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Accelerated biological aging increases the risk of short- and
long-term stroke prognosis in patients with ischemic stroke
or TIA
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Summary
Background Biological age (BA), an integrated measure of physiological aging, has a clear link to stroke. There is a
paucity of long-term longitudinal studies about the association between accelerated biological age and stroke
prognosis in patients with previous strokes, and the differences in the predictive ability of various BA indicators
calculated from clinical biochemistry biomarkers for future stroke outcomes are still unknown. To evaluate the
role of three accelerated BA indicators for short- and long-term prognosis of patients with ischemic stroke or
transient ischemic attack (TIA), and to identify the most appropriate predictor.

Methods This study included 7396 patients from the Third China National Stroke Registry (CNSR-III), a pro-
spective national registry of patients with acute ischemic stroke or TIA between August 2015 and March 2018 in
China. We constructed accelerated BA using three widely recognized algorithms: PhenoAge, Klemera-Doubal,
and HD method. To ascertain the association of accelerated BA with the risk of short- and long-term stroke
outcomes, a Cox or logistic regression model was conducted for the analysis. The net reclassification index
and integrated discrimination improvement were used to evaluate the added model improvement ability of
BA acceleration.

Findings Compared to those with the lowest of PhenoAge acceleration, patients with the highest were more likely to
have a higher risk of stroke (HR 1.98, 95% CI 1.49–2.63, P < 0.001), ischemic stroke (HR 1.88, 95% CI 1.41–2.53,
P < 0.001), composite vascular events (HR 2.03, 95% CI 1.53–2.68, P < 0.001), all-cause death (HR 7.02, 95% CI
3.41–14.47, P < 0.001) and the modified Rankin scale of 3–6 (OR 2.55, 95% CI 2.05–3.16, P < 0.001) at three
months, and the association observed within one year and five years was similar to that within three months. The
risk of all stroke outcomes for HDAge was consistent with PhenoAge acceleration, but KDMAge acceleration was
the same, except for stroke within one year (HR 1.24, 95% CI 1.00–1.53, P = 0.053). PhenoAge acceleration
provided a better improvement in the model’s predictive ability for stroke prognosis, compared to BA determined
by other algorithms.

Interpretation In this prospective cohort study, BA acceleration, particularly PhenoAge, may help identify stroke
patients with risks of short- and long-term poor outcomes, potentially enabling subclinical prevention and early
intervention.
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Research in context

Evidence before this study
Currently, three clinical biomarker-based algorithms,
PhenoAge acceleration, Klemera-Doubal method age
acceleration, and Homeostatic-Dysregulation age were
developed and shown to be strong predictors of future
occurrence of stroke. However, whether accelerated biological
age (BA) could elevate the risk of short- and long-term stroke
prognosis in patients with ischemic stroke or transient
ischemic attack is unclear and the predictive ability of the
three BA algorithms for stroke prognosis has not been
assessed in the same study population.

Added value of this study
With three well-validated aging measures, this study showed
that BA acceleration based on blood biomarkers and physical

measurements was positively associated with the risk of
short- and long-term stroke outcomes, and the PhenoAge
acceleration provided a better improvement in the model’s
predictive ability for prognosis compared to BA determined
by other algorithms in patients with ischemic stroke or
transient ischemic attack.

Implications of all the available evidence
Our present study suggests that PhenoAge could be the most
useful tool for identifying poor stroke prognosis, independent
of chronological age. Given that potential reversibility, BA
acceleration assessed by blood biomarkers and physical
measurements offers the possibility of slowing aging or
identifying high-risk stroke populations for preventative
interventions.
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Introduction To further confirm the association of biological age
As the global population ages, we face an immense
burden of neurological morbidity linked to aging in the
coming decades.1,2 Aging, a complex biological process, is
characterized by the gradual deterioration of the physio-
logical integrity of cells, tissues, and organs.3 While
chronological age (CA; time since birth) serves as a
convenient way to evaluate an individual’s aging condi-
tion, the pace of aging within a population of the same
CA varies from person to person which leads CA to fail to
mirror changes in multiple biological systems timely.4

