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Abstract

Background: Older adults with discordant biological and chronological ages (BA and CA) may vary in cognitive and physical function from those
with concordant BA and CA.

Methods: To make our approach clinically accessible, we created easy-to-interpret participant groups in the Health, Aging, and Body Composition
Study (N =2 458, 52% female participants, 65% VWhite participants, age: 73.5 = 2.8) based on medians of CA, and a previously validated BA
index comprised of readily available clinical tests. Joint models estimated associations of BA-CA group with cognition (Modified Mini-Mental
State Examination [3MS] and Digit Symbol Substitution Test [DSST]) and frailty over 10 years.

Results: The sample included the following: 32%, Young group (BA and CA < median); 21%, Prematurely Aging group (BA > median,
CA < median), 27%, Old group (BA and CA > median), and 20%, Resilient group (BA < median, CA > median). In education-adjusted models
of cognition, among those with CA < median, the Prematurely Aging group performed worse than the Young at baseline (3MS and DSST
p < .0001), but among those with CA > median, the Resilient group did not outperform the Old group (3MS p = .31; DSST p = .25). For frailty,
the Prematurely Aging group performed worse than the Young group at baseline (p = .0001), and the Resilient group outperformed the Old group
(p =.003). For all outcomes, groups did not differ on change over time based on the same pairwise comparisons (p > .40).

Conclusions: Discordant BA and CA identify groups who have greater cognitive and physical functional decline or are more protected than their
CA would suggest. This information can be used for risk stratification.

Keywords: Biological aging, Executive function, Global cognition, Physical function

Various methods of quantifying biological aging have been
developed by aggregating indicators of the integrity of bodily
systems (1-9). Biological aging can be measured in teens all
the way through centenarians (7,8,10), and has been eval-
uated across a range of locations and ethnicities including
Canada, China, New Zealand, Singapore, Sweden, Taiwan,
and the United States (4-8,11-18). Greater biological aging
has been associated with greater mortality and poorer physi-
cal and cognitive function (4,5,8,11-17,19,20).

Using a modified version of the Klemara-Doubal measure
of biological age (BA) (9), we have recently shown that BA,
but not chronological age (CA), is associated both with greater
severity of depressive symptoms and greater risk of increasing
depressive symptoms over time in older adults (21). Others
have shown that BA algorithms predict mortality and inci-
dent frailty better than CA (8,18,22,23). BA is clearly import-
ant for health outcomes, but it does not exist in isolation.
Rather it operates on a background of the nonmodifiable CA.

Different combinations of BA and CA may influence changes
in cognitive and physical function over time. Understanding
how can inform risk stratification and future research into
resilient aging. This is critical in supporting older adults’ inde-
pendence. Therefore, we tested both cognitive and physical
trajectories over time based on combined BAs and CAs of
older adults, with a particular interest in groups whose BA
and CA were discordant (ie, the “Prematurely Aging” group
(BA > median, CA < median), and the “Resilient” group
(BA < median, CA >median). By comparing groups with
the same CA but different BAs, we can identify the impor-
tance of BA at both younger and older CAs. We hypothesized
that a Prematurely Aging group would demonstrate greater
cognitive impairment and frailty burden at baseline and
greater worsening over time compared with those who were
<median on both BA and CA (“Young” group). Furthermore,
we hypothesized that the Resilient group would have better
cognitive performance and less frailty burden at baseline and
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demonstrate less deterioration on these indices compared
with those who were > median on both BA and CA (“Old”
group). A key aim was to make this work accessible to clini-
cians, so we employed clinically available tests to construct
our marker of BA and easy-to-interpret variable coding and
modeling approaches.

Method

Participants

This is a secondary analysis of existing data from the Health,
Aging, and Body Composition (Health ABC) Study (24).
Community-dwelling older adults were recruited from lists
of Medicare beneficiaries in Pittsburgh, PA, and Memphis,
TN, in 1997-1998 (N = 3 075). Participants were ages 70-79
years and free from baseline difficulty walking % mile and
climbing 10 steps. The study was reviewed and approved by
Institutional Review Boards at the respective sites, and par-
ticipants provided informed consent before any study proce-
dures were carried out.

Biological Age

To keep this work clinically applicable, we used a multi-bio-
marker algorithm comprised of common clinical tests to
quantify BA. This algorithm (21) is an abbreviated version of
the model established using data from the US National Health
and Nutrition Survey (NHANES) (8,22,23) and was consti-
tuted by 8 biomarkers assessed at Health ABC study baseline:
C-reactive protein (mg/dL), serum creatinine (mg/dL), plasma
total cholesterol (mg/dL), forced expiratory volume (mL),
hemoglobin Alc (%), systolic blood pressure (mmHg), albu-
min (g/dL), and alkaline phosphatase (U/L). The approach is
modified from Klemera and Doubal’s (9), which performed
best for mortality prediction when tested against other BA
algorithms within the NHANES-III study (1).

