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ABSTRACT
Background: The role of biological age (BA) acceleration in longitudinal disease progression from health to cardiometabolic 
disease (CMD), then to post-CMD dementia (including vascular dementia (VaD) and Alzheimer's disease (AD)), and finally to 
death remains unclear.
Methods: Using data from 284,723 UK Biobank participants, two established BA measures (Klemera-Doubal Method Biological 
Age [KDM-BA] and PhenoAge) were generated on the basis of baseline clinical biomarkers. Post-CMD dementia was defined 
as dementia that occurred after the first occurrence of CMD. Multistate analysis was constructed to examine the association 
between BA accelerations and longitudinal progression of post-CMD dementia. We further explored the role of two BA accelera-
tions in CMD-specific transitions and dementia-specific transitions, respectively.
Results: Over a median follow-up of 13.7 years, 47,150 participants developed CMD, and 999 developed post-CMD dementia. 
Biologically older participants demonstrated robustly higher risks from healthy to CMD, then to post-CMD dementia, and finally 
to death. For the transition from baseline to CMD, adjusted HRs (95% CI) were 1.34 (1.32, 1.35) for each SD increase in KDM-BA 
acceleration and 1.19 (1.18, 1.20) for PhenoAge acceleration. For the transition from CMD to post-CMD dementia, HRs were 1.12 
(1.04, 1.20) for KDM-BA acceleration and 1.10 (1.04, 1.17) for PhenoAge acceleration. Both BA accelerations were more strongly 
associated with the transition from CMD to post-CMD VaD than with the transition to post-CMD AD.
Conclusions: BA accelerations hold promise for identifying the disease progression of post-CMD dementia in routine clinical 
practice and slowing down disease progression through the interventions that slow down biological aging.
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1   |   Introduction

The aging of the population is occurring at an accelerated pace 
[1]. Dementia is one of the fastest-growing age-related diseases, 
expected to affect over 150 million by 2050 [2, 3]. Cardiometabolic 
diseases (CMDs, including heart disease, stroke, and type 2 dia-
betes [T2D]) are firmly established independent risk factors for 
dementia [4–9]. The dementia risk associated with CMDs was 
three times greater than that associated with high genetic risk [6]. 
The mechanisms of transition from CMD to post-CMD dementia 
include chronic cerebral hypoperfusion, disruption of the blood–
brain barrier integrity, oxidative stress, and cerebral insulin 
resistance [4–9]. Advances in CMD management have led to im-
proved survival, increasing the likelihood that individuals with 
CMD will develop post-CMD dementia over time. Longitudinal 
disease progression describes the sequence of events over time, 
providing more nuanced information crucial to the primary and 
secondary prevention of and to the management of patients at dif-
ferent disease stages [10]. Thus, given the limited availability of 
pre-symptom diagnosis and treatment of post-CMD dementia in 
daily practice [3], it is essential to understand the accumulation 
of post-CMD dementia over time and the relationship between 
potentially important factors and this progression.

Aging is the predominant risk factor for CMDs and dementia 
[11]. Unlike the inexorable increase in chronological age (CA), 
the biological aging process is amenable to intervention through 
pharmacological and lifestyle behavior [12, 13]. Accelerated 
biological aging induces increased oxidative stress, chronic in-
flammation, and deregulated nutrient sensing [14], which are 
strongly linked to the development of CMD and dementia. Given 
the existing evidence, it is plausible to hypothesize that biolog-
ical age (BA) measures hold promise for tracking the longitu-
dinal progression of post-CMD dementia. BA measures based 
on composite biomarkers that reflect the landscape of aging 
in multiple organs and systems are already available [15, 16]. 
Compared with other measures (e.g., telomere length and epi-
genetic clocks), composite biomarker BA is cost-effective while 
ensuring measurement accuracy, making it feasible for large 
population research and daily practice [17, 18]. Several studies 
have investigated the association of BA with CMDs, BA with 
dementia in the general population and subgroups [19–24]. 
However, such analyses based on the traditional survival model 
make it challenging to understand the impact of BA on the lon-
gitudinal disease progression. The associations of BAs with the 
longitudinal progression of post-CMD dementia and disease-
specific dementia (i.e., Alzheimer's disease and vascular demen-
tia) after CMD remain unclear.