However, biological age (BA) can better capture differ-
ences in individuals’ health conditions compared to CA
and could account for the variability in the aging pro-
cess.5,6 Recently, various measures of BA based on
phenotypic, molecular biological, or compound indicators
have been developed. Clinical indicators constructed us-
ing physical and biochemical markers can often detect
physiological changes earlier4 and at a lower cost, such as
phenotypic age (PhenoAge),7 Klemera-Double method
(KDM),8 and homeostasis disorder (HD).9

Chronological age has long been considered a
dominant and immutable risk factor for cerebrovascular
disease.10 However, previous studies have revealed that
BA can not only predict clinical nervous system disor-
ders independently of CA,10–12 but is also a better pre-
dictor of the onset of nervous system disorders and
degenerative diseases compared to CA.4,13 Moreover, BA
may better indicate an individual’s ability to recover
from an injury such as stroke than CA,14 and it has the
potential to be modulated.15 Despite several established
associations between BA and neurological disease, there
is a paucity of long-term longitudinal studies in patients
with previous stroke.10 Additionally, the differences in
the predictive ability of various BA indicators calculated
from clinical biochemistry biomarkers for future stroke
outcomes are still unknown.10
on short- and long-term stroke prognosis, we applied
three validated BA algorithms based on clinically
measured biomarkers to stroke patients to assess the
role of BA in stroke outcomes and to identify the most
appropriate predictor.

Methods
Study participants
The data were derived from the Third China National
Stroke Registry (CNSR-III), a prospective national regis-
try of patients with acute ischemic stroke or transient
ischemic attack (TIA) between August 2015 and March
2018 in China.16,17 The protocol of CNSR-III has been
previously published in detail.18 In brief, the study aimed
to identify the imaging and biological markers for the
prognosis of ischemic cerebrovascular events and identify
the patients at high risk in an early phase. This study
enrolled patients experiencing an ischemic stroke or TIA
within 7 days after symptom onset. All participants were
monitored for stroke outcomes at three months, one year,
and five years. Patients were enrolled from 201 sites, of
which 11,261 patients in 171 sites voluntarily participated
in the biomarker subgroup study and collected pre-
specified blood samples after admission.

Ethics
The study protocol was approved by the Ethics Com-
mittee of the Beijing Tiantan Hospital (IRB approval
number: KY2015-001-01) and all participating centers.
The written informed consent has been signed by all
participants or their representatives before entering the
study.

Baseline information
The trained researchers collected baseline data for each
participant through direct face-to-face interviews or
www.thelancet.com Vol 111 January, 2025
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from related medical records following a standardized
protocol. Baseline information included age, sex,
weight, height, blood pressure, current smoking status,
drinking status, and medical history of hypertension,
diabetes, hypercholesterolemia, ischemic stroke, coro-
nary heart disease, atrial fibrillation, and family medical
history. Body mass index (BMI) was calculated as body
weight (kg) divided by the square of height (m2), and the
National Institutes of Health Stroke Scale (NIHSS)
score was assessed on admission. All measurements
were conducted in accordance with established oper-
ating guidelines.

Clinical biomarker measurement
We obtained fasting blood samples and extracted serum,
plasma samples, and white blood cells after admission
(median time, 53.6 h [interquartile range, 26.5–95.8 h])
after the onset of ischemic stroke or TIA. The extracted
samples were transported from the local hospitals to the
clinical biobank in Beijing Tiantan Hospital in two
layers of anti-contamination packaging and were moni-
tored by a cold chain all the time. All specimens were
stored in −80 ◦C refrigerators until tests were performed
centrally and blindly. Serum biochemical indexes and
blood cell indexes were entered into the selection
progress of BA construction. Importantly, these markers
used to calculate BA are routinely collected during
clinical care and health research: blood cell counts (he-
moglobin, platelet count, white blood cell count, etc.),
and biochemical indexes (lipids, fasting glucose, renal
function indexes, liver function, etc.).