Outcomes

Cognition

Global cognition was assessed using the Modified Mini-
Mental State Examination (3MS) (25), and executive function
was assessed using the Digit Symbol Substitution Test (DSST).
The 3MS was completed at Years 1, 3, 5, 8, and 10, and the
DSST was completed at Years 1, 5, 8, and 10. Higher scores
indicate better cognitive function, with meaningful change

identified as a S-point decline on 3MS and a 3- to 6-point
decline for DSST (26,27).

Frailty

We used the Scale of Aging Vigor in Epidemiology (SAVE), a
10-point frailty score (0 = no frailty, 10 = frailest) developed
by Sanders et al. (28) based on a modified Fried frailty pheno-
type (FFP) (29,30) and previously evaluated within the Health
ABC cohort (31). It includes an assessment of weight change
in the past year, physical activity, gait speed, grip strength, and
usual energy level. We calculated frailty for each participant
at Years 2, 4, 6, 8, and 10. Year 2 was used as the baseline
for frailty to allow for the calculation of weight change in
the past year. The SAVE extends the well-performing end of
the FFP scale such that milder changes may be more precisely
detected in generally well-functioning older adults, making it
a well-tailored measure of frailty in Health ABC participants
(28). The SAVE score is associated with a greater disease
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burden in older adults (28). Detailed methods are provided
in the Supplementary Methods and Supplementary Table 1.
No estimates of meaningful change on the SAVE have been
published. Given that SAVE is an extended version of the
FFP (multiplied by 2), we considered the equivalent mean-
ingful change on the FFP multiplied by 2. Estimates for a
small change range from 0.20 to 0.50 (ie, 2 x [0.10 - 0.25]),
and estimates for a large change range from 1.22 to 1.24 (ie,
2 x [0.61 - 0.62]) (32).

Demographics and Comorbidities

Education was self-reported and categorized as <high school
(HS) or >HS. Date of birth (used to calculate CA), sex, and
race were self-reported and based on Health Care Financing
Administration (HCFA; now the Centers for Medicare and
Medicaid Services) data collected by HCFA from the Social
Security Administration and used by Health ABC. Separate
data on gender were not collected.

The Center for Epidemiologic Studies Depression scale
(CES-D; range 0-60) was used to quantify depressive symp-
toms, with a cutoff of 210 indicating the presence of signif-
icant depressive symptoms (33,34). Individual comorbidities
were self-reported, and if any comorbidity in the following
specific categories was present, that category was coded as
present (vs absent): cardiovascular = myocardial infarction,
congestive heart failure, angina pectoris, coronary bypass/
coronary artery bypass grafting; cerebrovascular = transient
ischemic attack, stroke/cerebrovascular accident; vascu-
lar = hypertension, diabetes mellitus, current smoker; phys-
ical = arthritis, osteoporosis; respiratory = asthma, chronic
obstructive pulmonary disease, emphysema, chronic bronchi-
tis; and cancer = any cancer.

Statistical Analysis

Creation of BA-CA groups

To keep our primary predictor variable and models easily
interpretable, and because no biologically based clinical cut-
points of BA and CA exist for this age range, we created 4
BA-CA groups based on median splits of BA and CA calcu-
lated in all participants with data on BA and CA (N =2 776).
“Younger” defines an age below the median BA and CA,
and “older” above or equal to the median age. Two groups
were concordant on BA and CA (Young group = younger
BA, younger CA; Old group = older BA, older CA), and 2
groups were discordant (Prematurely Aging group = older
BA, younger CA; Resilient group = younger BA, older CA).

Descriptive statistics

Using the analytic data set with the largest sample size (3MS),
baseline demographics, comorbidities, and outcomes were
examined across BA-CA groups and compared using analy-
ses of variance for continuous variables and chi-square tests
for categorical variables. We also present descriptive statistics
by high versus low BA, high versus low CA, sex, and race.

Validation of BA—CA groups with mortality

We sought to validate the BA—-CA groups by confirming
their association with mortality. We tested associations via
Cox proportional hazards regression using dropout and
death at the Year 10 visit. The survival time was calculated
as the number of years from the Year 1 visit to death or
was censored at the last known visit. The proportional
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hazards assumption was examined by visual assessments
and Schoenfeld tests. The Young group was the reference
group, and we calculated hazard ratios and 95% confidence
intervals with and without accounting for competing risks
by incorporating the cause-specific attrition due to dropout
and death. For each of these models, we tested the inclu-
sion of demographics (sex, race, and education), and the
final model was selected based on the backward selection of
covariates with p < .05.

