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Abstract

Background: The pathophysiology of late-life depression (LLD) is complex and heterogeneous, with age-related processes implicated in its
pathogenesis. This study examined the cross-sectional and longitudinal association between depressive symptoms and a baseline multibiomarker
algorithm of biological age (BA) that aggregates indicators of inflammatory, metabolic, cardiovascular, lung, liver, and kidney functioning.
Method: Data were analyzed from 2,776 men and women from the prospective observational Health Aging and Body Composition Study,
who had both evaluable chronological age (CA) and BA. Depressive symptoms were assessed using the Center for Epidemiologic Studies
Depression (CES-D) scale.

Results: A covariate-adjusted regression model showed that BA (B = 0.03, p = .0471) but not CA (B = -0.01, p = .7185) is associated with
baseline CES-D scores. The mean baseline BA for individuals with a CES-D > 10 was 1.28 years greater than in those with a CES-D < 10.
Comparatively, there is only a 0.05-year difference in mean CA between the two depression groups. A covariate-adjusted longitudinal model
found that baseline BA predicts CES-D score at follow-up (B = 0.04, p = .0058), whereas CA does not (B = 0.03, p = .4125). Additionally, an
older BA significantly predicted a CES-D > 10 (B = 0.02, p = .032) over a 10-year period.

Conclusions: A multibiomarker index of an older adult’s BA outperformed their CA in predicting subsequent increased and clinically
significant depressive symptoms. This result supports the evolving view of LLD as a brain disorder resulting from deleterious age-associated
changes across numerous physiological systems.
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Depression in later life (LLD) is a severe public health problem The pathophysiology of LLD is complex and heterogeneous,

due to its prevalence, chronicity, and association with mortality with distinct, age-related, etiologic pathways capable of produc-

(1,2). The presence of LLD is associated with twice the func-
tional impairment compared to individuals without LLD and
high rates of completed suicide (3,4). Compounding this bur-
den, LLD is recurrent, can become chronic, and is often difficult
to treat (5,6). Residual symptoms place patients at increased
risk of suicide, and cardiovascular morbidity and mortality
(7,8).

ing symptoms (9,10). LLD is associated with small cerebrovascu-
lar infarcts appearing as white matter hyperintensities (WMH) on
magnetic resonance imaging scans (11). WMH accumulate with
increasing age, perhaps due to aging-associated arterial thickening
and stiffening due to calcium deposition, endothelial dysfunction,
reduction in capillary number, and decreased elasticity of small ves-
sels (12). Prospective studies demonstrate that greater WMH burden
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is associated with comorbid cognitive dysfunction and portends
poor antidepressant therapeutic response (13,14). Progression of
WMH and concomitant cognitive decline may reflect worsening of
the underlying vascular disease, predict a poor course of depression,
and confer treatment resistance (15).

Recent studies have implicated other age-related processes in
the pathogenesis of LLD. Inflammaging observed in older adults
may cause depression by altering levels and functionality of
mood-related neurotransmitter systems such as dopamine (16).
Proinflammatory cytokines reduce dopaminergic transmission
by a variety of mechanisms including decreasing dopamine syn-
thesis and glutamate-dependent dopamine signaling (17). These
deleterious changes are compounded by concomitant aging of
cellular components such as mitochondria, which results in max-
imal energy expenditure (VO, max) decreasing by approximately
10% annually starting in the third decade of life (18). Deficits in
mitochondria functioning manifest clinically as decreased energy
capacity and fatigue, which is not only a cardinal feature of depres-
sion but also of frailty, a biological syndrome that is ubiquitous in
depressed older adults (18-20).

Since treatments for LLD are limited in efficacy, it would be
advantageous to develop methods of identifying individuals at risk of
LLD and instituting therapies that prevent the full-blown (and poten-
tially less treatable) syndrome of LLD. Most of the known patho-
physiologic contributors to LLD increase with advancing age (eg,
vascular damage, inflammation, cellular senescence), suggesting that
LLD might be considered an adverse outcome of unhealthy aging.
Recently, methods of quantifying unhealthy aging (ie, biological age
[BA]) have been developed by aggregating indicators of the integ-
rity of important bodily systems (eg, cardiovascular, immune) (21).
Even in younger adults, BA can be quantified, related to current
functioning, and used to predict important health outcomes (22).
Multibiomarker algorithms such as the U.S. National Health and
Nutrition Survey (NHANES)-based measure of BA have been shown
to outperform chronological age (CA) in predicting mortality and
physical decline by multiple groups in multiple datasets (22-24).