Construction of biological age and age acceleration
A series of markers, including physical measurements
and blood biomarkers, were considered for calculating
BA in the Supplementary file. Following the procedure
suggested by previous studies, BA was conducted using
three widely recognized algorithms: PhenoAge,
Klemera–Doubal, and HD methods.7–9 The three for-
mulas of calculation are supplied in Supplementary
method. The Pearson’s correlation coefficient for each
marker was calculated using CA, and those with co-
efficients above a specific threshold (>0.10) were consid-
ered in the construction by sex.19 Observations with
missing values were excluded from this analysis, result-
ing in sixteen markers used for calculations in both men
and women. These markers, including waist, albumin,
uric acid, lymphocyte, monocyte, red blood cell count,
white blood cell count, C-reactive protein, cystatin C,
diastolic blood pressure, gamma glutamyl transferase,
high density lipoprotein, total triglyceride, alkaline
phosphatase, creatinine, and mean cell volume, were
subsequently utilized to calculate PhenoAge, KDMAge,
and HDAge. Additionally, we also calculated PhenoAge
using nine blood chemical markers (albumin, alkaline
phosphatase, creatinine, C-reactive protein, glucose,
mean cell volume, red blood cell distribution width, white
www.thelancet.com Vol 111 January, 2025
blood cell count, and lymphocyte ratio) for further
sensitivity analysis.20

For the three methods of biological age (BA), the
blood-chemistry-derived measures were initially derived
from NHANES 1988–1994 (NHANES III). Access to the
relevant algorithms and R code was available through
the ‘BioAge’ R package at https://github.com/
dayoonkwon/BioAge.21 PhenoAge was developed by
multiple factors linked to mortality risks, utilizing
elastic-net Gompertz regression to estimate the risk of
death.22 KDMAge was determined by conducting mul-
tiple regressions between certain biomarkers and CA in
the reference population, allowing for a quantitative
evaluation of the decline in system integrity.8 Further-
more, HDAge assessed the deviation of an individual’s
physiological measurements from the reference derived
from a youthful and healthy population by using the
Mahalanobis distance metric.9 In the present study, the
acceleration of PhenoAge and KDMAge was calculated
by the regression of BA on CA. When assessing bio-
logical age acceleration, individuals with PhenoAge or
KDMAge exceeding their CA were considered to age
more rapidly. Individuals with a higher HDAge were
more susceptible to homeostatic disorders and physical
health burdens, and were perceived to undergo a more
accelerated state of aging. Given that HDAge was
skewed, we used natural log-transformed HD in our
predictive models for HD age acceleration.23

Outcomes
Participants were followed up by face-to-face interviews
at three months and by telephone at one and five years
by trained site investigators. Ischemic stroke was char-
acterized by either severe primary neurological impair-
ment (an increase of 4 or more points on the NIHSS
score) resulting from cerebral ischemia or new neuro-
logical impairment lasting more than 24 h.18 Stroke
included both ischemic stroke and hemorrhagic stroke,
while composite vascular events included ischemic
stroke, hemorrhagic stroke, myocardial infarction, and
vascular death. All-cause death was defined as fatalities
resulting from any cause. The poor functional outcome
was defined as an modified Rankin scale (mRS) of 3–6.24

Events were collected by site researchers and were ulti-
mately decided by the independent endpoint determi-
nation committee. Case fatality was either verified on a
death certificate from the hospital or local civil registry.
Data for patients did not have follow-up assessment
were censored on the date of a primary outcome event
or the last visit if the patient was lost to follow-up,
whichever came first.

Statistical method
BA acceleration was categorized into four groups by
quartiles. Continuous variables were reported as mean
with standard deviation (SD) or median with the inter-
quartile range, and categorical variables were reported
3
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as frequencies with percentages. The Cox proportional
hazard model was used to assess the association be-
tween BA acceleration and stroke, stroke recurrence,
composite vascular events, and all-cause death. Data for
patients did not have follow-up assessment were
censored on the date of a primary outcome event or the
last visit if the patient was lost to follow-up, whichever
came first. We found no violations of the proportional
hazard assumption in the models using Schoenfeld re-
siduals (P > 0.05). The outcome of mRS scores of 3–6
was analyzed using logistic regression. We calculated
adjusted hazard ratios (HRs) or odds ratios (ORs) with
their 95% confidence intervals (CIs) using the first
quartile as the reference through three multivariable
Cox/logistic methods. The confounding factors relevant
to stroke outcome were selected according to findings of
previous literature and clinical knowledge.25,26 We used
four adjusted models in this study. Model 1 was
adjusted for CA and gender, and model 2 additionally
adjusted for body mass index, smoking, alcohol con-
sumption, educational background, and living condi-
tion. Model 3 further included covariates that are
relevant to stroke outcome based on the literature
including previous medical history of diabetes, hyper-
tension, dyslipidemia, coronary heart disease, atrial
fibrillation, family medical history and NIHSS at base-
line. Model 4 adjusted for covariates in model 3 using
the inverse-probability-of-treatment-weighted method to
Fig. 1: Flowchart for the selection of participants. CNSR-III, the Third
account for missing values for biomarkers as a sensitive
analysis.27 We further used the Fine–Gray competing
risk models, considering all-cause death as a competing
event. Additionally, the net reclassification index (NRI)
and integrated discrimination improvement (IDI) were
further used to evaluate the added predictive value of BA
acceleration. Restricted cubic splines with 4 knots were
constructed to model a non-linear relationship between
BA and stroke outcomes.