Primary analyses

We first wanted to confirm that BA was associated with our
outcomes independent of CA, so we used linear mixed mod-
els (LMMs) to assess the relationship of continuous BA with
3MS, DSST, and frailty over time, adjusting for continuous
CA. Then we used joint models to assess the relationship
between the BA-CA groups and 3MS, DSST, and frailty over
time. This approach jointly estimates a longitudinal sub-
model—an LMM—and a survival submodel with a shared
random effect which accounts for individual-level common
causes of dropout/death and changes in cognitive and phys-
ical function (35,36). Joint models provide more accurate
estimates of cognitive decline than other longitudinal models
(including LMM alone) under a variety of relationship struc-
tures and are more robust to survival bias (37). The estimation
method in this approach is the maximum likelihood consider-
ing a joint distribution of the observed outcome (38). For the
longitudinal submodel, based on comparisons of the Akaike
Information Criterion and Bayesian Information Criterion,
random intercepts and slopes improved model fit for all 3
outcomes; therefore, all models incorporate these param-
eters. For the survival submodel, a time-dependent relative
risk model is assumed in which the log baseline risk function
is approximated using B-splines. The required integrals are
approximated using the (pseudo) adaptive Gauss—Hermite
rule. The survival submodels accounted for cause-specific
attrition due to both dropout and death. The Young group
was the reference group. Base models (Model 1) of cognitive
outcomes and frailty were adjusted for education; Model 2
was further adjusted for race and sex. To account for change
over time, interactions of BA-CA group and all covariates
with time were included if p < .10. We tested the 3-way inter-
action of BA—CA group with race and sex and included any
interactions with p < .10.

This investigation examined the relationship between BA—
CA group and new cognitive decline or frailty. As such, par-
ticipants with severe impairment in the outcome measure at
baseline were excluded. Because no participants exhibited
notable global cognitive impairment at baseline (defined as a
3MS < 80), no participants were excluded based on this cri-
terion. For the frailty models, those participants who were
extremely frail at baseline (scoring in the highest standard
deviation—a score of 9 or 10) were excluded. Thus, the ana-
lytic sample sizes for the analyses of participants with complete
data for BA-CA group and each outcome were N = 2 458 for
3MS, N =2 450 for DSST, and N =2 151 for frailty. For each
BA-CA group or BA—CA group x time interaction relative to
the young group, results are presented as coefficients, stan-
dard errors (SE), and p values. We present additional pairwise
comparisons and both unadjusted and multiple comparisons
adjusted p values using a Sidak correction. If BA is a mean-
ingful indicator of cognitive and physical outcomes, then dif-
ferences in cross-sectional and longitudinal analyses should
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be observed when comparing the Prematurely Aging versus
Young groups and the Resilient versus Old groups.

Alpha for primary analyses was set at 0.05, and statistical
analyses were carried out in SAS 9.4 (SAS Institute, Cary, NC)
(39) and R version 4.1.1 (The R Foundation, Indianapolis,
IN) (40). Joint modeling was carried out in R using package

M (41).

Results

Descriptive Statistics

Despite a CA that ranged from 70 to 79 by design, BA ranged
from 50.0 to 115.5; median BA and CA were 70.0 and 74.0,
respectively. Baseline characteristics by low versus high BA
and low versus high CA are presented in Supplementary Table
2. Compared to those with high BA, those with low BA were
significantly more likely to have younger CA, be male, White,
and more highly educated, and have fewer comorbidities and
better cognition and frailty scores (Supplementary Table 2). A
similar pattern emerged with CA, although the low and high
CA groups did not significantly differ in education nor in as
many comorbidities (Supplementary Table 2).

Baseline characteristics for the full sample and by BA-
CA group are presented in Table 1. Overall, the sample was
52.1% female, 64.6% White, with a mean (SD) CA of 73.5
(2.8) years (Table 1). At baseline, the Prematurely Aging
group had a BA about 12 years older than the Young group
despite having a similar CA and the Resilient group had a BA
about 12 years younger than the Old group despite having a
similar CA. The BA—-CA groups differed in sex, race, educa-
tion, and vascular, physical, and respiratory comorbidities (all
p’s < .01; Table 1). The Prematurely Aging group consisted
of more Black and female participants with lower education
levels and more vascular and respiratory comorbidities while
the Resilient group consisted of more White and male partic-
ipants with greater education and fewer vascular and respi-
ratory comorbidities. Baseline characteristics by race and sex
are presented in Supplementary Table 3 and show that Black
participants (vs White) and female participants (vs male)
had older BA, and as such were likelier to be classified in the
Prematurely Aging and Old groups.

Validation of BA-CA Groups With Mortality

Mortality rates increased as a function of BA-CA group,
being the lowest in the Young group and the highest in the
Old group (p < .0001); dropout was minimal (Table 1). These
differences were observed in Cox proportional hazards mod-
els; results from the models using the 3MS analytic sample
are shown in Supplementary Table 4. Results in the DSST and
frailty samples were similar (not shown).