The aim of this study was to utilize the NHANES-based multi-
biomarker algorithm for BA (22,25), that aggregates measures of
inflammatory, metabolic, cardiovascular, lung, liver, and kidney func-
tioning, to predict incident LLD among healthy older adults enrolled
in the Health Aging and Body Composition (Health ABC) Study.
We hypothesized that greater BA would be associated with both
increased depressive symptoms and the development of clinically
significant depressive symptoms over a 10-year period. Moreover, to
test the specificity of the differences in the relationship between BA
and CA and LLD, we examined the utility of BA compared to CA in
predicting changes in cognition over time. We chose cognition as our
specificity marker due to its strong association with increasing CA.

Methods

Study Participants

The Health ABC Study is a National Institute on Aging project
launched in 1997 to characterize the extent of change in body com-
position in older adults over time and examine the impact of these
changes. Data were obtained in November 2013 and comprise 3,075
persons aged 70-79 years at baseline. Included participants were free
of difficulty in activities of daily living and had no baseline func-
tional limitation. Details regarding selection criteria and Health ABC
methodology were previously published (26,27).

Assessments

Depressive symptoms were assessed using the 20-item Center for
Epidemiologic Studies Depression (CES-D) scale at baseline, and
years 4, 6, 8, and 10 after baseline (28). Scores range from 0 to 60
with a cutoff of > 10 used to denote a dichotomous variable for sig-
nificant depressive symptoms, a level associated with poor progno-
sis (1,19). Cognition was assessed using the modified Mini-Mental
Status Examination (3MS) at baseline, and years 3, 5, 7, 9, and 10
after baseline (29). Scores range from 0 to 100 with higher scores
indicating better cognition. A severity cutoff of <78 was used to
denote significant cognitive impairment (30). Primary analyses uti-
lized the continuous scores for each measure.

The eight baseline biomarkers include C-reactive protein (CRP),
creatinine, total cholesterol, Hemoglobin A1C (HgbAlc), albu-
min, alkaline phosphatase, forced expiratory volume in 1st sec-
ond (FEV), and systolic blood pressure. Bloods were drawn after
an 8-hour fast and stored at -70°C until they were assayed at the
study laboratory (University of Vermont). Creatinine, total choles-
terol, and albumin were measured on a Johnson & Johnson VITROS
950 Chemistry Analyzer (Johnson & Johnson, New Brunswick,
NJ) (31,32). HgbAlc was measured using Tosoh 2.2 Plus (Tosoh
Bioscience, Tokyo, Japan), a fully automated glycosylated hemoglo-
bin analyzer that uses nonporous ion-exchange high-performance
liquid chromatography for separation of HgbAlc (33). Baseline CRP
serum concentrations were measured in duplicate by enzyme-linked
immunosorbent assay kits from R&D Systems (Minneapolis, MN)
(34). FEV and systolic blood pressure were measured in year 1 (35),
with the latter the average of two seated, at-rest measurements by a
conventional mercury sphygmomanometer (36).

Covariates included gender, education (less than high school,
high school graduate, secondary education), race (Black, Caucasian),
and baseline CA. Medical comorbidities were also included when
investigating baseline BA and CA. Dichotomous comorbidity vari-
ables were created from questionnaires and grouped into categories:
physical (arthritis, osteoporosis), respiratory (asthma, chronic bron-
chitis, emphysema, chronic obstructive pulmonary disease), vascu-
lar (hypertension, diabetes mellitus, and current smoker, a vascular
risk factor), cardiovascular (myocardial infarction, angina pectoris,
congestive heart failure, coronary bypass/coronary artery bypass
grafting), cerebrovascular (transient ischemic attack, stroke/cerebro-
vascular accident), and cancer (any type) (37).

