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ABSTRACT　
 
Background　 Cardiovascular disease (CVD) and frailty are interrelated conditions prevalent in aging populations, yet their dy-
namic  temporal  relationship  remains  underexplored.  This  study  investigates  longitudinal  changes  in  frailty  trajectories  before
and after incident CVD across diverse cohorts.
 
Methods　 Utilizing data from four longitudinal, multinational cohorts (ELSA, HRS, CHARLS, SHARE; n = 66,537), we construc-
ted  the  frailty  index  (FI)  based  on  age-related  health  deficits,  using  40,  40,  42,  and  44  items  from  ELSA,  HRS,  CHARLS  and
SHARE,  respectively.  Linear  mixed  models  assessed  FI  changes  pre- and post-CVD,  adjusting  for  demographics,  lifestyle,  and
baseline FI. Sensitivity analyses excluded hypertension, diabetes, and arthritis to mitigate confounding.
 
Results　Frailty increased steadily before CVD onset (pre-CVD slope: ELSA β = 0.005, HRS β = 0.005, CHARLS β = 0.012, SHARE
β = 0.007; all P < 0.001), with an acute FI spike at diagnosis (post-CVD acute change: ELSA β = 0.024, HRS β = 0.031, CHARLS β =
0.046, SHARE β = 0.038; all P < 0.001). Post-CVD, frailty progression further accelerated (ELSA β = 0.008, HRS β = 0.005, CHARLS
β = 0.017, SHARE β = 0.010; all P < 0.001). Sensitivity analyses confirmed robustness across age strata and FI definitions.
 
Conclusions　  This first  multinational study demonstrates bidirectional acceleration of frailty around CVD onset,  highlighting
their  close  temporal  interplay.  These  findings  suggest  that  incorporating  frailty  assessment  into  CVD  management  may  help
identify high-risk individuals and support timely, multidimensional care in aging populations.

 

Cardiovascular disease (CVD) remains a lead-
ing cause of morbidity and mortality world-
wide, particularly among older adults.[1,2]

With age being the strongest risk factor, the incidence
and prevalence of CVD are expected to rise as global
populations age. This trend is likely to place significant
strain on healthcare resources and increase societal
costs.[2,3] Aging is associated with the increased likeli-
hood of frailty, which is a condition characterized by
greater vulnerability to stressors due to dysregulation
across multiple physiological systems.[4] Recent studies
have demonstrated that frailty is not only highly preval-
ent in individuals with CVD,[5,6] but also serves as a
powerful prognostic indicator for poor cardiovascular
outcomes.[7,8] As a result, the relationship between frailty
and CVD has garnered considerable attention in both
clinical and research settings.

While previous studies have shown that frailty and

pre-frailty increase the risk of incident CVD, they have
largely focused on baseline frailty status, without ad-
equately addressing how changes in frailty over time
may influence CVD risk.[9–11] He, et al.[12] recently high-
lighted that frailty progression is associated with an el-
evated risk of incident CVD. However, their study
primarily categorized frailty into discrete states (e.g., ro-
bust, pre-frail, frail), which may not fully capture the dy-
namic and continuous nature of frailty and its evolving
relationship with CVD events.[13]

Importantly, frailty is dynamic in nature. Under-
standing frailty as a dynamic process, especially its evol-
ution around CVD events, has critical implications for
clinical practice. Identifying how frailty changes in the
pre- and post-CVD periods may help healthcare pro-
viders to identify individuals at higher risk for acceler-
ated frailty progression, allowing for earlier intervention
strategies aimed at mitigating frailty. Early detection and
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intervention, such as tailored rehabilitation programs or
lifestyle modifications, could potentially alter the traject-
ory of frailty progression, reducing the adverse out-
comes associated with both CVD and frailty. Further-
more, this approach could shift the focus of care from re-
active to preventive, by addressing frailty during a win-
dow where intervention may be most effective.