Cognition
Modified Mini-Mental State Examination

In an LMM examining the association of BA with 3MS adjust-
ing for CA, at baseline, each 1-year older BA was associated
with 0.11 points lower 3MS score (SE: 0.01; p <.0001). CA
was not significantly associated with 3MS (f (SE): -0.002
(0.04); p =.96) in this model, while it was in a model with-
out BA (B (SE): -0.08 (0.04); p = .03). Those with greater BA
did not decline more rapidly over time (BA x time interaction
p = .41), while those with greater CA did (CA x time interac-
tion p < .0001).
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Table 1. Baseline Participant Characteristics by Biological Age-Chronological Age Groups
Characteristic Full Sample, Young Group, Prematurely Aging Group,  Old Group, Resilient Group, p-value
N=2458 n=787(32.02%) n=518 (21.07%) n=666(27.10%) n=487 (19.81%)
Demographics
Chronological 73.53(2.83)  71.18(1.28) 71.8 (1.18) 76.24 (1.71) 75.91 (1.57) <.0001
age
Biological age 70.13 (7.82)  63.80 (4.23) 75.77 (4.93) 76.99 (6.00) 64.95 (3.86) <.0001
Female sex 1280 (52.07) 365 (46.38) 352 (67.95) 399 (59.91) 164 (33.68) <.0001
White race 1587 (64.56) 565 (71.79) 237 (45.75) 380 (57.06) 405 (83.16) <.0001
Education < HS 1315 (53.63) 386 (49.11) 322 (62.40) 404 (60.84) 203 (41.77) <.0001
Depression
CES-D score 4.46 (5.06) 4.32 (5.36) 4.74 (5.26) 4.47 (4.54) 4.41 (4.94) 5804
# CES-D > 10 271 (13.11) 82 (11.65) 65 (15.05) 69 (13.40) 5(13.22) 4259
(%)
Medical comorbidities
Vascular 1372 (58.28) 387 (51.12) 359 (72.38) 432 (67.50) 194 (42.08) <.0001
Physical 1349 (57.31) 395 (52.25) 292 (58.99) 391 (60.90) 271 (58.74) 0065
Respiratory 416 (17.88) 114 (15.24) 116 (23.67) 126 (19.94) 0(13.13) <.0001
Cardiovascular 522 (21.83) 151 (19.71) 113 (22.16) 164 (25.23) 4 (20.22) 0670
Cerebrovascular 177 (7.22) 5(5.73) 7(7.17) 0(9.04) 5(7.20) 1184
Cancer 114 (4.97) 3(5.81) 4(2.94) 0 (4.82) 7(5.92) 1039
Baseline outcomes
3MS score 92.43 (4.99)  93.44 (4.75) 91.63 (5.06) 91.57 (5.09) 92.80 (4.82) <.0001
DSST score 37.96 (13.195) 40.89 (12.77) 36.70 (13.06) 35.18 (13.24) 38.35 (12.75) <.0001
Frailty score” 4.47 (1.86) 3.95 (1.80) 4.56 (1.76) 5.09 (1.85) 4.52 (1.84) <.0001
Mortality by 623 (25.35) 120 (15.25) 152 (29.34) 216 (32.43) 135 (27.72) <.0001
end of study, #
(%)
Dropout by end 10 (0.41) 7(0.89) 2(0.39) 1(0.15) 0(0.00) <.0001

of study, #(%)

Notes: N =2 458. 3MS = Modified Mini-Mental State Examination; CES-D = Center for Epidemiologic Studies—Depression scale; DSST = Digit Symbol

Substitution Test; HS = high school.
“For frailty variables, Year 2 was defined as the “baseline” visit.

In a joint model adjusting for education and the edu-
cation x time interaction, there were group differences
observed in mean 3MS at baseline (Model 1, Table 2).
In the pairwise comparisons of interest, the Prematurely
Aging group scored significantly worse than the Young
group (1.11 points lower, Table 2), but the Resilient group
did not perform significantly better than the Old group
(Model 1 B (SE): 0.45 (0.43) points higher, p = .31, Siddk
corrected p = .88). The mean yearly decline in 3MS across
participants was about 0.40 points per year, with a slope
change of an additional loss of 0.22 points at Year 5 (Year
5 x time interaction p =.004; Table 2). The Prematurely
Aging group declined at about the same pace as the Young
(p =.92), and the Resilient declined at about the same rate
as the Old (B (SE): 0.08 (0.11) points difference, p = .45,
Sidak corrected p =.97). This relationship in change over
time by group is also observed in Figure 1. The Prematurely
Aging and Young groups did not decline by a meaningful
amount over follow-up, while the Resilient and Old groups
did (Supplementary Table 5).

Further adjustment for race, sex, education, and interac-
tion terms where p <.10 (education x time and race x time
interaction terms) did not alter this overall pattern of results
(Model 2, Table 2).

Digit Symbol Substitution Test

In an LMM examining the association of BA with DSST
adjusting for CA, at baseline, each 1-year older BA was associ-
ated with 0.23 points lower DSST score (SE: 0.03; p <.0001),
and each 1-year older CA was associated with 0.45 points
lower DSST score (SE: 0.10; p <.0001). Those with greater
BA did not decline more rapidly over time (BA x time inter-
action p =.18), while those with greater CA did (CA x time
interaction p < .0001).