Quantification of BA

Quantification of baseline BA was based on an algorithm (25) that
outperformed several other multibiomarker algorithms in predicting
mortality in 9,389 NHANES III participants (21). We calculated BA
in this investigation using eight biomarkers in the Health ABC data
set. Details regarding the quantification of BA are included in the
Supplementary Material.

Statistical Analyses

Associations of baseline BA and CA with demographics, comorbidi-
ties, CES-D and 3MS scores, and death status were evaluated using t
tests for correlations between continuous variables and two-sample ¢
tests for categorical variables. Follow-up CES-D data were available at
4,6,8,and 10 years postbaseline, with at least one follow-up available
for 89.7% (n = 2,489) of the analytic sample (7 = 2,776). The remain-
ing 5.5% died (7 = 153) before the first follow-up (year 4) or were
lost to follow-up for unspecified reasons (4.8%, 7 = 134). Follow-up
3MS data were available at 3, 5, 7, 9, and 10 years postbaseline, with
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at least one follow-up available for 88.1% (1 = 2,447) of the sample.
The remaining 3.0% died (7 = 82) before the first follow-up or were
lost to follow-up (8.9%, n = 247). Longitudinal mixed effect models
of CES-D scores at years 4, 6, 8, and 10 were fit, predicted by baseline
CES-D score, BA, CA, years in study, and demographics. A random
intercept and random slopes for years in the study for each individual
was included to control for repeated measures and to allow for vary-
ing slopes of CES-D scores across individuals across time. Specifically,
CES-D, = b, + b x years in study + b, x CES-D,; + b, x BA, + b, x CA,
+ b, x demographics + ¢, fori=1to 2,489, where b, and b,, are the
random intercept and slope respectively with expected fixed value b°
and b'. Because models control for baseline CES-D and overall popu-
lation slope change of CES-D over time, the estimated coefficients for
BA (ie, b,) indicates the expected change in CES-D scores compared
to average change across follow-up for each 1-year increase in BA
at baseline holding CA and demographics constant. An additional
model was tested including interactions of BA and CA with years in
study; neither interaction was significant for CES-D, hence the results
are not shown. Mixed effects models treat missing CES-D as missing
at random. To assess the robustness of BA and CA coefficient results
to possible nonignorable missing, we performed sensitivity analyses
by implementing a pattern mixture model additionally controlling
for categorical groups defined by the different missing data patterns.
The coefficient for the overall main effect of BA and CA remained
very similar and there was a trend such that subjects with more miss-
ing data showed even stronger associations between BA and CES-D.

Similar longitudinal mixed effect models of follow-up 3MS scores
were fit using the same methods. An additional 3MS model was
tested including interactions of BA and CA with years in the study;
while the CA interaction was significant, the BA interaction was not.
As BA is the focus of this investigation, these results are not shown.
To examine the effects of BA directly on both death as well as inci-
dent depression, we performed a survival analysis with time to event
outcome of either CES-D > 10 or death. Subjects with baseline CES-D
> 10 were excluded from these analyses. Cox proportional hazards
regression included baseline CES-D score, BA, CA, and demographics.
All analyses were conducted in SAS software (version 9.4, 2013; SAS,
Inc., Cary, NC). Statistical significance was set at o less than 0.05.

Results

Sample Characteristics
The final analytic sample included 2,776 (of the total 3,075) sub-
jects who had evaluable CA and BA data. Subjects (7 = 299) were
not included if they were missing at least one biomarker used to
model BA, with the most commonly missing biomarker (7 = 212)
being FEV; no other biomarker was missing in more than 80 subjects
(HgbAlc). The sample was 51.2% female, 40.7% Black, and had
mean CA of 73.6 = 2.9 years (Table 1).