The present study leverages longitudinal data from
four large and nationally representative cohort studies:
the English Longitudinal Study of Ageing (ELSA), the
Health and Retirement Study (HRS), the China Health
and Retirement Longitudinal Study (CHARLS) and Sur-
vey of Health, Ageing and Retirement in Europe
(SHARE). We aim to elucidate the dynamic interplay
between CVD and frailty. Specifically, we assess the lon-
gitudinal changes in frailty index (FI) before CVD dia-
gnosis, as well as the acute and long-term impact of CVD
events on frailty progression. This research could con-
tribute to better clinical management of frailty in aging
populations, reducing the societal burden associated
with both CVD and frailty and improving quality of life
for affected individuals.

 METHODS

 Study Design and Population

The ELSA, HRS, CHARLS and SHARE were all pro-
spective and nationally representative cohorts conduc-
ted in UK, the USA, the China and in the Europe, re-
spectively,[14–17] with participants followed up approxim-
ately biennially. In this study, wave 2 (2004) of ELSA, and
wave 4 (1998) of HRS, wave 1 (2011) of CHARLS and wave
4 (2010) of SHARE served as the baseline. Subsequent
follow-up surveys were employed to track the outcome
until the final follow-up survey, which was wave 9 (2018–
2019) of ELSA, and wave 15 (2020) of HRS, wave 4 (2018)
of CHARLS and wave 9 (2021) of SHARE. The ELSA, HRS,
CHARLS and SHARE were approved by London Multi-
Centre Research, the University of Michigan, the Ethics
Review Committees of Peking University and the Ethics
Council of Max Planck Society respectively. Informed
consent was obtained from each participant in these four
cohorts (see the supplementary materials chapter Ⅰ).

 Assessment of Frailty

Frailty was evaluated by the FI, which was calculated
by the accumulation of multiple age-related health defi-

cits. In the current study, we constructed the FI follow-
ing standard procedures described previously.[18,19] Defi-
cits associated with health status were included in the FI
if they met the following criteria: the deficit involves
multiple body systems and a range of physiological
areas; the prevalence of the deficit generally increases
with age; the deficit is not nearly universal in middle-
aged. After screening baseline self-reported or measured
data, we selected 40, 40, 42, and 44 variables from ELSA,
HRS, CHARLS and SHARE, respectively, to construct
the FI, involving disease (excluding heart disease and
stroke), symptoms, disability, physical function, depres-
sion, and cognition (see Supplement Table1). Each defi-
cit was dichotomised or mapped into the 0·00–1·00 in-
terval, with 0·00 indicating the absence of a deficit (the
healthiest state) and 1·00 indicating the maximal expres-
sion of the deficit (the unhealthiest state). For each parti-
cipant, when the number of missing items did not ex-
ceed 20%, the FI was calculated by dividing the number
of existing deficits by the total number of available items.
Participants with more than 20% missing items among
frailty components were excluded from FI calculation.
Therefore, the FI is a continuous variable ranging from 0
to 1, with a higher FI indicating a greater degree of
frailty. We validated the FI we constructed in each co-
hort, and the results are shown in the Supplement Table2
and Supplement Table3. The FI is positively correlated
with age, the frequency distribution is right-skewed, the
average score for females is higher than that for males,
and 99% of the sample scores are less than 0.7. This res-
ult is consistent with the characteristics that the FI men-
tioned by Rockwood, et al. should possess,[19] indicating
that the FI we constructed is robust. Rate of change in FI
refers to the annualized change in the frailty index, cal-
culated from linear mixed models as the slope of FI over
time. In fact, a higher rate indicates faster frailty progres-
sion.