The multistate model (MSM) extends the traditional survival 
model [25, 26]. The MSM provides a useful framework for mod-
eling complex longitudinal disease accumulation data by incor-
porating multiple subsequent or competing events as transition 
states [25, 26]. Therefore, we conducted a multistate analysis to 
examine the associations between BA measures (i.e., Klemera-
Doubal Method Biological Age [KDM-BA] [15] and PhenoAge 
[16]) and the risk of post-CMD dementia development, including 
transition from healthy to CMD, then to post-CMD dementia, 
and further to death (Figure 1). Furthermore, we investigated 
the associations of specific CMD (i.e., heart disease, stroke, and 
T2D) or specific dementia (i.e., Alzheimer's disease [AD] and 
vascular dementia [VaD]) along this transition pathway.

2   |   Methods

2.1   |   Study Participants

Participants in this study were drawn from the UK Biobank 
(UKB), a prospective cohort study with over half a million 
participants. As detailed previously [27], participants aged 
37–73 years underwent assessments between 2006 and 2010. 
All participants provided written informed consent. The UKB 
was approved by the North West Multicenter Research Ethical 
Committee. This research was conducted using the UK Biobank 
Resource under the application number: 117,185.

We excluded participants with missing data on either KDM-BA 
or PhenoAge (n = 173,315), those diagnosed with CMDs or de-
mentia before baseline (n = 37,938), and those with missing data 
on select covariates (n = 5712). To investigate the longitudinal 
progression of post-CMD dementia, we also excluded partici-
pants with dementia diagnosed before or on the same date as the 
first occurrence of CMD (n = 669). A total of 284,723 participants 
were included in the analysis to examine the role of BA in lon-
gitudinal disease progression. See Appendix Figure S1 for the 
selection flow chart of the participants. See Appendix Table S1 
for sample sizes of clinical biomarkers for constructing BAs.

2.2   |   Follow-Up for CMD, Post-CMD Dementia 
and Death

The disease progression included the following states: CMD, 
post-CMD dementia, and death. CMD was defined as the first in-
cidence of heart disease, stroke, and T2D during follow-up. Post-
CMD dementia was defined as dementia occurring after the first 

FIGURE 1    |    Design of the study.
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occurrence of CMD. Incidence of CMDs, dementia, and death 
was obtained by the following sources, including self-reported 
information, primary care data, and hospital admission data. 
Health data were available up to October 31, 2022, August 31, 
2022, and May 31, 2022 for England, Scotland, and Wales, re-
spectively. Follow-up was censored at death, loss to follow-up, or 
the last date with available information, whichever came first. 
According to previous studies [5, 28, 29], the CMD diagnoses 
were ascertained according to the corresponding International 
Classification of Diseases 10th revision (ICD-10) codes (I20 to 
I25, I48, I49, and I50 for heart diseases; I60 to I64 for stroke; E11 
and E14 for T2D). Dementia was identified according to the cor-
responding ICD-10 codes: F00, F01, F02, F03, G30, as described 
in a previous study [30].

2.3   |   Construction of Biological Age and Biological 
Age Acceleration

CA refers to an individual's actual age, calculated on the basis 
of the date of birth. However, individuals with the same CA 
may have different rates of biological aging [12, 13]. BA rep-
resents the predicted age on the basis of the extent of aging 
reflected by various biological markers [12, 13, 31–33]. Unlike 
CA, BA captures the rate of an individual's physiological 
aging which may be faster or slower than their CA. To quan-
tify differences between participants in biological aging, BA 
acceleration is calculated as the difference between an in-
dividual's predicted BA and their CA [17, 18, 34]. A positive 
value indicates accelerated aging, whereas a negative value 
reflects decelerated aging. BA acceleration was the primary 
target exposure analyzed.