In the joint model adjusting for education and the education
x time interaction, there were group differences in mean execu-
tive function at baseline. In the pairwise comparisons of inter-
est, the Prematurely Aging group scored significantly lower
than the Young group (2.92 points lower; Model 1, Table 3),
but the Resilient group did not perform significantly differently
from the Old group (Model 1 8 (SE): 1.26 (1.10) points higher,
p =.25, Siddk corrected p =.83). Across all participants, the
mean decline on DSST was about 0.53 points per year. The
Prematurely Aging group declined at about the same rate as
the Young group (p =.16, Table 3), and the Resilient group
declined at about the same pace as the Old group (Model 1
B (SE): 0.14 (0.12) points difference, p = .26, Sidak corrected
p =.83). Over the 10 years of follow-up, all groups declined by
a meaningful amount (Supplementary Table 5 and Figure 1).
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Table 2. Association Between Biological Age-Chronological Age Groups a
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nd Global Cognition Measured by the Modified Mini-Mental State Examination

Model 1 Model 2
B SE p-value  Sidak corrected p-value B SE p-value  Sidak corrected p-value
BA-CA group
Young group Ref Ref Ref Ref Ref Ref Ref Ref
Prematurely Aging group -1.11 0.27 <.0001 .0002 -0.95 .26 .0003 .002
Old group -0.90 0.25 .0003 .002 -0.88 24 .0002 .001
Resilient group -0.45 0.27 .10 46 -0.71 26 .006 .03
Time -0.40 0.07  <.0001 — -0.49 .08 <.0001 —
Year 5 x time -0.22 0.08 .004 — -0.19 .08 .01 —
BA-CA Group x time
Young group x time Ref Ref Ref Ref Ref Ref Ref Ref
Prematurely Aging group x time 0.007 0.07 92 >.99 0.05 0.07 46 .98
Old group x time -0.33 0.07  <.0001 .0002 -0.30  0.07  <.0001 .0002
Resilient group x time -0.24 0.07 .0004 .002 -0.21 0.07 .002 .01

Notes: N = 2 452 with complete data on BA-CA group, Modified Mini-Mental State examination, and covariates. Results are coefficients and standard
errors from the longitudinal submodel of the joint model accounting for attrition due to dropout and death. Model 1 is adjusted for education and an
education x time interaction. Model 2 is adjusted for race, sex, education, and interaction terms for education x time and race x time. A Year 5 x time
interaction was included because the slope of the Modified Mini-Mental State score over time steepened at Year 5. BA = biological age; CA = chronological

age; SE = standard error.
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Figure 1. Global cognition (by Modified Mini-Mental State Examination), executive function (by Digit Symbol Substitution Test), and frailty by biological
age—chronological age group. 3MS = Modified Mini-Mental State Examination; DSST = Digit Symbol Substitution Test. Years on x-axis with bold tick

marks are years with visit data.

Model 2 was further adjusted for race, sex, and interaction
terms where p < .10 (race x time and the 3-way interaction
of race x sex x BA—CA group along with component 2-way
interactions). This attenuated the baseline difference between
the Prematurely Aging and Young groups (Table 3).

Frailty

In an LMM examining the association of BA with frailty
adjusting for CA, at baseline, each 1-year older BA was
associated with 0.04 points greater frailty score (SE: 0.006;
p <.0001), and each 1-year older CA was associated with
0.09 points greater frailty score (SE: 0.02; p <.0001). Those
with greater BA did not worsen more rapidly over time (BA x
time interaction p = .43), while those with greater CA did (CA
x time interaction p = .002).

In a joint model adjusted for education, there were group
differences in mean baseline frailty burden. In the pairwise
comparisons of interest, the Prematurely Aging group was
significantly frailer than the Young group (0.50 points higher;
Model 1, Table 4), and the Resilient group was significantly
less frail than the Old group (0.59 (0.20) points lower; Model
1 p =.003, Siddk corrected p =.02). Frailty score across all
participants increased each year (0.04 points, p =.0001;
Table 4). Frailty burden increased at about the same rate in
the Prematurely Aging and Young groups (p = .40, Table 4),
and in the Resilient and Old groups (Model 1 § (SE): 0.02
(0.03) points difference, p =.59, Siddk corrected p >.99).
Over the 10 years of follow-up, all groups worsened in
line with a small, but meaningful increase in frailty burden
(Supplementary Table 5 and Figure 1).
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Table 3. Association Between Biological Age—Chronological Age Groups and Executive Function Measured by the Digit Symbol Substitution Test