A two-sided P value < 0.05 was considered statisti-
cally significant. All analyses were performed using R
version 4.3.1 and SAS version 9.4 (SAS Institute, Cary,
NC).

Role of the funding source
The funders played no role in study design, data
collection, data analyses, interpretation, or writing of the
manuscript for publication.
Results
Baseline characteristics
Among all the patients with ischemic stroke or TIA
enrolled in the CNSR-III study, 11,261 patients under-
went baseline blood sample collection. After excluding
3865 patients with missing data of laboratory tests, a
total of 7396 patients were included in this analysis
(Fig. 1). Briefly, the average age of these patients was
China National Stroke Registry; TIA, Transient Ischemic Stroke.
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Characteristic N (%) or
mean ± SD

Age (yr), mean ± SD 62.3 ± 11.3

Female 2346 (31.7)

BMI, kg/m2, mean ± SD 24.7 ± 3.3

Current smoking, No. (%) 2371 (32.1)

Heavy drinking, No. (%) 1062 (14.4)

Educational background

Middle school and below 5291 (71.5)

High school and above 2105 (28.5)

Living condition

Live alone 378 (5.1)

Live with others 7018 (94.9)

NIHSS 3.0 (1.0–6.0)

0–3 3952 (53.4)

≥3 3444 (46.6)

Medical history, No. (%)

Stroke 1690 (22.8)

Hypertension 4724 (63.9)

Diabetes 1784 (24.1)

Hypercholesterolemia 1218 (16.5)

Coronary artery disease 778 (10.5)

Atrial fibrillation 289 (3.9)

Family medical history

Hypertension 1540 (20.8)

Hypercholesterolemia 152 (2.1)

Diabetes 471 (6.4)

Stroke 908 (12.3)

Coronary artery disease 333 (4.5)

Index event, No. (%)

Ischemic stroke 6618 (89.5)

TIA 778 (10.5)

Biological aging

HDAge (log units) 5.1 ± 1.0

PhenoAge (years) 61.2 ± 12.8

PhenoAge acceleration −1.2 ± 5.7

KDMAge (years) 55.7 ± 28.3

KDMAge acceleration −6.7 ± 26.7

BMI, body mass index; TIA, Transient ischemic stroke; HDAge, homeostatic
dysregulation age; KDMAge, Klemera-Doubal method age.

Table 1: Baseline characteristics of participants (n = 7396).

Articles
62.3 (±11.3) years and 31.7% were women. A total of
4724 patients (63.9%) had a history of hypertension, and
1218 (16.5%) with hypercholesterolemia, and 1784
(24.1%) with diabetes (Table 1). The baseline charac-
teristics of included and excluded participants were well-
balanced (Supplementary Table S1). Biological and
physical indicators used to construct BA are shown in
Supplementary Table S2. The PhenoAge measure was
highly correlated with CA (Pearson coefficient = 0.90)
(Fig. 2 and Supplementary Fig. S1).