Mean baseline CES-D score was 4.7 + 5.3, and 13.9% of sub-
jects at baseline reported a CES-D > 10. CES-D scores significantly
increased at a rate of 0.43 (standard error [SE] = 0.02) points per

Table 1. Baseline Characteristics from the Health Aging and Body Composition Study by Chronological and Biological Age

Total Chronological Age Biological Age
N % Mean = SD Stand Diff = SE Mean = SD Stand Diff =+ SE
Gender Male 1,356 48.8 73.75+2.85  0.115 = 0.038* 68.48+7.80 -0.507 = 0.039"
Female 1,420 51.2 73.42 = 2.86 72.51 +7.59
Education <High school grad 669 24.1 73.58 £2.92  -0.003 = 0.051* 72.43 = 8.01  0.160 = 0.051>"
High school grad 922 33.2 73.59 £2.86  0.007 = 0.044° 71.16 = 7.80  0.275 = 0.044>"
Secondary 1,177 42.4 73.57 £2.82  0.003 = 0.048¢ 68.97 +7.73  0.435 = 0.049+"
Race Caucasian 1,645 59.3 73.71+2.84  0.112 = 0.039* 68.46 =7.18  -0.643 = 0.040™
Mortality Alive by year 10 2,013 72.5 73.36 £2.78  -0.283 £0.043"  69.72+7.59 -0.375 +0.043"
Dead by year 10 763 27.5 7417 = 2.97 72.70 = 8.47
Baseline CES-D <10 2,366 85.2 73.58+2.87 -0.017 = 0.055 70.35+7.92 -0.161=0.055*
>10 386 13.9 73.63 = 2.80 71.63 = 7.81
Baseline 3MS >78 2,523 90.9 73.54 +2.84  -0.168 = 0.067 70.16 + 7.81  -0.513 = 0.067"
<78 247 8.9 74.02 = 3.02 74.24 = 8.39
Vascular Yes 1,590 57.3 73.49 =287  -0.073 = 0.039 72.30 = 7.80  0.540 = 0.040"
No 1,081 38.9 73.70 = 2.84 68.01 = 7.45
Physical Yes 1,525 54.9 73.69+2.90  0.091 = 0.039 70.96 = 8.13  0.120 = 0.039*
No 1,145 41.2 73.43 +2.80 70.01 = 7.63
Respiratory Yes 481 17.3 73.38 £2.75  -0.084 = 0.050 7211 +7.68  0.243 = 0.051"
No 2,158 77.7 73.62 +2.88 70.18 = 7.94
Cardio Yes 586 21.1 73.80 =2.88  0.105 = 0.047 71.59 =+ 8.65  0.164 = 0.047"
No 2,118 76.3 73.50 = 2.84 70.29 = 7.70
Cerebro Yes 203 7.3 7420 +3.00 0.234 = 0.073* 7248 +9.03  0.265 = 0.073"
No 2,566 92.4 73.53 = 2.84 70.37 = 7.83
Cancer Yes 128 4.6 73.77 =2.82  0.066 = 0.091 69.46 = 8.17  -0.136 = 0.091
No 2,478 89.2 73.58 +2.86 70.54 = 7.90

Note: Data is for baseline visit with the exception of mortality. CES-D = Center for Epidemiologic Studies Depression scale; Stand Diff = Standardized differ-
ence; SE = Standard error; 3MS = Teng Modified Mini-Mental Status Exam; Education defined as 1=less than high school, 2=high school graduation, 3=secondary

education.

*Compares < high school education versus high school graduate; "Compares high school graduate versus secondary education; ‘Compares < high school educa-

tion versus secondary education.
*p<.01.7p <.001.
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year (¢ = 24.4,df = 2,485, p <.0001), with the prevalence of subjects
who experienced a CES-D > 10 by the end of the study increas-
ing to 29.3% (Table 2). Mean baseline 3MS score was 90.2 = 8.4,
and 8.9% of subjects at baseline had a 3MS < 78. 3MS scores sig-
nificantly decreased at a rate of 0.41 points (SE = 0.02) per year
(t = =17.23, df = 2,444, p < .0001), with the prevalence of sub-
jects with a 3MS < 78 by the end of the study increasing to 13.2%
(Table 2).

BA

Mean BA calculated for study subjects was 70.5 = 7.9 years (range
50-115). BA was correlated with CA (r = .24, p < .0001) and
each included biomarker in the expected direction (CRP: r = .20,
p <.0001; FEV1: » = -.55, p < .0001; cholesterol: = .30, p < .0001;
creatinine: 7 = .20, p < .0001; HgbAlc: » = .36, p < .0001; systolic
blood pressure: » = .71, p < .0001; albumin: » = -.073, p = .0001;
alkaline phosphatase: r = .31, p < .0001).