 Assessment of Incident CVD

In the ELSA, HRS, CHARLS and SHARE, CVD was
ascertained based on self-reported physician-diagnosed
heart disease (including angina, heart attack, congestive
heart failure, and other heart problems) or stroke (the
methodology for the ascertainment of CVD is outlined in
the Supplementary material chapter Ⅲ). In brief, parti-
cipants were inquired whether they were diagnosed
with heart disease or stroke by doctors. Those who re-
ported being diagnosed with heart disease or stroke

JOURNAL OF GERIATRIC CARDIOLOGY RESEARCH ARTICLE

912 http://www.jgc301.com; jgc@jgc301.com  



were considered to have CVD. We recorded the CVD
diagnosis date as the midpoint between the date of the
last interview and the date of the interview reporting
CVD.

 Covariates

We characterized the sample demographics by ex-
amining covariates including age, gender, education
level, marital status, smoking status, drinking status,
physical activity, and body mass index (BMI). For con-
sistency among the ELSA, HRS, CHARLS and SHARE,
marital status was divided into two categories: married
or partnered and other marital status (separated, di-
vorced, unmarried, or widowed). Education was classi-
fied into three levels: below high school, high school, and
college or above. Smoking status was categorized as
never smokers and smokers. Drinking status was cat-
egorized into frequent drinking (more than once a
month) and infrequent drinking (once or less a month)
based on drinking frequency in the past year. Similarly,
physical activity levels were classified based on whether
one engages in vigorous activities each week. BMI was
determined by weight divided by height squared (kg/m2).

 Statistical Analyses

The baseline demographic characteristics of the study
population were described in relation to the occurrence
of CVD. Continuous variables are expressed as mean ±
SD or median [interquartile range (IQR)], and categoric-
al variables are expressed as n (%).

We employed linear mixed models to analyze re-
peated measures and longitudinal data (see the supple-
mentary materials chapter Ⅳ). To examine differences in
pre-CVD FI changes between participants who de-
veloped CVD and those who did not, we fitted the first
model that included incident CVD (yes or no), time
(years since baseline to incident CVD or the end of follow-
up), and the interaction of CVD with time (“CVD ×
time”). This interaction term reflects the difference in pre-
CVD FI change rates between the CVD group and the
non-CVD group. We developed a second model using
the data of participants to evaluate the acute FI changes
after an incident CVD. A time-varying variable was used
to evaluate the effect of incident CVD on FI changes (the
value of this variable changed from 0 to 1 at the time of
CVD onset). In the third model, we incorporated time
after CVD onset. The post-CVD time variable assessed
the longer-term effect of CVD on FI increase during the

follow-up period, indicating the change in the annual
rate of FI increase after CVD onset compared to the pre-
CVD period.

To test the reliability of the primary findings, we per-
formed the following sensitivity analyses: (1) because
hypertension, diabetes, and arthritis were cardiovascular
risk factors in their own right, we re-constructed the FI
after excluding these three items from the original FI and
subsequent analyses; (2) stratified analyses were per-
formed by age (middle-aged: < 65 years; older: ≥ 65
years); and (3) we have re-established the FI, excluding
participants with missing FI items from the calculation of
the FI and subsequent analyses.

All statistical analyses were performed using R soft-
ware (version 4.4.0). Statistical tests were two-sided, and
differences were deemed statistically significant at P <
0.05.

 RESULTS

Figure 1 illustrates the selection process of the study
population. Among 94065 participants from the ELSA,
HRS, CHARLS and SHARE, we first excluded 710 parti-
cipants at baseline who were unable to have an FI calcu-
lated due to more than 20% missing items. In addition,
20,107 participants with CVD at baseline and 6711 parti-
cipants who were lost to follow-up were excluded. The
remaining 66,537 participants were included in the final
analyses.

