross-lagged panel network analysis, and correlation analysis of blood
markers were shown in Supplementary Figs. 2-6, and the processes of
heart disease and stroke were shown in Supplementary Figs. 7- 10.

Measures

Assessment of frailty: Frailty was assessed using the Frailty Index (FI),
which aggregates age-related health deficits. Based on previous stu-
dies, FI construction involved 27 items for HRS, CHARLS, and ELSA, 26
items for SHARE, and 25 items for MHAS?->, including chronic diseases
(excluding heart disease and stroke), self-reported health, functional
disabilities, and cognition (Supplementary Table 1). All items, except
cognition, were dichotomized (1= deficit, 0 = no deficit); cognition was
treated as a continuous variable, ranging from O to 1, with higher
scores indicating poorer cognitive function. FI was calculated by
summing the item scores and dividing by the total number of items,
resulting in a score range from O to 1, where higher values indicate
greater frailty. In this study, a threshold of 0.25 was used to categorize
participants as non-frail (FI < 0.25) or frail (F1>0.25)"%"".

The measure of changes in frailty status was based on changes in
frailty status during the first two periods of the survey. When the
participant’s baseline was non-frail, the definition of non-frail in the
second period was O (i.e., the reference group), and the definition of
frail in the second period was 1 (i.e., becoming in worse physical con-
dition). When the participant’s baseline was frail, the definition of frail
in the second period was O (i.e., the reference group), and the defini-
tion of non-frail in the second period was 1 (i.e., in better physical
condition). Considering that there was no obvious state change
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between the two categories of stable non-frail and stable frail in the
first two periods, it was difficult to compare them in the same group, so
this paper divides the groups based on the baseline frailty status.

Mean Fl was calculated as the mean of the frailty index for the first
two periods of the survey. FI change was calculated by subtracting the
value of the first frailty index from the second frailty index. Mean FI
and FI change were divided into quartiles, with the lowest quartile as
the reference. To analyze the effects of these three indicators on
incident CVD, the frailty index of the first two periods was calculated,
and the start time of follow-up was the third period in each cohort
(HRS: 2004-2018; CHARLS: 2015-2018; SHARE: 2015-2019; ELSA:
2008-2018; MHAS: 2012-2018).

Assessment of CVD: The outcome event in this study was a self-
reported diagnosis of cardiovascular disease (CVD), specifically whe-
ther participants were informed by a doctor that they had heart dis-
ease (including angina, heart attack, congestive heart failure, and other
heart issues) or stroke””’, and whether took medications for the dis-
ease. During sample selection, only participants without CVD at
baseline were retained. For follow-up, tracking ended once a partici-
pant was diagnosed with CVD; survival time was calculated as the year
of CVD onset minus the baseline survey year. For participants who
remained non-CVD during the study period, survival time was defined
as the last valid follow-up survey or study cutoff date minus the
baseline year.

In the HRS, CHARLS, SHARE, ELSA, and MHAS, CVD was ascer-
tained based on the self-reported physician-diagnosed heart disease or
stroke, and whether took medications for the disease. In each wave of
the five cohorts, participants were asked “Have you been told by a
doctor that you have been diagnosed with a heart disease, including
angina, heart attack, congestive heart failure, and other heart pro-
blems?”, “Are you now taking or carrying medications because of heart
disease?”, “Have you been told by a doctor that you have been diag-
nosed with a stroke?”, and “Are you now taking any medications
because of your stroke or its complications?”. Those who reported
being diagnosed with heart disease, stroke, or taking medications were
considered to have CVD. In the next wave, participants were required
to confirm the existence of heart disease and stroke if they reported
those in the last wave. If participants disputed self-reported heart
disease or stroke from previous waves, they were corrected retro-
spectively. Our CVD ascertainment was consistent with previous stu-
dies using the HRS, CHARLS, SHARE, ELSA, and MHAS cohorts®*755°,
For the accuracy of self-reported heart disease and stroke, Xie et al.*
confirmed that 77.5% of self-reported coronary heart disease (defined
as the angina + heart attack) were consistent with their medical records
in the ELSA. Glymour et al.®?> compared self-reported stroke in the HRS
with some classical studies in the USA which had data on the medically
verified stroke. They found that the misreporting of stroke was non-
systematic, and self-reported stroke could be used to study stroke
incidence and risk factors in the HRS.

Depressive symptoms: This study assessed depressive symptoms
using the Centre for Epidemiologic Studies Depression Scale (CES-D)
and the Euro-Depression Scale (Euro-D), both validated tools for
diagnosing depressive symptoms®>**. Specifically, the datasets used
were HRS (CESD-8), CHARLS (CESD-10), SHARE (EuroD-12), ELSA
(CESD-8), and MHAS (CESD-9), with respective score ranges of 0-8,
0-30, 0-12, 0-8, and 0-9. Diagnostic thresholds for depressive
symptoms were 3 for HRS, 10 for CHARLS, 4 for SHARE, 3 for ELSA, and
5 for MHAS®>*¢; participants scoring at or above these thresholds were
classified as having depressive symptoms. The diagnosis of depressive
symptoms specific items saw Supplementary Table 2.

Blood markers: In HRS 2006, HbAlc, Total cholesterol and HDL
cholesterol were measured in Biosafe Laboratories, and CRP was
measured at The University of Vermont. In CHARLS 2015, HbAlc, Total
cholesterol, HDL cholesterol, and CRP were measured at the Youan-
men Center for Clinical Laboratory of Capital Medical University. In

SHARE 2015, HbAlc, Total cholesterol, HDL cholesterol, and CRP were
measured at the Department for Laboratory Medicine at the University
of Washington (UW) in Seattle, USA. In ELSA 2008, HbAlc, Total cho-
lesterol, HDL cholesterol, and CRP were measured at the Royal Victoria
Infirmary Laboratory in Newcastle-upon-Tyne. In MHAS 2012, HbAlc,
Total cholesterol, HDL cholesterol, and CRP were measured at the INSP
Laboratory.