Biological age and stroke outcomes
There were 1.2%, 2.6%, and 11.0% of patients lost to
follow-up at three months, one year and five years,
www.thelancet.com Vol 111 January, 2025
respectively. During the 3-month follow-up, patients had
451 (6.1%) strokes, 420 (5.7%) ischemic strokes, 468
(6.3%) composite vascular events, 107 (1.4%) all-cause
deaths, and 1000 (13.7%) mRS of 3–6. After adjusting
for all potential confounders, per 1-SD increase in
PhenoAge acceleration showed positive associations
with stroke (HR 1.22; 95%CI 1.12–1.32; P < 0.001),
ischemic stroke (HR 1.21; 95%CI 1.11–1.32; P < 0.001),
composite vascular events (HR 1.24; 95%CI 1.15–1.34;
P < 0.001), all-cause mortality (HR 1.78; 95%CI
1.59–1.99; P < 0.001), and mRS of 3–6 (OR 1.37; 95%CI
1.28–1.46; P < 0.001) (Supplementary Table S3).
Compared with the first quartile of PhenoAge acceler-
ation, participants in the fourth quartile were more
likely to have a higher risk of stroke (HR 1.98, 95% CI
1.49–2.63, P < 0.001), ischemic stroke (HR 1.88, 95% CI
1.41–2.53, P < 0.001), composite vascular events (HR
2.03, 95% CI 1.53–2.68, P < 0.001), all-cause death (HR
7.02, 95% CI 3.41–14.47, P < 0.001), and mRS of 3–6
(OR 2.55 95% CI 2.05–3.16, P < 0.001). The risk of all
stroke outcomes for HDAge and KDMAge acceleration
was consistent with PhenoAge acceleration.

For long-term follow-up, the association between age
acceleration calculated by the three different algorithms
and stroke outcomes at one year and five years was
consistent with that at three months (Supplementary
Tables S4 and S5). Over the 5-year follow-up, patients
had 1172 (15.9%) strokes, 1061 (14.4%) ischemic
strokes, 1356 (18.3%) composite vascular events, 759
(10.3%) all-cause deaths, and 1318 (20.0%) cases had an
mRS of 3–6. A per 1-SD increase in PhenoAge accel-
eration also showed positive associations with stroke
(HR 1.13; 95%CI 1.07–1.19; P < 0.001), ischemic stroke
(HR 1.11; 95%CI 1.04–1.17; P < 0.001), composite
vascular events (HR 1.13; 95%CI 1.07–1.19; P < 0.001),
all-cause mortality (HR 1.49; 95%CI 1.41–1.57;
P < 0.001), and mRS of 3–6 (OR 1.52; 95%CI 1.42–1.62;
P < 0.001) in model 3. The risk of stroke outcomes
within one year and five years for HDAge was consistent
with PhenoAge acceleration, but KDMAge acceleration
was the same, except for stroke within one year (HR
1.24, 95% CI 1.00–1.53, P = 0.053). PhenoAge acceler-
ation calculated based on nine markers remained
identical to the other age acceleration algorithms
(Supplementary Table S6). Additionally, the effect size
for the risk of death was slightly larger compared to
other stroke outcomes.

In sensitive analysis, the results of the inverse
weighted probability model and competition risk model
were largely similar to those of other models
(Supplementary Tables S3–S7). To evaluate the effects
of biological aging on different stroke subtypes, we
analyzed the association between biological aging and
stroke risk in both cardiogenic and non-cardiogenic
patients, observing generally consistent outcomes in
Supplementary Table S8. When we excluded the pa-
tients with medical history of stroke, the all results still
5
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Fig. 2: Correlation matrix of chronological age, biological ages, and age accelerations (Pearson correlation). ***P < 0.001.
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were similar to those of all patients (Supplementary
Table S9).

Multivariable-adjusted spline regression models
further showed a positive relationship between biolog-
ical age acceleration and short- and long-term stroke
prognosis (Fig. 3, Supplementary Figs. S2 and S3). The
trajectory of cumulative probability for different out-
comes at three months, one year, and five years using
Kaplan–Meier analysis by stratifying the biological ages
(Supplementary Figs. S4–S6).

Most of the individual biomarkers included in the
BA measures were predictive for neurological outcomes
(Supplementary Figs. S7–S9). For example, higher C-
reactive protein levels were associated with an increased
risk of stroke outcomes, whereas a lower albumin level
was associated with an increased risk of all-cause mor-
tality and mRS of 3–6 at three months. Similar results
were observed for the one-year and five-year stroke
outcomes. Meanwhile, BA acceleration measures
showed a comprehensive predictive effect across
different stroke outcomes (Fig. 4).

