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Abstract

Background: A goal of gerontology is to discover phenotypes that reflect biological aging distinct from disease pathogenesis. Biomarkers that
are strongly associated with mortality could be used to define such a phenotype. However, the relation of such an index with multiple chronic
conditions warrants further exploration.

Methods: A biomarker index (Bl) was constructed in the Cardiovascular Health Study (N =3 197), with a mean age of 74 years. The Bl incor
porated circulating levels of new biomarkers, including insulin-like growth factor-1, interleukin-6, amino-terminal pro-B-type natriuretic peptide,
cystatin-C, C-reactive protein, tumor necrosis factoralpha soluble receptor 1, fasting insulin, and fasting glucose, and was built based on their
relationships with mortality. Cox proportional hazards models predicting a composite of death and chronic disease involving cardiovascular dis-
ease, dementia, and cancer were calculated with 6 years of follow-up.

Results: The hazard ratio (HR, 95% CI) for the composite outcome of death or chronic disease per category of Bl was 1.65 (1.52, 1.80) and
1.75 (1.58, 1.94) in women and men, respectively. The HR (95% Cl) per 5 years of age was 1.57 (1.48, 1.67) and 1.55 (1.44, 1.67) in women
and men, respectively. Moreover, Bl could attenuate the effect of age on the composite outcome by 16.7% and 22.0% in women and men,
respectively.

Conclusions: Biomarker index was significantly and independently associated with a composite outcome of death and chronic disease, and
attenuated the effect of age. The Bl that is composed of plasma biomarkers may be a practical intermediate phenotype for interventions aiming
to modify the course of aging.
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One of the major goals of gerontology is to discover phe-
notypes that define and quantify aging-associated biological
and physiological changes, while also reliably predicting out-
comes relevant to older adults. Such phenotypes are needed
to better define the heterogeneity of aging and lead to more
precise, targeted, and effective therapies designed to slow or
delay aging. Desirable phenotypes would reliably and inex-
pensively predict population-, clinician-, and patient-centric
outcomes such as mortality, morbidity, and functional de-
cline. Because primary and secondary prevention geroscience
trials may target individuals with low to high risk, including
people who have not yet manifested some diagnosed diseases,

an ideal phenotype should also widely stratify aging-related
outcome risk from low to high, rather than merely focusing
on high-risk prediction like many clinical disease risk predic-
tors (1). To that end, composite scores have the potential for
improved risk stratification in older populations due to an
inherently wider distribution and possibly by incorporating
multiple biological processes (2,3).

Identifying blood-measured biomarkers that may be medi-
ators not of a single disease process but of multiple chronic
diseases is impactful. The Targeting Aging with Metformin
(TAME) trial has been proposed as the first large-scale
geroscience-based randomized, blinded, placebo-controlled
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clinical trial (4). Its goal is to test the efficacy of metformin
in slowing the progression of varied age-related chronic dis-
eases and the functional decline in older adults with poten-
tial comorbidities (5). The intermediate endpoint of TAME,
therefore, should reflect the molecular aging pathways of
various systems. Experts have proposed several candidate
biomarkers that strongly correlate to the molecular aging
process, which help to explain the biological mechanism for
which metformin influences cardiovascular disease (CVD),
cancer, cognition, and death (6). Such trials are essential
in providing the context that is necessary for biomarker
validation.

To help establish the predictive validity of intermediate
biomarker phenotypes for future geroscience trials using
multimorbidity endpoints, we constructed a biomarker index
(BI) in the Cardiovascular Health Study (CHS) cohort and
determined the strength of association of BI with incident
CVD, dementia, cancer, or death. The BI incorporated circu-
lating levels of new biomarkers, including insulin-like growth
factor-1 (IGF)-1, interleukin-6 (IL-6), amino-terminal pro-B-
type natriuretic peptide (NT-proBNP), cystatin-C, C-reactive
protein (CRP), tumor necrosis factor-alpha soluble receptor 1
(TNFsR1), fasting insulin, and fasting glucose, and was built
based on their relationships with mortality. We hypothesized
that the BI would significantly and independently predict a
composite outcome of death and chronic disease.