Covariates: Based on previous research, the covariates selected
for this study included demographic factors (sex and age), socio-
economic factors (education and employment), living conditions
(marital status and co-residence with children), and behavioral habits
(smoking, drinking, social activity, and physical activity). In this
study, the participants were divided into two age groups: 50-64, 65
years and above. It should be noted that in this paper, continuous
variable of age was used as covariates in the model for analysis, and
categorical variable of age was used only for subgroup analysis of
age. Education was classified into three categories according to the
International Standard Classification of Education (ISCED) 1997:
below high school, high school, and above high school. The
employment status was coded into two groups: unemployed, cur-
rently working or retired, based on questions regarding the partici-
pants’ current employment status. Marital status was categorized as
married/partnered, unmarried/others, the unmarried/others cate-
gory included individuals who were separated, divorced, widowed,
or never married. Co-residence with children was classified into two
categories: no, yes. Smoking behavior was classified into two cate-
gories: currently not smoking, currently smoking. Drinking behavior
was assessed based on whether or not they had consumed alcohol in
the past year and was divided into: not drinking, drinking. Social
activity was categorized into two groups (no, yes) based on whether
participated in a specific type of activity last month. In CHARLS,
SHARE and ELSA, the level of physical activity was categorized into
two groups: vigorous (engaging in vigorous activity more than once a
week), and others. In HRS and MHAS, the categorization of physical
activity was: vigorous (engaging in vigorous activity at least three
times a week), and others. A detailed description of the relevant
covariates can be found in Supplementary Table 3.

Sex and gender: Sex (male or female) was included as a covariate
in all five cohorts, and gender information was not collected. Although
not the primary variable of interest, we conducted subgroup analyses
stratified by sex.

Statistical analyses

Continuous variables were presented as mean (standard deviation),
and categorical variables as number (percent). The characteristics of
the sample finally included in the baseline analysis compared with
those excluded due to younger age, CVD at baseline, and missing data
as shown in Supplementary Tables 44-48.

To analyze the association between baseline frailty status and CVD
risk, four Cox proportional hazards models were used to calculate
hazard ratios (HR) and their 95% confidence intervals (95% Cl), with non-
frailty as the reference. Model 1 adjusted for demographic variables;
Model 2 further included socioeconomic variables; Model 3 added liv-
ing conditions; and Model 4 was fully adjusted. Using similar methods,
we also analyzed associations between changes in frailty status, mean FI,
and FI change with CVD incidence. The measures of these three indi-
cators could be found in Supplementary Methods. Mean FI and FI
change were divided into quartiles, with the lowest quartile as the
reference. Nonlinear relationships were additionally examined.

In the mediation analysis, we investigated depressive symp-
toms as a mediator in the relationship between baseline frailty
status, frailty changes, and CVD incidence. The effect of baseline
frailty status was analyzed using depressive symptoms in the
second period and CVD follow-up in the third and beyond period.
The effect of frailty changes was analyzed using depressive
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symptoms in the third period and CVD follow-up in the fourth and
beyond period. Cross-lagged panel network analysis was per-
formed using data from the first two surveys to identify complex
associations and temporal changes between frailty and CVD
indicators. The correlation analysis between frailty, depressive
symptoms, blood markers, and incident CVD was intended to
explain the physiological mechanism to some extent, and the
measurement of blood markers was available in Supplementary
Methods. Subgroup analyses were conducted to assess differ-
ences in these associations across various populations.

To ensure robustness, we performed several sensitivity analyses
of baseline frailty status and frailty changes results. First, participants
with chronic comorbidities (two or more of hypertension, diabetes,
cancer, arthritis, lung disease, psychiatric disease, memory disease)
were excluded to evaluate the frailty-CVD association. Second, FI was
recalculated, considering the use of medications for chronic diseases.
Third, hypertension, diabetes, and arthritis—CVD risk factors—were
excluded from the original Fl, and the analysis was repeated. Fourth,
the included analysis samples were limited to the selected period of
time from baseline follow-up to the end of the study, unless excluded
due to CVD, i.e., samples lost to follow-up en route were also excluded.
Fifth, death was considered as a competitive risk of CVD, and re-
analyzed using a competitive risk model. Lastly, to avoid possible
residual confounding bias in analyses, propensity score matching
(PSM) method was used. All analyses were conducted using STATA
(version 16.0) and R (version 4.4.2), with two-sided p-values below 0.05
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets analyzed in this study are publicly available from the
following sources: the Health and Retirement Study (HRS, https://hrs.
isr.umich.edu/), the China Health and Retirement Longitudinal Study
(CHARLS, https://charls.pku.edu.cn/), the Survey of Health, Ageing and
Retirement in Europe (SHARE, https://share-eric.eu/), the English
Longitudinal Study of Ageing (ELSA, https://www.elsa-project.ac.uk/),
and the Mexican Health and Aging Study (MHAS, https://mhasweb.
org/Home/index.aspx). These datasets are accessible to researchers
upon registration and compliance with the respective data use
agreements. No proprietary data were used. The subset of processed
data generated in this study for replication purposes has been
deposited in Zenodo under the accession code https://doi.org/10.
5281/zenodo.15287395%. Data access via Zenodo is provided for
reproducibility only and in accordance with the original data use
agreements. Data supporting the findings of this study are also pro-
vided in the Supplementary Information and Source Data files. Source
data are provided with this paper.

Code availability
The STATA and R codes used in this study are available for replication
purposes at Zenodo (https://doi.org/10.5281/zenod0.15287395)%.
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