For the calculation of BA, we employed two well-validated 
methods on the basis of clinical biomarkers: the KDM-BA and 
PhenoAge [15, 16, 18, 34, 35]. The KDM algorithm is derived 
from regression analyses between multiple biological markers 
and CA in a reference population. An individual's KDM-BA es-
timate reflects the CA at which their physiological state is ex-
pected to be normal. Our previous studies described in detail 
the KDM-BA calculated from 18 biomarkers [17, 18]. Currently, 
there are well-established algorithms for calculating PhenoAge 
[19, 35, 36]. The PhenoAge algorithm is constructed on the basis 
of mortality risk prediction. Specifically, it first estimates mor-
tality hazards using two models: one based on nine selected 
biomarkers and another based solely on CA in a reference popu-
lation. PhenoAge is then derived by identifying the CA that cor-
responds to the same mortality hazard predicted by the model 
based on biomarkers. A detailed description of both methods is 
provided in the Appendix Text S1 and S2.

2.4   |   Assessment of Covariates

As previously reported [5, 6, 19], the following covariates 
were obtained from the baseline questionnaires and physical 
examinations: age, sex, race, education, socioeconomic status 
(SES, i.e., Townsend Deprivation Index), smoking status, fre-
quency of alcohol consumption, total physical activity, body 
mass index (BMI), and family history of CMDs or dementia. 

Detailed measures of these covariates are shown in Appendix 
Table S2.

2.5   |   Statistical Analysis

We described the baseline characteristics of total participants, 
as well as those with CMD and post-CMD dementia. To assess 
the representativeness of the study population, we compared the 
characteristics of all UKB participants, those included in the 
study, and those excluded from the study.

Before the main analysis, we used the Cox model to estimate 
the associations of KDM-BA acceleration and PhenoAge accel-
eration with CMD, post-CMD dementia, and death, respectively. 
The proportional hazard assumption was checked using the 
Schoenfeld residuals method, and no violations were detected. 
Model 1 adjusted for age and sex. Model 2 was further adjusted 
for race, education, SES, smoking status, frequency of alcohol 
consumption, total physical activity, BMI, and family history 
of CMDs or dementia. Estimates of KDM-BA acceleration and 
PhenoAge acceleration were demonstrated per standard devia-
tion (SD) increase for comparison.

In the main analyses, we used the MSMs to assess the role of 
the BA accelerations in the disease progression from healthy to 
incident CMD, then to post-CMD dementia, and ultimately to 
death. MSMs extend the traditional survival model to encom-
pass more than two disease states, providing a useful frame-
work for modeling complex longitudinal disease accumulation 
data [25] and have been widely applied in multimorbidity stud-
ies [19, 26, 28, 37–39]. There were five transitions between the 
three states: (1) baseline to CMD, (2) baseline to death from a 
disease other than CMDs, (3) CMD to post-CMD dementia, (4) 
CMD to death from any causes, and (5) post-CMD dementia to 
death from any causes. For participants whose death occurred 
on the same day as the CMD or post-CMD dementia diagnosis, 
we subtracted 0.5 days from the death date as the diagnosis date. 
To assess potential nonlinear associations between BA acceler-
ations and disease progression, we used restricted cubic spline 
(RCS) models with three knots (at the 10th, 50th, and 90th per-
centiles). All MSMs and RCS models were adjusted for the same 
covariates as in the Cox models.

We further explored the disease-specific transitions. We sepa-
rately assessed the associations between the two BA accelera-
tions and each specific CMD (i.e., heart disease, stroke, and 
T2D) or specific dementia (i.e., AD and VaD) in the progression, 
respectively. For example, the transitions from healthy to stroke, 
then to post-stroke dementia, further to death; or the transitions 
from healthy to CMD, then to post-CMD AD, further to death.