Table 1 presents the baseline characteristics of the par-
ticipants, grouped by the presence or absence of CVD
during follow-up (total follow-up 184,647.8 person-years
in ELSA; total follow-up 864,984.8 person-years in HRS;
total follow-up 74,867.25 person-years in CHARLS; total
follow-up 494,939.4 person-years in SHARE). A total of
7231 participants from ELSA (female: 56.58%, mean age:
65.03 years), 15,357 from HRS (female: 59.05%, mean age:
65.42 years), 10964 participants from CHARLS (female:
49.16%, mean age: 61.81 years) and 32,985 participants
from SHARE (female: 58.10%, mean age: 64.16 years)
were included in the main analyses. During the follow-
up period, 15890 participants developed CVD, including
1480 from ELSA, 5931 from HRS, 2084 from CHARLS
and 6395 from SHARE. Compared with participants
without CVD, individuals with CVD were older, were
more likely to be smokers, had a higher BMI and FI,
more likely to be male in the ELSA, HRS, and SHARE,
had lower physical activity intensity in the ELSA,
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CHARLS and SHARE, and were less likely to be mar-
ried or have a partner in the ELSA and SHARE.

As illustrated in Table 2, in the ELSA, participants who
eventually developed CVD exhibited an average annual
increase in the FI of 0.006 (95% CI: 0.005–0.006) prior to
the event, compared to those who did not develop CVD.
Similar patterns were observed in the HRS (β = 0.005/y;
95% CI: 0.005–0.006), CHARLS (β = 0.013/y; 95% CI:
0.012–0.016), and SHARE cohorts (β = 0.009/y; 95% CI:
0.009–0.010). After adjusting for baseline covariates in-
cluding age, sex, education, marital status, smoking and
drinking habits, and baseline FI, the rate of FI increase re-
mained significantly higher among participants who de-
veloped CVD during follow-up (ELSA: β = 0.005/y, 95%
CI: 0.004–0.005; HRS: β = 0.005/y, 95% CI: 0.004–0.005;
CHARLS: β = 0.012/y, 95% CI: 0.010–0.013; SHARE: β =
0.007/y, 95% CI: 0.007–0.008).

Table 3 shows that the population experienced an
acute FI change after adjustment for calendar time and
acute increase in CVD. When comparing changes in FI
before and after the onset of CVD, the results showed
that participants with CVD experienced an acute in-
crease in FI during diagnosis of CVD (ELSA, β = 0.030,
95% CI: 0.026–0.034; HRS, β = 0.031, 95% CI: 0.028–0.033;
CHARLS, β = 0.045, 95% CI: 0.040–0.050; SHARE, β =

0.048, 95% CI: 0.046–0.051). After adjusting for baseline
variables, the results still demonstrated a significant
acute increase in FI during the event (ELSA, β = 0.024,
95% CI: 0.019–0.028; HRS, β = 0.031, 95% CI: 0.028–0.033;
CHARLS, β = 0.046, 95% CI: 0.041–0.050; SHARE, β =
0.038, 95% CI: 0.035–0.040).

Additionally, the FI increased at a significantly faster
rate after the onset of CVD compared to before. The res-
ults are shown in Table 4, indicating that the rate of FI in-
crease accelerated in the population with CVD in all four
cohorts (ELSA, β = 0.008/y, 95% CI: 0.008–0.009; HRS,
β = 0.006/y, 95% CI: 0.005–0.006; CHARLS, β = 0.021/y,
95% CI: 0.018–0.024; SHARE, β = 0.013/y, 95% CI:
0.013–0.014). After adjusting the baseline variables, the
results remained statistically significant (ELSA, β =
0.008/y, 95% CI: 0.007–0.008; HRS, β = 0.005/y, 95% CI:
0.005–0.006; CHARLS, β = 0.017/y, 95% CI: 0.014–0.020;
SHARE, β = 0.010/y, 95% CI: 0.009–0.010).

Figure 2 illustrates changes in the FI scores before and
after the CVD event. In individuals without CVD, FI
scores gradually increased. However, in those with
CVD, FI scores rose sharply after the event, indicating a
rapid progression of frailty. Post-CVD, frailty levels re-
mained high and continued to increase. This consistent
trend across four cohorts underscores the significant im-

 

Figure 1    Chart of participant selection for the present study population.
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pact of CVD on frailty and underscores the necessity for
timely interventions to slow frailty progression and im-
prove long-term health outcomes.