Improvement in prediction model for stroke
outcomes by addition of BA acceleration
In Supplementary Table S10, we compared the perfor-
mance of different age acceleration models in predicting
stroke outcomes. At 3-month follow-up, compared to
models with KDMAge acceleration plus basic model, the
point estimates of IDIs in PhenoAge acceleration
models ranged from 0.20% to 1.32%, and point esti-
mates of NRIs varied from 22.55% to 49.63% for all
outcomes. Meanwhile, when HDAge was added to the
basic model, the new model showed a better improve-
ment ability for stroke and composite vascular events,
with point estimates of IDIs at 0.13% and 0.16%
respectively, and point estimates of NRIs at 9.62% and
10.01% respectively. Additionally, PhenoAge accelera-
tion still had a better integrated discrimination
improvement ability than HDAge and KDMAge accel-
eration at one year and five years. Also, for short- and
long-term stroke prognosis, we found the three BA ac-
celerations had a better improvement ability than CA
when adding to basic models (Supplementary
Table S11).
Discussion
In this Chinese stroke registry cohort study, we present
novel evidence that BA acceleration based on blood
biomarkers and physical measurements was positively
associated with the risk of short- and long-term stroke
outcomes, with slightly larger effect sizes observed for
all-cause death than other stroke outcomes. Further
analysis demonstrated that the PhenoAge acceleration
www.thelancet.com Vol 111 January, 2025
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Fig. 3: Graphs of the best fitting models for relationships of PhenoAge acceleration with stroke, ischemic stroke, composite vascular
events, all-cause death, and mRS of 3–6 at three months, one year, and five years. Panels: three months (A–E), one year (F–J) and five years
(K–O). Restricted cubic spline regression model (4 knots) adjusted for CA, sex, body mass index, smoking, alcohol consumption, educational
background, living condition, previous medical history of diabetes, hypertension, dyslipidemia, coronary heart disease, atrial fibrillation, family
medical history and NIHSS at baseline.
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provided a better improvement in the model’s predictive
ability for prognosis compared to BA determined by
other algorithms in patients with TIA or ischemic
stroke, and may be a better predictor of short-term and
long-term prognosis of stroke.

BA is closely related to the onset and progression of
neurological diseases. Previous studies indicated that
BA based on clinical biomarkers,4 leukocyte telomere
length,28 and DNA methylation measurements,29 could
serve as novel indicators for the onset of stroke. Spanish
experts have shown for the first time that age accelera-
tion determined by DNA methylation could increase the
risk of stroke recurrence.30 However, a case–control
study in China revealed that biological aging repre-
sented by telomere length in stroke patients was not
linked to stroke recurrence, but with a 69% increased
risk of post-stroke death in patients with atherosclerotic
thrombotic stroke.31 Since DNA methylation and telo-
mere length have less convenience,32 our study based on
more readily available physical and clinical indicators,
also supported the conclusion that accelerated BA was
associated with stroke recurrence, similar to DNA-
methylation findings.30 The forementioned study on
telomere length31 included patients with athero-
thrombotic strokes, lacunar infarction, or hemorrhagic
strokes, while the methylation study30 and our study
mainly involved patients with acute ischemic stroke,
thus the results may have been different. Additionally,
due to the lack of data validation of long-term prognosis
www.thelancet.com Vol 111 January, 2025
in previous studies,10 we further verified a strong
connection between accelerated BA and the long-term
prognosis in stroke patients (one year and five years).
Consequently, BA acceleration could serve as a potential
indicator for predicting long-term stroke outcomes in
patients with stroke or TIA, and these findings need to
be validated further across different populations.
Knowing the BA in stroke patients would be useful to
identify those patients at higher risk of recurrent stroke
or neurological deterioration in daily clinical practice.29,33

Given the potentially reversible nature of biomarkers
used to measure BA,34,35 BA may represent a partially
modifiable risk factor compared to CA. Ultimately, the
potentially changeable features and corresponding esti-
mation methods of BAs presented in this study can be
easily applied in clinical practice or geriatric health
management, which could give a window for potential
interventions at slowing biological aging to delay the
onset of age-related disorders10 and provide novel op-
portunities for prevention and intervention of cerebro-
vascular diseases. Currently, the translational use of
biological aging measures in clinical practice still needs
for more studies. Previous studies have emphasized the
potential of multi-domain lifestyle interventions in
decelerating aging and preventing chronic disease such
as stroke.36,37 We need to further understand the bio-
logical mechanisms and to determine whether in-
terventions targeting biological age can improve
prognosis in stroke patients. Future studies could focus
7
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Fig. 4: HRs or ORs and 95% CIs for stroke outcomes in relation to 1-SD increase in biological age acceleration measures. Model 1 was
adjusted for CA and sex, and model 2 was additionally adjusted for body mass index, smoking, alcohol consumption, educational background,
and living condition. Model 3 further included covariates that are relevant for stroke outcome based on the literature including previous medical
history of diabetes, hypertension, dyslipidemia, coronary heart disease, atrial fibrillation, family medical history and NIHSS at baseline. HR,
hazard ratio; OR, odds ratio; CI, confidence interval; HDAge, homeostatic dysregulation age; KDM, Klemera-Doubal method age; SD, standard
deviation.
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more on the potential role of lifestyle or other in-
terventions, which may facilitate the tailoring of in-
terventions to specific aspects of aging and/or health.