As shown in Table 1, BA was lower in men versus women and
in White versus Black subjects, despite both men and white sub-
jects being older chronologically than women and Black subjects,
respectively. BA was lower in more versus less educated subjects,
counter to the CA of subjects, which did not differ across education
levels. BA was greater with the presence of each medical comor-
bidity, with the exception of cancer, while CA was only greater in
subjects with physical disabilities, and cardiovascular and cerebro-
vascular diseases.

In a regression model predicting BA with CA, demograph-
ics and medical comorbidities, participants being female (B = 3.8,
p <.0001), Black (B = 3.9,p <.0001), and with less than postsecond-
ary education (B = 1.06, p = .0032) predicted higher BA. To examine
the relationship between demographic traits and BA, bivariate cor-
relations between demographic variables and each biomarker in the
BA index were observed. Higher education was negatively correlated
(p < .001) with CRP, HgbAlc, blood pressure, and alkaline phos-
phatase levels and positively correlated with lung function and albu-
min levels. White race was negatively correlated (p < .05) with CRP,
cholesterol, creatinine, HgbAlc, and blood pressure levels and posi-
tively correlated with lung function and albumin levels. Compared
to men, women had higher (p <.01) CRP and cholesterol and lower
lung function and albumin levels.

Association of Late-Life Depression with BA

Baseline CES-D scores were associated with baseline BA (p <.001)
but not CA (p = .955). The mean baseline BA for individuals with
a CES-D > 10 was 1.28 years greater (SE = 0.43) than that of
individuals with a CES-D < 10, compared to the 0.05 year differ-
ence (SE = 0.16) in mean CA between the two depression groups
(see Table 1). Moreover, a regression of baseline CES-D on both
baseline BA and CA adjusting for demographic variables showed
BA (B = 0.03, p = .0471) but not CA (B = -0.01, p = .7185) was
associated with baseline CES-D scores. This effect is evident in
Figure 1a, which depicts the bivariate association between the pre-
dicted prevalence of significant depressive symptoms at baseline
and increasing BA. In contrast, only a weak relationship exists
between the prevalence of significant depressive symptoms at
baseline and CA.

Results from a longitudinal model indicated that having a higher
baseline BA was associated with a worse CES-D score at follow-up after
accounting for baseline CES-D score, demographics and years in study,
whereas CA was not (Table 3). Being female and having lower educa-
tional attainment were associated with higher CES-D scores at follow-
up. The final model explained 23.8% of the variance in CES-D score at
follow-up, with no additional variance explained by the addition of CA.

To investigate the robustness of these results, we modeled the
event of CES-D > 10 or death over a 9-year period among subjects
with CES-D < 10 at baseline using survival analysis. Baseline BA
predicted the development of CES-D 2 10 or death during follow-
up (hazard ratio for 1 year increase in BA is 1.08, 95% confidence
interval 1.011-1.026) when adjusting for baseline CA, demograph-
ics, and baseline CES-D score.

Association of Cognitive Impairment with BA

Baseline 3MS scores were associated with both BA (p <.0001) and CA
(p <.0001). The mean baseline BA for individuals with a 3MS < 78 was
4.08 years greater (SE = 0.52) than that of individuals with a baseline
3MS > 78, compared to the 0.48-year difference (SE = 0.19) in mean
CA between the two cognitive groups (Table 1). A covariate-adjusted
regression showed both BA (B = -0.06, p = .0009) and CA (B = -0.21,
p < .0001) associated with baseline 3MS, with the similarity of the
effect of both BA and CA on the predicted probability of experiencing
significant cognitive impairment at baseline depicted in Figure 1b.