 Sensitivity Analyses

When using the adjusting FI items after excluding
three items of hypertension, diabetes, and arthritis, the
results were consistent with the main analyses in ELSA,
HRS, CHARLS and SHARE (Supplement Table 4–6).
After adjusting for baseline covariates, participants who
developed CVD experienced a faster increase in FI be-
fore diagnosis compared with those who had no CVD
throughout the follow-up period (SupplementTable 4).
When comparing changes in FI before and after the on-
set of CVD, the findings revealed that participants with
CVD experienced an acute change in FI after the onset of

CVD. After adjusting for baseline covariates, the results
remained statistically significant (Supplement Table 5).
Furthermore, the FI increased significantly faster after the
onset of CVD compared to before (Supplement Table 6).
The sensitivity analysis results for age are consistent with
our main analysis results; after adjusting for baseline
variables, the findings remained similar (Supplement
Table 7–12). The results of the sensitivity analysis for the
FI align with those of our primary analysis; upon con-
trolling for baseline variables, the outcomes remained
consistent (Supplementary Table 13–15).

 Nonresponse Analyses

We categorized the frailty of the baseline population
into Robust, Pre-frail, and Frail based on previous re-
search,[12] and provided a description of their baseline

 

Table 2     Pre-CVD-diagnosis mean difference in rate of change in frailty index scores between participants who did and did not
have an incident CVD.

ELSA HRS CHARLS SHARE

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

Unadjusted 0.006
(0.005–0.006) ＜0.001 0.005

(0.005–0.006) ＜0.001 0.013 (0.012–0.016) ＜0.001 0.009
(0.009–0.010) ＜0.001

Adjusted 0.005
(0.004–0.005) ＜0.001 0.005

(0.004–0.005) ＜0.001 0.012 (0.010–0.013) ＜0.001 0.007
(0.007–0.008) ＜0.001

*Results reported adjusted for baseline age, sex, education, marital status, smoking status, alcohol consumption, baseline frailty index.
CVD: cardiovascular disease.

 

Table 3    Acute change in frailty index after an incident CVD vs before CVD among participants with an incident CVD.

ELSA HRS CHARLS SHARE

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

Unadjusted 0.030
(0.026–0.034) ＜0.001 0.031

(0.028–0.033) ＜0.001 0.045 (0.040–0.050) ＜0.001 0.048
(0.046–0.051) ＜0.001

Adjusted 0.024
(0.019–0.028) ＜0.001 0.031

(0.028–0.033) ＜0.001 0.046 (0.041–0.050) ＜0.001 0.038
(0.035–0.040) ＜0.001

*Results reported adjusted for baseline age, sex, education, marital status, smoking status, alcohol consumption, baseline frailty index.
CVD: cardiovascular disease.

 

Table 4    Rate of change in Frailty Index after an incident CVD among participants with an incident CVD.

ELSA HRS CHARLS SHARE

β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value β (95% CI) P-value

Unadjusted 0.008
(0.008–0.009) ＜0.001 0.006

(0.005–0.006) ＜0.001 0.021 (0.018–0.024) ＜0.001 0.013
(0.013–0.014) ＜0.001

Adjusted 0.008
(0.007–0.008) ＜0.001 0.005

(0.005–0.006) ＜0.001 0.017 (0.014–0.020) ＜0.001 0.010
(0.009–0.010) ＜0.001

*Results reported adjusted for baseline age, sex, education, marital status, smoking status, alcohol consumption, baseline frailty index.
CVD: cardiovascular disease.
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characteristics (Supplement Table 16–19). In the four co-
horts, frail participants were older, more likely to be fe-
male, less likely to be married or partnered, and had
lower education than robust participants. We excluded
710 participants from this study due to incomplete data
necessary for the calculation of the FI. These participants
(0.75%) may be older, have lower education levels, had a
lower BMI (Supplement Table 20–23). Concurrently, of
the 93,355 participants with complete data at the
baseline, 26,818 (28.73%) were excluded from this study
because they either had CVD at the baseline or were lost
to follow-up. These participants had a higher FI and BMI
compared to those included in the study. The excluded
participants also had higher percentages of covariates
such as being male in the ELSA, HRS and SHARE, hav-
ing an education level below high school, a higher fre-
quency of drinking in the HRS and CHARLS, being