Model 1 Model 2
B SE p-value  Sidak corrected p-value P SE p-value  Sidak corrected p-value
BA-CA group
Young group Ref Ref Ref Ref Ref Ref Ref Ref
Prematurely Aging group -2.92 0.67 <.0001 .0002 -1.20 1.54 44 .97
Old group -4.11 0.63 <.0001 .0002 -2.64 1.48 .08 .37
Resilient group -2.86 0.68 <.0001 .0002 -2.29 1.83 21 .76
Time -0.53 0.05 <.0001 — -0.47 0.07 <.0001 —
BA-CA group x time
Young group x time Ref Ref Ref Ref Ref Ref Ref Ref
Prematurely Aging group x time  -0.11 0.08 .16 .64 -0.13 0.08 .10 47
Old group x time -0.42 0.07 <.0001 .0002 -0.43 0.07 <.0001 .0002
Resilient group x time -0.28 0.08 .0004 .002 -0.26 0.09 .0008 .005

Notes: N = 2 448 with complete data on BA-CA group, Digit Symbol Substitution Test, and covariates. Results are coefficients and standard errors from
the longitudinal submodel of the joint model accounting for attrition due to dropout and death. Model 1 is adjusted for education and an education x time
interaction. Model 2 is adjusted for race, sex, education, and interaction terms for race x time, race x BA-CA group interaction, sex x BA-CA group, race x
sex, race x sex x BA-CA group. BA = biological age; CA = chronological age; SE = standard error.

Table 4. Association Between Biological Age—Chronological Age Groups and Frailty

Model 1 Model 2
B SE p-value  Sidak corrected p-value B SE p-value  Sidéak corrected p-value
BA-CA group
Young group Ref Ref Ref Ref Ref Ref Ref Ref
Prematurely Aging group 0.50 0.12 .0001 .0006 0.53 0.13 <.0001 .0002
Old group 0.99 0.12 <.0001 .0002 1.00 0.12 <.0001 .0002
Resilient group 0.40 0.12 .001 .008 0.41 0.13 .001 .007
Time 0.04 0.01 .0001 — 0.09 0.02 <.0001 —
BA-CA group x time
Young group x time Ref Ref Ref Ref Ref Ref Ref Ref
Prematurely Aging group x time 0.02 0.02 0.40 95 0.01 0.02 0.54 >.99
Old group x time 0.03 0.02 .06 31 0.03 0.02 .08 0.40
Resilient group x time 0.05 0.02 .007 0.04 0.05 0.02 .01 06

Notes: N = 2 146 with complete data on BA-CA group, frailty, and covariates. Results are coefficients and standard errors from the longitudinal submodel
of the joint model accounting for attrition due to dropout and death. Model 1 is adjusted for education. Model 2 is adjusted for race, sex, and interactions
for race x sex, race x time, and sex x time. BA = biological age; CA = chronological age; SE = standard error.

Further adjusting for race, sex, and interactions with
p < .10 (race x sex, race x time, and sex x time) did not alter
these results (Model 2, Table 4).

Discussion

Examining both BA and CA together may give more complete
information about function. Comparing groups with the same
CA but different BAs gives information about the importance
of BA at both younger and older CAs, and our key results
suggest that BA is associated with baseline cognition at only
younger CA but is associated with baseline physical function
at both younger and older CA. Groups with the same CA but
differing BAs did not differ on cognitive and physical change
over time, suggesting that CA is a more meaningful marker of
changes in cognition and physical function over time in this
age range. This extends our own previous work showing that
BA and CA were associated with 3MS cross-sectionally, but
BA was not associated with 3MS over time, while CA was

(21). These results agree and together support the consider-
ation of temporality in understanding factors of premature
and resilient aging.

BA and Where Participants Start

BA was associated with all cognitive and frailty measures at
baseline, independent of CA. Interestingly, the association of
CA with baseline 3MS was not independent of BA. These
results suggest that getting a complete picture of older adults’
risk of poor cognition and frailty requires integrating infor-
mation about both BA and CA.

Younger BA was associated with better baseline global
cognition (3MS) and executive performance (DSST) for those
with younger (mean, ~71) but not older (mean, ~76) CA.
Though our study did not include younger age groups, and
thus was unable to test this empirically, the relevance of BA
up to, but not after, the age of 71 suggests that this measure of
BA may be more important at younger ages, especially before
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the eighth decade, and potentially much earlier, for example,
in the third and fourth decades of life (8). Younger adults with
a prematurely old BA may represent a higher risk group for
age-related disease. They may benefit most from early inter-
ventions, prior to significant disease onset and accumulated
multisystem dysregulation (2), and should be prioritized for
interventions targeting cognition and frailty.