Table 2. Longitudinal Characteristics from the Health Aging and Body Composition Study for Depressive Symptoms, Cognitive Functioning,

and Death Status

CES-D 3MS
Cumulative Mortality Total Symptom CES-D = 10 Total Score 3MS <78
% (n) N Followed Mean = SD % (n) N Followed Mean = SD % (n)

Baseline (Year 1) 2,752 4.66 = 5.27 13.90 (386) 2,770 90.16 = 8.41 8.92 (247)

Year 2 0.97 (27)

Year 3 2.95 (82) 2,306 90.08 = 8.81  9.32(215)

Year 4 5.51(153) 2,422 6.35 = 6.35 24.07 (583)

Year § 7.96 (221) 2,134 90.32 = 9.06 9.42 (201)

Year 6 11.60 (322) 2,235 7.51 £ 6.97 29.40 (657)

Year 7 15.96 (443) 681 90.62 = 8.49 7.93 (54)

Year 8 19.38 (538) 1,501 7.37 £ 6.57 28.98 (435)

Year 9 23.45 (651) 600 90.15 £9.53  11.00 (66)

Year 10 27.49 (763) 1,322 7.52 = 6.64 29.27 (387) 1,466 88.82 = 10.54 13.17 (193)

Note: The full 20-item CES-D was assessed at baseline, and years 4, 6, 8, or 10 and prevalence rates were based on a cutoff score of > 10; The 3MS was as-

sessed at baseline, and years 3, 5, 7, 9, or 10 and prevalence rates are based on a cutoff score of < 78. CES-D = Center for Epidemiologic Studies Depression scale;

3MS = Teng Modified Mini-Mental Status Exam.
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Figure 1. The predicted prevalence of significant depressive symptoms and
cognitive impairment at baseline as a function of baseline biological and
chronological age. (a) Significant depressive symptoms (CES-D > 10). (b)
Significant cognitive impairment (3MS < 78). Note: Depicted is the predicted
prevalence of experiencing significant depressive symptoms (Figure 1a;
CES-D > 10) and significant cognitive impairment (Figure 1b; 3MS < 78) at
baseline with the 95% confidence intervals plotted against BA and CA.The
regression line for CA was extended beyond the baseline age range (68—
80 years; reflected as a dashed line) for ease of comparison between BA
and CA. BA = Biological age; CA = Chronological age; CES-D = Center for
Epidemiologic Studies Depression scale.

Results from a longitudinal model found that BA at baseline did
not predict 3MS score at follow-up after accounting for all other
variables (p = .7631), whereas CA did (p < .0001; Table 3). Having
lower educational attainment was associated with lower 3MS scores
at follow-up. Furthermore, baseline BA did not predict the devel-
opment of 3MS < 78 over a 9-year period using a survival analysis
(B = 0.001, p =.7298), but did predict the event of 3MS < 78 or
death (B = 0.025, p <.0001).

Discussion

A multibiomarker index of an older adult’s BA (22,25) outperformed
their CA in predicting the incidence of depressive symptoms over
long-term follow-up. BA, but not CA, was positively associated with

a greater worsening of depressive symptoms and the incidence of clin-
ically significant depressive symptoms and mortality over the 10-year
study period. Significantly, our results speak to the specificity of the
link between BA and LLD. It does not appear to be the case that more
advanced BA is simply a general predictor of illness in later life, as
BA was not a significant predictor of changes in cognitive impairment
over the 10-year study period after accounting for CA.

This result supports the evolving view of LLD as resulting
from deleterious age-associated changes such as increases in car-
diovascular risk factors, adverse endocrinological developments,
and declining functionality of important tissues and organ systems
(10). Applications of multibiomarker algorithms have the potential
to aid in the identification of individuals at high biological risk of
developing LLD and to facilitate targeting these individuals with
prevention and/or treatment interventions. Moreover, the BA index
provides specific therapeutic targets for which efficacious interven-
tions already exist, such as blood pressure, serum lipids, and blood
glucose. Thus, far from being an inevitable result of aging with its
concomitant physiologic decline and/or psychosocial losses, LLD
can more accurately be viewed as a preventable illness. By targeting
these individual markers, we can decrease mortality risk and the risk
for the development of LLD, thereby improving health trajectories
of our older patients. The theory underlying BA, however, is that by
aggregating indicators for the integrity of important bodily systems,
we can detect molecular changes that cause the multisystem physio-
logic dysregulation that is the hallmark of aging-related morbidity
(22,25). It is unknown however whether targeting these individual
therapeutic markers will subsequently alter the underlying BA of the
individual. This question is in need of further research.