smokers, and engaging in vigorous activity less than one
times per week (Supplement Table24–27).

 DISCUSSION

This study reveals the dynamic trajectory of FI
changes before and after the onset of CVD. We found
that frailty progresses more rapidly prior to the occur-
rence of CVD, with a sharp increase in the FI at the time
of the event, followed by further acceleration of frailty
progression afterward. To our knowledge, this is the first
multinational study to capture systematically the bid-
irectional acceleration of frailty around CVD onset, offer-
ing novel insights into the interplay between CVD and
frailty. Frailty is a common syndrome in older adults,
characterized by declines in physical, mental, and func-
tional domains, which increases susceptibility to dis-

 

Figure  2      Predicted mean change in  FI  scores  before  and after  an  incident  CVD. (A):  English  Longitudinal  Study of  Ageing;  (B):
Health and Retirement Study; (C): China Health and Retirement Longitudinal Study; (D): Survey of Health, Ageing and Retirement in
Europe. Predicted values of FI Scores were calculated for a 70-year-old woman with a body mass index of 28 kg/m2, alcohol consump-
tion of = 1 drink per month. Black lines represent the trajectory for CVD-free participants; red lines represent the trajectory for parti-
cipants with incident CVD. Natural slopes of FI decline in CVD-free participants and the pre-CVD FI decline slopes in those who de-
veloped CVD were estimated from the fully adjusted models in Table 2. Acute changes in FI Scores and post-CVD slopes were estim-
ated from the models in Table 4.
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eases and the risk of mortality. Our study shows that
CVD is a significant trigger altering the slope of the
frailty trajectories. This finding enhances our under-
standing of frailty, particularly considering its strong
links to cognitive function, quality of life, and even mor-
tality.

The acceleration of the FI before the onset of CVD may
be associated with shared risk factors, including chronic
inflammation, metabolic dysregulation, and reduced
physical activity,[20–22] which can simultaneously affect
both frailty and cardiovascular health. Prior research has
highlighted that frailty is a significant risk factor for
CVD,[23] with studies showing that frailty progression be-
fore CVD onset is associated with increased cardiovas-
cular risk.[12] However, these studies have typically ana-
lyzed changes in frailty without fully capturing the dy-
namic nature of frailty acceleration in the period before
CVD events. In contrast, our study emphasizes this dy-
namic acceleration of frailty, identifying individuals with
rapid frailty progression prior to CVD development. By
recognizing frailty acceleration early, interventions could
be implemented to slow its progression and reduce CVD
risk, offering a new preventive strategy in cardiovascu-
lar care.

At the time of CVD onset, we observed a sharp in-
crease in the FI, indicating a significant, immediate
worsening of frailty. This acute exacerbation is likely re-
lated to the physiological stress induced by the CVD
event itself, including factors such as inflammation,
ischemia, and hemodynamic instability.[24,25] Our find-
ings support the view that CVD events act as major
stressors, leading to an immediate and substantial in-
crease in frailty. This underscores the importance of in-
tensive management and monitoring during the event
period to mitigate the impact of these stressors on frailty
and overall health. Furthermore, our study also shows
that after the onset of CVD, frailty continues to progress
in the long term. This long-term acceleration of frailty
may be related to the cumulative effects of CVD on mul-
tiple physiological systems,[5,26,27] including the cardi-
ovascular system, musculoskeletal system, and cognit-
ive functions. Chronic inflammation, ongoing cardi-
ovascular damage, and reduced physical activity[28,29] due
to CVD-related symptoms may contribute to the
sustained deterioration of frailty. While it is pos-
sible that the ascertainment of CVD might lead to
the identification of other conditions that could in-
fluence the FI—such as memory diseases, mental