We conducted several sensitivity analyses. First, for partici-
pants experiencing death and CMD or post-CMD dementia 
events on the same day, we calculated the entering date of the 
prior status using different time intervals (1, 30, and 365 days) 
to assess the impact on the results. Second, we excluded out-
come events occurring within the first 6 months of follow-up 
in the MSMs to examine potential reverse causality. Third, 
we further adjusted for depression in MSMs, considering that 
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depression might be a potential confounder of BA and disease 
progression. Fourth, we included hypertension and hyper-
lipidemia as additional confounders in the MSMs. Fifth, we 
further considered four states (first CMD, cardiometabolic 
multimorbidity, subsequent dementia, and death) in the MSM. 
Sixth, we further explored the association between BA ac-
celeration and all possible transitions of CMD and dementia 
comorbidity based on MSM. Finally, we tested the robustness 
of our results using homeostatic dysregulation age (HDAge), 
although HDAge is not a defined age measurement and is not 
directly comparable to KDM-BA and PhenoAge [22, 40]. This 
measure was derived by calculating the deviation of personal 
physiological and health reference sample (Appendix Text S3). 
We did all analyses with R version 4.1.1.

3   |   Results

3.1   |   Characteristics of the Participants

Among 284,723 participants, the mean age was 56.21 (SD 8.10) 
years, with 125,765 (44.17%) male participants. Characteristics of 
the study participants are shown in Table 1. Participants with CMD 
and post-CMD dementia were more likely to be older, male, have 
a lower education level, and show accelerated biological aging. 
Participants included in this study had similar baseline character-
istics to those without available data (Appendix Table S3).

Numbers (percentages) of participants in longitudinal disease 
progression are shown in Figure 2. During a median follow-up 

TABLE 1    |    Baseline characteristics of study participants by incident disease states.a

Characteristics Total (N = 284,723)
Participants with 
CMD (N = 47,150)

Participants with post-
CMD dementia (N = 999)

Age at baseline, year 56.21 (8.10) 59.95 (7.21) 65.37 (4.01)

Male (%) 125,765 (44.17) 26,982 (57.26) 588 (58.86)

White ethnicity (%) 272,497 (95.71) 45,075 (95.60) 969 (97.00)

Education (%)

No qualification 42,779 (15.02) 10,803 (22.91) 363 (36.34)

Any other qualification 144,627 (50.80) 23,490 (49.82) 445 (44.54)

Higher education 97,317 (34.18) 12,857 (27.27) 191 (19.11)

SESb −1.47 (2.99) −1.26 (3.12) −1.11 (3.24)

Smoking status (%)

Never 161,595 (56.76) 22,989 (48.76) 455 (45.55)

Previous 94,587 (33.22) 18,043 (38.27) 416 (41.64)

Current 28,541 (10.02) 6118 (12.98) 128 (12.81)

Frequency of alcohol consumption (%)

Never 19,426 (6.82) 4039 (8.57) 127 (12.71)

 < 3 times/week 137,608 (48.33) 22,493 (47.71) 441 (44.14)

≥ 3 times/week 127,689 (44.85) 20,618 (43.73) 431 (43.14)

Total physical activity (%)c

Low 74,993 (26.39) 12,379 (26.25) 237 (23.72)

Medium 75,034 (26.35) 11,339 (24.05) 212 (21.22)

High 74,661 (26.22) 12,247 (25.97) 242 (24.22)

Unknown 60,035 (21.09) 11,185 (23.72) 308 (30.83)

BMI, kg/m2 27.02 (4.52) 28.56 (5.00) 27.82 (4.69)

Family history (%) 189,196 (66.45) 34,033 (72.18) 743 (74.37)

KDM-BA acceleration −0.43 (5.92) 1.61 (6.32) 1.35 (6.44)

PhenoAge acceleration −5.22 (4.94) −3.86 (5.58) −3.38 (6.05)

Abbreviations: BA, biological aging; BMI, body mass index; CMD, cardiometabolic disease; SES, socioeconomic status.
aData are expressed as mean (standard deviation) or numbers (percentage).
bSES was measured by the Townsend Deprivation Index.
cWe included a separate category for missing data in physical activity, given the large proportion of missing data in this term.
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of 13.7 years (interquartile range 13.0–14.3 years), 47,150 
(16.56%) of baseline participants experienced CMD during 
follow-up. 999 (2.12%) participants with CMD developed post-
CMD dementia, and 464 (46.45%) with post-CMD dementia 
died from any cause.