Currently, there is no gold standard approach to
calculating BA based on clinical biomarkers, and dis-
crepancies may exist among different measures.12 As we
incorporated the same set of biomarkers into our three
BA measures, PhenoAge showed greater improvement
in predictive models for stroke outcomes compared to
HDAge and KDMAge. The inconsistent result is prob-
ably explained by the fact that PhenoAge captures not
only CA, but also the mortality risk predicted by the
biomarkers. Whereas, HDAge reflects physiological
deviations from a youthful and healthy population, and
KDMAge simply reflects CA.9 Considering that stroke is
a cerebrovascular disease with a characteristic of high
mortality rate,38 the PhenoAge algorithm may be more
suitable for estimating the BA of the stroke population.

There is currently no clear agreement on the specific
role of aging biomarkers in explaining the fundamental
mechanisms of aging and stroke outcomes. We specu-
late on possible mechanisms as follows. First, BA ac-
celerations were computed based on blood biomarkers,
and they are strongly associated with stroke and heart
disease.29 Ischemic stroke, a manifestation of systemic
cardiovascular disease, is influenced by cardiometabolic
risk factors.10 Therefore, the association of BA acceler-
ation with stroke outcomes may be due to the selection
of biomarkers (e.g., waist circumference, blood pres-
sure, glucose, and lipids) related to cardiovascular health
in BA measures,12 and a consequence of the accumu-
lation of cardiovascular risk factors.39 Second, aging can
cause cellular damage to the components of neuro-
vascular units and lead to structural and functional
impairments.40,41 Patients with previous stroke and age
acceleration may experience increased the vulnerability
of neurovascular units, which limits their neuro-
plasticity and recovery capacity,14 and is more likely to
lead to stroke recurrence and adverse outcomes. Third,
BA acceleration is associated with the enhanced
www.thelancet.com Vol 111 January, 2025
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activation of pro-inflammatory pathways. Meanwhile,
inflammation and impaired immune function
contribute to the pathogenesis of multiple diseases such
as stroke, which ultimately leads to mortality.37

Some limitations should be considered. First,
missing data on certain clinical biomarkers means that
the final included patients do not fully represent the
total population, despite mostly balanced baseline
characteristic. Second, the evaluation through a phone
call in one and five years may lead to bias. Third, since
blood sample data are collected after onset, certain
physical and blood markers could be influenced by the
stress response in acute ischemic stroke patients rather
than reflecting steady-state data. Fourth, the composi-
tion of BA is limited to available clinical markers and
some markers relevant to aging were not collected and
included in this study, such as pulmonary functional
parameters measured by forced expiratory volume in
1 s.4 Fifth, changes in biomarkers used for BA may also
affect stroke prognosis during follow-up, but the rele-
vant data were not collected. Sixth, biological aging de-
pends not only on modifiable risk factors such as
lifestyles and the use of medicines, but also on psy-
chosocial and economic determinants as well as genetic
determinants of individual host responses. However,
our study cannot completely capture all potential risk
factors. Seventh, the models cannot adjust for the
medical interventions that these patients had received
during the follow up, which would definitely impact the
outcomes.

Conclusion
In summary, this investigation used prospective data to
explore the associations of various BA accelerations with
the prognosis of patients with stroke or TIA. BA accel-
eration such as PhenoAge, KDMAge, and HDAge, may
serve as an effective biomarker for predicting short- and
long-term outcomes of ischemic stroke, especially Phe-
noAge. BA assessed by blood biomarkers and physical
measurements offers the possibility of slowing aging or
identifying high-risk populations for preventative
interventions.
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