illness, or other comorbidities—our study design
and sensitivity analyses effectively addressed this
potential bias. By excluding conditions such as hy-
pertension, diabetes, and arthritis, which are estab-
lished CVD risk factors and could directly influ-
ence frailty, we ensured that the observed frailty ac-
celeration was not simply a result of diagnostic in-
creases associated with the CVD event. The contin-
ued increase in frailty after CVD further emphas-
izes the need for long-term interventions to address
the broad impacts of CVD on aging and frailty. Man-
aging frailty post-CVD is crucial for improving long-
term patient outcomes and preventing the exacerbation
of other chronic diseases.

This study has several strengths. It provides novel in-
sights into the dynamic relationship between frailty and
CVD, highlighting how frailty accelerates both before
and after CVD onset. The use of data from large, diverse
cohorts enhances the generalizability of the findings
across different populations and regions. Additionally,
rigorous sensitivity analyses were conducted to exclude
the impact of well-established CVD risk factors such as
hypertension, diabetes, and arthritis, ensuring that the
observed frailty acceleration was not simply a result of
diagnostic bias associated with the CVD event.

However, there are several limitations to the study.
First, CVD was ascertained via self-reported diagnoses.
Although prior studies have demonstrated reasonable
validity of self-reported heart disease and stroke, this ap-
proach may introduce misclassification or reporting bias,
which could affect the accuracy of CVD onset timing and
potentially influence frailty trajectory estimates.
Secondly, while the FI is a well-established tool, it may
not capture all dimensions of frailty, such as cognitive
function, in all cohorts, potentially limiting the accuracy
of frailty assessment. Thirdly, the FI was constructed us-
ing slightly different numbers of items across cohorts
due to data availability. Although sensitivity analyses
using alternative FI definitions and stratified analyses by
cohort showed consistent temporal patterns, potential
differences in item selection and cultural or regional con-
text may affect the cross-cohort comparisons. Fourthly,
although the study controlled for a wide range of poten-
tial confounders, residual confounding from unmeas-
ured factors, such as genetics, lifestyle, or environmental
influences, may still exist, which could affect both frailty
progression and CVD risk. Although the study identifies
associations between frailty and CVD, the observational
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nature of the research prevents the establishment of
causal relationships. Therefore, our findings should be
interpreted as reflecting temporal associations rather
than causal relationships. More research is needed in the
future, especially randomized assignments of interven-
tions targeting frailty or cardiovascular risk factors, or
determining causal relationships through more frequent
assessments of frailty. Meanwhile, treating death as loss
to follow-up may introduce selection bias, as parti-
cipants with higher frailty levels are more likely to die or
drop out, which could lead to estimation bias in the
overall level and progression of frailty. Lastly, in our
study, the FI ranges from 0 to 1. The estimated increases
in FI associated with incident CVD across the four co-
horts were typically in the range of 0.005 to 0.048. While
these effects are statistically significant, they are relat-
ively small. However, even small changes in frailty can
have significant long-term impacts on individuals, lead-
ing to increased healthcare needs and potential loss of in-
dependence, particularly in an aging population. Given
the growing burden of chronic diseases like CVD, even
modest increases in frailty can place considerable strain
on healthcare systems.

This study reveals the dynamic trajectory of frailty ac-
celeration before and after the onset of CVD, highlight-
ing the temporal relationship between frailty and CVD.
Our findings support early identification of high-risk in-
dividuals and targeted interventions. Frailty screening in
patients with incident CVD enables timely interventions,
while integrating frailty assessment into community
chronic disease programs may prevent functional de-
cline and reduce healthcare burden.
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