Previous research has also found support for an older BA
being associated with worse cognition, although this was not
CA dependent (12,15,17). The results in our study might dif-
fer for a few reasons. First, 2 of the 3 cited studies included
participants with a younger mean CA at the time when BA
was measured compared to ours (mean CAs of 50 and 68
in the other studies vs 74 in ours). As such, the effect of BA
on cognition might have been driven by these younger CAs.
Second, few demographic variables were reported in the other
studies, but sex, race/ethnicity, and potentially other charac-
teristics differed across studies. Sample differences in effect
modifiers could alter the relationship between BA-CA and
cognition, and these should be reported in future research
(42). Third, each study used different measures of cognitive
function; these may be differentially related to BA. Finally,
of the studies cited here, 1 was cross-sectional, and the other
2 did not specifically account for attrition. Our study used
joint modeling on data across 10 years of follow-up, which
accounts for potential differential attrition due to dropout or
death and more comprehensively minimizes this bias.

Younger BA was associated with less baseline frailty for
both those with younger and older CA, and these results
persisted after adjusting for education, sex, race, and corre-
sponding interactions. A relationship between older BA and
worse physical function is well supported in the literature
(12,15,18). Why would BA be associated with baseline cog-
nition in an age-dependent way, but with frailty in an age-in-
dependent way? First, our results are consistent with previous
work suggesting that organ systems can age at different rates
(3,43). Our measure of BA used biomarkers from easily acces-
sible clinical tests reflecting many biological systems, but not
directly relating to the central nervous system, although our
previous work has shown this BA measure was associated
with higher depressive symptoms and greater risk of devel-
oping elevated depressive symptoms over time (21). Further
supporting this, Verschoor et al. (16) found that Klemara
Doubal BA, while associated with multiple body systems, was
not associated with neurological or musculoskeletal systems.
Taken together, these findings suggest that brain aging may
occur at a different rate than other systems. Second, someone
with an older BA but a younger CA (prematurely aging) may
be in worse health across multiple body systems compared to
another person who survives an older CA with a concordant
or younger BA. This may result in more consistent biologi-
cal aging across body systems (including the brain) in pre-
maturely aging people, but more disparate biological aging
across systems for those with an older CA and concordant
or younger BA. Future work on biomarker indices specific
to brain aging may enable more insight into cognitive aging.

BA and How Participants Change OverTime

At similar CA, the rate of decline did not differ by BA for
cognitive function or frailty. While a younger BA may pro-
tect against poorer cognitive and physical performance up to
around age 74, it doesn’t appear to alter functional decline
over the next decade of life. This suggests that BA may have
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beneficial effects earlier in life and that CA is more important
than BA for both change in cognition and frailty over time.
Furthermore, given that these changes did not vary in the dis-
cordant versus concordant group comparisons, the baseline
benefits of younger BA we observed at younger CA are main-
tained over time. Similar patterns of association with better
baseline cognitive function but not rate of cognitive decline
have been noted for other factors such as educational attain-
ment (44). The relationship between the rate of physical func-
tion decline and BA requires additional research. We found
that change in frailty was more strongly related to CA than
to BA, while the Singapore Longitudinal Aging Study (SLAS-
2) has reported that BA was associated with incident frailty
over 8 years of follow-up among Chinese Singaporean older
adults. In their subgroup >71 years of age, this association
was independent of CA (18). The study included an age range
from 55 to 94 and was 63% female (vs our sample, 52%).
Our differing results may be due to differing participant char-
acteristics or differing analytic approaches, as the SLAS-2 did
not account for attrition due to dropout and death.

Meaningful Change

A mean difference in CA of 5 years in the older versus
younger CA groups appears small, so how meaningful are our
results? The 9-year CA range represented in this study rather
remarkably maps onto a 65.5-year BA range. Furthermore,
these BA and CA differences capture important differences
in comorbidities and function in the eighth decade of life.
All BA-CA groups declined a meaningful amount across the
10-year follow-up period on all assessments, with 2 excep-
tions; interestingly, the Young and Prematurely Aging groups
did not meet the threshold of a meaningful change over time
on the 3MS. With regard to baseline group differences, the
Prematurely Aging group scored just under 3 points lower
than the Young group on the DSST, a cross-sectional group
difference that nearly rises to the level of meaningful change.
This is important to consider, as our results suggest that not
only is BA associated with a statistically significant difference
in DSST among those with younger CA, but this difference
in executive functioning borders on clinically meaningful for
older adults. This same pattern—a cross-sectional group dif-
ference that rises to the level of meaningful change—was also
noted when comparing frailty burden across the discordant
groups (Prematurely Aging vs Young and Resilient vs Old).

Comorbidities, Race, and Sex

Multiple medical comorbidities were associated with group
differences. This was expected as BA was calculated using
clinical metrics strongly correlated with comorbid disease,
such as inflammatory markers and arthritic pain. Even so,
these medical comorbidities are important to consider as
potential clinical indicators or drivers of advanced aging,
as well as systems of disease that directly impact an older
adult’s lived experience. Interestingly, the Resilient group had
a lower burden of both vascular and respiratory comorbidi-
ties than even the Young group, identifying these 2 systems
as potentially paramount to maintaining resiliency, and thus
promoting longer cognitive and physical independence. Given
the long-term sequelae of coronavirus disease 2019 (COVID-
19), these comorbidities may be critical to consider in aging
research moving forward.