3.2   |   BA Accelerations and Longitudinal Disease 
Progression of Post-CMD Dementia

The results from the Cox regression models indicated that both 
KDM-BA acceleration and PhenoAge acceleration were signifi-
cantly associated with the risks of CMD, post-CMD dementia, 
and death, respectively (Appendix Table S4).

The MSM analysis results showed that both KDM-BA acceler-
ation and PhenoAge acceleration were associated with an in-
creased risk of all transitions, from baseline to CMD, then to 
post-CMD dementia, and ultimately to death, albeit to different 
extents (Table 2). In Model 2, the adjusted hazard ratios (HRs) 
for the transition from baseline to CMD were 1.34 (95% CI: 1.32, 

1.35) for KDM-BA acceleration and 1.19 (95% CI: 1.18, 1.20) for 
PhenoAge acceleration. The associations were slightly attenu-
ated for the transition from CMD to post-CMD dementia com-
pared with the transition from baseline to CMD. Specifically, 
the HRs in Model 2 for the transition from CMD to post-CMD 
dementia were 1.12 (95% CI: 1.04, 1.20) for KDM-BA acceler-
ation and 1.10 (95% CI: 1.04, 1.17) for PhenoAge acceleration. 
Higher estimates were observed in the transition from baseline 
to death than from CMD to death and from post-CMD demen-
tia to death for both measures. J-shaped nonlinear relationships 
were observed for the associations of KDM-BA acceleration and 
PhenoAge acceleration with the progression of CMD, post-CMD 
dementia, and death (Figure 3).

3.3   |   BA Accelerations and Disease-Specific 
Transitions

The results of the role of the two BA accelerations in each spe-
cific CMD in the disease progression are shown in Appendix 
Tables  S5–S7. Compared with heart disease and stroke, two 
BA accelerations were more strongly associated with the 
transition from baseline to T2D. For the transition from 
baseline to T2D, the adjusted HRs were 1.88 (95% CI: 1.84, 
1.92) for KDM-BA acceleration and 1.34 (95% CI: 1.32, 1.35) 
for PhenoAge acceleration. In terms of specific dementia in 
the progression (Tables 3 and 4), both BA accelerations were 
more strongly associated with the transition from CMD to 
post-CMD VaD compared with AD. For the transition from 
CMD to post-CMD VaD, the full adjusted HRs were 1.22 (95% 
CI: 1.07, 1.40) for the KDM-BA acceleration and 1.09 (95% CI: 
0.99, 1.21) for the PhenoAge acceleration.

FIGURE 2    |    Numbers (percentages) of participants from baseline to 
CMD, post-CMD dementia, and death.

TABLE 2    |    Associations of the accelerated biological aging with the risks of cardiometabolic disease, subsequent dementia, and death using 
multistate model (N = 284,723).

Longitudinal disease progression

Model 1 Model 2

HRs (95% CIs) p HRs (95% CIs) p

KDM-BA acceleration

Baseline → CMD 1.53 (1.52, 1.55) < 0.001 1.34 (1.32, 1.35) < 0.001

Baseline → death 1.31 (1.29, 1.34) < 0.001 1.30 (1.27, 1.34) < 0.001

CMD → post-CMD dementia 1.09 (1.03, 1.16) 0.004 1.12 (1.04, 1.20) 0.003

CMD → death 1.18 (1.16, 1.21) < 0.001 1.19 (1.16, 1.22) < 0.001

Post-CMD dementia → death 1.05 (0.97, 1.14) 0.244 1.10 (0.99, 1.22) 0.072

PhenoAge acceleration

Baseline → CMD 1.28 (1.27, 1.29) < 0.001 1.19 (1.18, 1.20) < 0.001

Baseline → Death 1.34 (1.32, 1.36) < 0.001 1.30 (1.28, 1.32) < 0.001

CMD → post-CMD dementia 1.11 (1.06, 1.17) < 0.001 1.10 (1.04, 1.17) < 0.001

CMD → death 1.19 (1.17, 1.21) < 0.001 1.17 (1.15, 1.19) < 0.001

Post-CMD dementia → death 1.15 (1.07, 1.23) < 0.001 1.17 (1.09, 1.27) < 0.001

Note: HRs (95% CI) are results for per SD increase from multistate models. Model 1 adjusted for age, sex. Model 2 further adjusted for race, education, socioeconomic 
status, smoking status, frequency of alcohol consumption, total physical activity, BMI, and family history of CMDs or dementia.
Abbreviations: BA, biological aging; CMD, cardiometabolic disease.
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3.4   |   Result of Sensitivity Analyses