Our analyses also highlighted interesting social and demographic
differences in BA values. Subjects who were White and more educated
tended to have lower BA scores compared to Black and less educated
subjects. These associations appear to be due to both Black race (38)
and lower educational attainment being associated with specific
components of BA (increased inflammation, cholesterol, creatinine,
HgbAlc, and blood pressure and decreased lung function and albu-
min). These results suggest that individuals who are either Black or
who have high school or less level of educational attainment should
be targeted for vigorous control of cardiovascular risk factors, blood
glucose, and lung/kidney function. Disparities in access to health care
among these groups should be assessed and addressed with appro-
priate outreach efforts if present. Interestingly, female sex was asso-
ciated with higher BA (39), which was unexpected given generally
reduced life expectancies for men compared to women. These results
may be explained by a selection bias according to which relatively
less healthy cohorts of men were removed prior to study initiation,
since excess cardiovascular mortality in men typically occurs prior to
the 70-year-old age threshold recruited into the Health ABC study.

The above results should be considered in light of limitations,
including the fact that the CES-D is a screening instrument rather
than a diagnostic tool for depressive illness, and the cutoff does
not denote depressive illness (40). Additionally, quantification of
BA included only 8 of 10 biomarkers used previously, and extrapo-
lated outside the age-range of the original study, as baseline ages
ranged from 68 to 80 years in the Health ABC study compared with
30-75 years in NHANES III (22). Furthermore, although only base-
line HgbAlc values are used in this investigation, HgbAlc levels
tended to be higher at baseline than in subsequent years in Health
ABC. The samples are suitable for these analyses however as they
were consistent across the entire baseline sample and are not com-
pared to subsequent HgbA1c levels. Finally, it should be noted that
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Table 3. Longitudinal Models Predicting Worsening Depressive Symptoms and Cognitive Impairment with Biological Age, Chronological
Age, Demographics, Years in Study, and Baseline CES-D and 3MS Score

Outcome: CES-D at Follow-up Years 4, 6, 8, and 10

Predictors B weights SE t Value p Value
Biological age at baseline 0.03965 0.01437 2.76 .0058
Chronological age at baseline 0.02918 0.03561 0.82 4125
Sex (male vs female) -0.6106 0.2036 -3.00 .0027
Race (Caucasian vs Black) -0.4102 0.2204 -1.86 .0628
Education

Less than HS vs postsecondary 1.4404 0.2674 5.39 <.0001
HS graduate vs postsecondary 0.4561 0.2229 2.05 .0409
Year in study 0.2924 0.02461 11.88 <.0001
CES-D (baseline) 0.5909 0.01874 31.52 <.0001

Outcome: 3MS at follow-up years 3, 5, 7, 9, or 10

Predictors B weights SE t Value p Value
Biological age at baseline -0.00464 0.01540 -0.30 7631
Chronological age at baseline -0.2284 0.03848 -5.93 <.0001
Sex (male vs female) 0.02471 0.2192 0.11 9103
Race (Caucasian vs Black) 1.6463 0.2446 6.73 <.0001
Education

Less than HS vs postsecondary -3.1120 0.3115 -9.99 <.0001
HS graduate vs postsecondary -0.7418 0.2408 -3.08 .0021
Year in study -0.4790 0.02656 -18.03 <.0001
3MS at baseline 0.7316 0.01565 46.75 <.0001

Note: Education defined as 1=less than high school, 2=high school graduation, 3=secondary education; Reference groups are female for sex, Black for race, and
postsecondary for education. CES-D = Center for Epidemiologic Studies Depression scale; HS = High school; 3MS = Teng Modified Mini-Mental Status Exam.

this investigation cannot speak specifically to the trajectories of BA
so much as provide a snapshot association between BA at a certain
time point and the potential development of clinical correlates such
as depression, cognition, or mortality.

Conclusions

A multibiomarker index of an older adult’s BA outperformed their
CA in predicting subsequent increased and clinically significant
depressive symptoms by study endpoint. The BA model is based upon
common and inexpensive biological and behavioral variables that
can be utilized to identify older adults at risk for subsequent devel-
opment of LLD. This identification can lead to intervention strate-
gies that may dramatically improve the clinical trajectories of these
individuals. Furthermore, the relationship between decrements in BA
to specific demographic subgroups highlights the need for outreach
in these at-risk populations in the hopes of intervening at an earlier
time point.

Supplementary Material

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