We found that Black participants had an older BA and
a greater burden of vascular and respiratory comorbidities
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than White participants. Additionally, female participants had
an older BA and reported greater depressive symptoms and
physical comorbidities than male participants. These results
are consistent with other research showing that Black par-
ticipants may present with more severe morbidities (45), a
finding that has been emphasized during the COVID-19 pan-
demic (46). It has also been consistently reported that women
have lower mortality but greater morbidity than men, par-
ticularly at older ages (14,19). These results, and our own,
likely in part reflect differential survival for selection into the
study with men dying younger (eg, of cardiovascular disease)
than women, and thus only the most robust men surviving
to participate in studies of aging. Furthermore, there is a
body of evidence supporting a role of social determinants of
health and gender/sex differences in biological aging, espe-
cially with cognitive outcomes (47,48). As our primary goal
here did not involve evaluation of gender/sex and race dif-
ferences, we did not measure factors such as racism, sexism,
and other gender-related factors, and future work is needed to
study sociocultural factors that may be contributing to these
differences. Social determinants of health such as education,
socioeconomic status, and material and social resources, as
well as adverse life events, have been linked to BA (15,47).
Accounting for such factors can enhance external validity and
clinical value of BA measures, and as such they are a promis-
ing area for continued BA research and can be incorporated
into BA conceptual frameworks as social hallmarks of aging
(47).

Strengths and Limitations

Strengths of the current study include a large communi-
ty-based sample with detailed participant characterization
that allowed for the construction of BA and for adjusting for
confounders. Our use of joint models enabled us to account
for attrition over time due to both dropout and death, thereby
providing more accurate estimates. Finally, the longitudinal
design with 10 years of follow-up enabled us to look at rates
of decline, a metric with high clinical relevance.

There are several limitations of this work that should be kept
in mind. First, we chose variables and modeling approaches
that prioritized ease of use and interpretability to maximize
accessibility to clinicians. However, other investigators with
different goals may make different choices. For example,
we used Klemera-Doubal BA which is strongly predictive
of mortality and easy for clinicians and researchers to apply
given its reliance on commonly used clinical tests (1), but it
is only 1 approach to calculating BA. It is possible that this
calculation of BA does not capture all important dimensions.
We dichotomized the BA and CA variables, which are easy
to interpret, while other investigators may prefer the greater
power and accuracy that comes with continuous variables.
We chose to address potential differences in age associations
by sex and race in our modeling by including the BA—CA x
sex x race and any 2-way interactions with p <.10 in our
models; we also tested interactions with time. Other research-
ers may choose to calculate sex- and race-specific BA and CA
medians. Second, it is possible that BA does not perform as
well at extreme CAs; future research to disentangle this pos-
sibility would be of interest to the field going forward. Third,
the biomarkers used to calculate BA in the current study were
collected only once, at baseline. However, biological indices
of aging change over time (pace of biological aging) and as
such future studies should account for these changes. Fourth,
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this study recruited largely healthy older adult volunteers and
recruitment occurred in 2 cities, both in the United States.
Excellent work has been done previously considering BA in
other cultures, countries, and settings, and continued work
among various older adult populations is needed. Finally,
although we refer to the Young group as concordant, they
have a notably younger BA than CA (BA = 63.8 vs CA =71.2
years), which may contribute to their good performance.
Future work should consider purposefully matching such a
concordant young group more closely on BA and CA.

Future Directions

This work lends itself to a multitude of additional questions.
As mentioned above, there is evidence that different organ
systems may age at different rates. Does the age of certain
organs matter more than others to the overall well-being of a
person? What factors drive differential organ aging? Further
investigation into these and other questions can elucidate
various mechanisms of aging and may highlight personalized
treatment targets. The scope and sample considerations of
Population Neuroscience (49) in conversation with the gran-
ular expertise of basic science have the potential to support
precision public health across communities (50). To this end,
more research is needed into the social factors that contribute
to biological aging and diverse, representative samples should
be rigorously considered.

Animal models suggest that BA is inherently modifiable;
researchers aim to have the same impact in humans, with gero-
therapeutics trials, such as the Targeting Aging by MEtformin
(TAME) trial (51), being designed and run (52). Over the long
term, future interventions seeking to improve cognitive and
physical function in aging may target BA and use it as a sur-
rogate outcome. Our study suggests that younger CA may
represent a critical time for preventive intervention. Future
work should more precisely delineate critical time points for
maximizing baseline health and consider preventive measures
across the life span to promote and support healthy aging
most effectively.

Conclusion

Discordant BA and CA identify groups who have greater cog-
nitive and physical functional decline or are more protected
than their CA would suggest. This information should be used
for risk stratification and future studies to better understand
resilient aging.

Supplementary Material

Supplementary data are available at The Journals of
Gerontology, Series A: Biological Sciences and Medical
Sciences online.
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