Our results remained robust across all sensitivity analyses 
(Appendix Tables S8–S21 and Appendix Figure S2).

4   |   Discussion

Leveraging a prospective study of approximately 280,000 
adults in the UKB, we assessed the association of two BA mea-
sures with the risk of transitions from healthy to CMD, then 
to post-CMD dementia, and further to death. Our MSM anal-
ysis showed that both KDM-BA acceleration and PhenoAge 
acceleration were associated with the longitudinal progres-
sion of post-CMD dementia, highlighting the promise of these 
measures for tracking the progression of post-CMD dementia. 
Both BA accelerations were more strongly associated with the 
transition from CMD to post-CMD VaD than with the transi-
tion to post-CMD AD. Our study suggests that BA acceleration 
could offer insights into the subclinical prevention of post-
CMD dementia and subsequent death in the general middle-
aged and elderly population.

Most studies have focused on the association between BA and 
the onset of a single disease in the general population or sub-
groups [20–24]. However, focusing solely on single-disease oc-
currence limits the ability to manage patients comprehensively 
across diverse disease trajectories. Understanding the transi-
tion from CMD to post-CMD dementia is crucial, as CMD con-
tributes to dementia through chronic cerebral hypoperfusion, 
blood–brain barrier dysfunction, oxidative stress, and cerebral 
insulin resistance [4–9]. Vascular damage caused by CMD may 
promote β-amyloid accumulation, increasing dementia risk 
[4, 8, 9]. Moreover, previous study suggests a dose–response 
relationship between the number of CMD conditions and the 
subsequent dementia risk [4]. Although survival analysis strat-
egies based on traditional Cox models are conventional in most 
previous studies, the competing risk from other disease states 
and death may violate the assumption of independent censoring, 
resulting in inaccurate risk estimates in multimorbidity settings 
[19, 26, 28]. Using MSMs, our results showed that the KDM-BA 
acceleration and PhenoAge acceleration were associated with all 
transitions from baseline to CMD, then to post-CMD dementia, 
and ultimately to death.

Our findings suggest that BA accelerations may have a sus-
tained impact on the overall progression of post-CMD demen-
tia. Baseline accelerated aging was associated with an increased 
risk of CMD during follow-up, which may inform primary pre-
vention in participants free of CMD. Additionally, we found that 
baseline accelerated aging was associated with an increased risk 
of dementia after CMD, as well as the risk of subsequent death 
after CMD and post-CMD dementia. Given the widespread prev-
alence of CMD, the potential risk of post-CMD dementia, and the 
imperfect or inaccessible pre-symptomatic diagnosis and treat-
ment measures for dementia [3, 5, 28], our findings highlight the 
value of secondary prevention in patients with CMD. Similar to 
a previous study [19], the results of RCS demonstrated J-shaped 
associations suggesting that the influence of BA acceleration on 
the risk of disease progression becomes more pronounced as the 
degree of BA acceleration increases.

Our findings suggest that the accelerated aging at the physiolog-
ical level may capture the potential mechanism of post-CMD de-
mentia progression. Although the two measures contain fewer 
indicators directly related to dementia, statistically significant 
associations were observed between BA accelerations and the 
transition from CMD to post-CMD dementia. This association 
may be due to BA measures indicating CMD-related factors, 
such as insulin resistance and oxidative stress, which play cru-
cial roles in the pathway from CMD to post-CMD dementia, par-
ticularly for post-CMD VaD [41–44]. Regarding the development 
of CMD, we found that the associations of BA accelerations with 
progression to T2D were more pronounced than with progres-
sion to stroke and heart disease. This may be due to the fact that 
different organ systems age at different rates [45]. Metabolic dys-
function, especially insulin resistance, may be among the ear-
liest indicators of aging, influencing the cardiovascular system 
[45]. We did not observe stronger associations between BA accel-
eration and the transition from healthy to stroke or stroke to de-
mentia when compared to other CMD types. This could be due 
to the fact that KDM-BA and PhenoAge predominantly reflect 
chronic aging features, which, while related to the development 
of CMD and subsequent dementia risk, may not fully capture the 
acute events associated with stroke, such as the acute inflamma-
tory responses and neurotoxic effects [32, 46]. As distinct algo-
rithms, KDM-BA and PhenoAge extract information pertaining 
to different aspects of aging. KDM-BA focuses on system integ-
rity and homeostasis, while PhenoAge offers a more direct con-
nection to mortality risk [15, 16]. This may explain the stronger 
association of PhenoAge acceleration with the transition from 
post-CMD dementia to death compared with KDM-BA accelera-
tion in the later stages of disease progression.

There is currently no gold standard for the biological aging pro-
cess. Commonly used BA measures include epigenetic clock, 
telomere length, and composite biomarker BA, each reflecting 
different facets of the aging process [31, 33]. Among these, the epi-
genetic clock is a robust predictor strongly correlated with CA and 
mortality, but its reliance on DNA methylation limits its practical 
use in large populations [33]. In contrast, clinical-based BA mea-
sures, like KDM-BA and PhenoAge, offer good accuracy and cost-
effectiveness, making them suitable for large population research 
and clinical practice [17]. Additionally, the composite biomarker 
BAs has the advantage of detecting physiological alterations ear-
lier than specific phenotype manifestations [32]. As the biological 
aging process can be influenced by various factors, these BAs pro-
vide a unique opportunity for intervening in age-related diseases 
[12, 13]. Therefore, the composite biomarker BAs hold promise for 
identifying and slowing the progression of post-CMD dementia in 
routine clinical practice.

5   |   Strengths and Limitations

This study has several strengths. First, the present study esti-
mated the relationship between BA accelerations and disease 
progression from CMD to post-dementia to death, providing in-
sights for both primary and secondary prevention of CMD and 
dementia. Second, by incorporating multiple subsequent or com-
peting events as transition states, the MSM used in this study 
distinguished the impact of BA accelerations on each transition 
in the longitudinal disease progression.
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Nonetheless, limitations are worth noting. First, for partici-
pants whose death date was the same as the diagnosis date of 
CMDs or post-CMD dementia, we used an interval of 0.5 days 
to calculate the onset date of the disease, which may intro-
duce inaccuracies. However, sensitivity analyses using dif-
ferent time intervals did not significantly alter our results. 
Second, we lacked detailed information on participant CMD 

and dementia-related drug use, which may reduce the risk 
of subsequent disease progression. Third, although we used 
self-reported information, primary care data, and hospital ad-
mission data to track the onset of CMD and dementia during 
follow-up, there is still a possibility of underestimating cases of 
CMD or dementia. Fourth, most biochemical indicators used 
to construct BA were measured only at baseline, and we were 

FIGURE 3    |    Dose–response curves of the accelerated biological aging with the dynamic progression of CMD, post-CMD dementia, and death 
(N = 284,723). Solid lines: point estimates; shadows: 95% confidence interval.
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unable to capture changes over time. Although a follow-up as-
sessment was conducted for a subset of participants (approxi-
mately 20,000), the limited sample size poses a risk of selection 
bias, reduces statistical power, and may result in fewer positive 
outcomes, especially for post-CMD dementia. Fifth, the UKB 
population consists primarily of Caucasians and is composed of 
volunteers, who may be healthier than the general population. 
Additionally, due to the availability of BA data, our study in-
cluded only approximately 60% of the total UKB cohort. These 
factors may limit the generalizability of our findings, and cau-
tion is needed when extrapolating the results to other popula-
tions. Finally, despite reasonable control for confounders, the 
presence of residual confounding cannot be entirely ruled out.

6   |   Conclusion

The present study identified KDM-BA acceleration and PhenoAge 
acceleration as being associated with the risk of transitions from 
healthy to CMD, then to post-CMD dementia, and further to death. 
Both BA accelerations were more strongly associated with the 
transition from CMD to post-CMD VaD than with the transition 
to post-CMD AD. Our study suggests that the cost-effectiveness 
composite biomarker BAs hold promise for identifying disease 
progression of post-CMD dementia in routine clinical practice and 

slowing down disease progression through the intervention mea-
sures that slow down biological aging.
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TABLE 3    |    Associations of the accelerated biological aging with the 
risks of cardiometabolic disease, subsequent Alzheimer's disease, and 
death using multistate model (N = 284,723).

Longitudinal 
disease 
progression

Model 1 Model 2

HRs (95% CIs) HRs (95% CIs)

KDM-BA acceleration

Baseline → CMD 1.53 (1.52, 1.55) 1.34 (1.32, 1.35)

Baseline → death 1.31 (1.29, 1.34) 1.30 (1.27, 1.34)

CMD → post-
CMD AD

1.15 (1.04, 1.27) 1.15 (1.02, 1.29)

CMD → death 1.18 (1.15, 1.20) 1.19 (1.16, 1.22)

Post-CMD AD → 
death

1.08 (0.94, 1.25) 1.23 (1.01, 1.49)

PhenoAge acceleration

Baseline → CMD 1.28 (1.27, 1.29) 1.19 (1.18, 1.20)

Baseline → death 1.34 (1.32, 1.36) 1.30 (1.28, 1.32)

CMD → post-
CMD AD

1.05 (0.96, 1.15) 1.02 (0.93, 1.12)

CMD → death 1.19 (1.18, 1.21) 1.17 (1.15, 1.19)

Post-CMD AD → 
death

1.15 (1.02, 1.30) 1.20 (1.05, 1.38)

Note: HRs (95% CI) are results for per SD increase from multistate models. 
Model 1 adjusted for age, sex. Model 2 further adjusted for race, education, 
socioeconomic status, smoking status, frequency of alcohol consumption, total 
physical activity, BMI, and family history.
Abbreviations: AD, Alzheimer's disease; BA, biological aging; CMD, 
cardiometabolic disease.

TABLE 4    |    Associations of the accelerated biological aging with the 
risks of cardiometabolic disease, subsequent vascular dementia, and 
death using multistate model (N = 284,723).

Disease 
progression

Model 1 Model 2

HR (95% CI) HR (95% CI)

KDM-BA acceleration

Baseline → CMD 1.53 (1.52, 1.55) 1.34 (1.32, 1.35)

Baseline → Death 1.31 (1.29, 1.34) 1.30 (1.27, 1.34)

CMD → Post-
CMD VaD

1.15 (1.03, 1.29) 1.22 (1.07, 1.40)

CMD → death 1.18 (1.15, 1.20) 1.18 (1.15, 1.21)

Post-CMD VaD → 
death

1.14 (0.99, 1.32) 1.17 (0.97, 1.42)

PhenoAge acceleration

Baseline → CMD 1.28 (1.27, 1.29) 1.19 (1.18, 1.20)

Baseline → death 1.34 (1.32, 1.36) 1.30 (1.28, 1.32)

CMD → post-
CMD VaD

1.10 (1.00, 1.22) 1.09 (0.99, 1.21)

CMD → death 1.19 (1.18, 1.21) 1.17 (1.15, 1.19)

Post-CMD VaD → 
death

1.13 (0.99, 1.30) 1.15 (0.99, 1.35)

Note: HRs (95% CI) are results for per SD increase from multistate models. 
Model 1 adjusted for age, sex. Model 2 further adjusted for race, education, 
socioeconomic status, smoking status, frequency of alcohol consumption, total 
physical activity, BMI, and family history.
Abbreviations: BA, biological aging; CMD, cardiometabolic disease; VaD, 
vascular dementia.

https://www.ukbiobank.ac.uk
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