Method

Study Population

The CHS is an ongoing community-based study of cardiovas-
cular risk in 5 888 men and women older than 65 years, from
4 regions of the United States (7,8). The cohort was enrolled
in 1989-1990 and was supplemented with added recruitment
of African Americans in 1992-1993. Participants and eligible
household members were identified from Medicare eligibility
lists. To be eligible, participants were >65 years old, did not
have cancer under active treatment, could not be wheelchair-
or bed-bound in the home, and did not plan to move out of
the area within 3 years. The CHS is approved by the institu-
tional review boards of all participating institutions and all
participants gave informed consent. We used data from the
1992-1993 examination as baseline. Although follow-up is
ongoing, we set the last observed follow-up time at the 6th
year from baseline to align with the likely duration of gero-
science prevention trials.

Candidate Biomarkers

Candidate biomarkers for inclusion in the BI were chosen for
their documented association with aging-related processes in
laboratory studies and outcomes in epidemiologic studies and
their availability in the CHS database. We used the 8 bio-
markers that were chosen by the expert panel of TAME, they
are IGF-1, IL-6, NT-proBNP, cystatin-C, CRP, TNFsR1, fast-
ing insulin, and fasting glucose. The TAME experts reviewed
258 candidate biomarkers and finally refined the list to 8 bio-
markers because they fulfill all 4 of their criteria: (a) mea-
surement reliability and feasibility; (b) relevance to aging; (c)
robust and consistent ability to predict all-cause mortality,
clinical and functional outcomes; and (d) responsiveness to
intervention. Growth differentiation factor (GDF) 15 was not
evaluated in CHS and therefore not included in this analy-
sis. We included fasting glucose due to importance of glucose
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handling and nutrient regulation on aging biology and avail-
ability within the CHS cohort (6).

Fasting blood samples were collected at the 1992-1993
exam using standardized protocols and quality assur-
ance (8,9). Insulin-like growth factor-1 was measured after
an extraction step using enzyme-linked immunosorbent
assays (ELISA; Diagnostics Systems Laboratory, Webster,
TX) (10). The analytic coefficient of variation (CV) was
4%—6%. Interleukin-6 was measured by ultrasensitive ELISA
(Quantikine HS Human IL-6 Immunoassay; RD Systems,
Minneapolis, MN, USA); intra- and interassay CV were
2.9%-8.7% and 7.3%-9.0%, respectively (11). Amino-
terminal pro-B-type natriuretic peptide was measured on
the Elecsys 2010 system (Roche Diagnostics, Indianapolis,
Indiana) with a CV of 2%-5%. Cystatin-C was measured by
a BNII nephelometer (Dade Behring Inc., Deerfield, IL) that
used a particle-enhanced immunephelometric assay (N Latex
Cystatin-C; Dade Behring Inc., Newark, DE); intra- and inter-
assay CV were 2.0%-2.8% and 2.3%-3.1%, respectively
(12). C-reactive protein was measured using the BNII nephe-
lometer (Dade Behring Inc.) with a CV of 5.0% (13). Fasting
glucose was measured on a Kodak Ektachem 700 Analyzer
(Ektachem Test Methodologies, Eastman Kodak, Rochester,
NY) and assayed within 30 days, with an average monthly CV
of 0.93% (14). Tumor necrosis factor-alpha soluble receptor
1 was measured using enzyme-linked immunosorbent assay
kits (R&D Systems, Minneapolis, MN), and the detectable
limit was 3 pg/mL (using DRT100 kit) (15).

Composite Outcome of Death and Chronic Disease

The primary endpoint was the first on-study occurrence of the
composite of new cancer, CVD, dementia or mild cognitive
impairment (MCI), or death. The components were selected
to represent a subset of major age-related chronic health con-
ditions (16). Any event that happened before the 6th year of
follow-up from baseline was considered an event. Because
participants who have already had one event may still be eli-
gible for one of the other composite events, we did not drop
the participants who had prevalent diseases or disease his-
tories. A second episode of the same disease was considered
as a “nonevent” and did not count towards the composite
outcome.

The timing of the composite outcome was based on the
actual diagnosis date. For CVD, cancer, and death, the first
occurrence was determined by the date of hospitalization or
death certificate. On the other hand, dementia was assessed
discreetly at regular intervals, every 6 months, noting the
round when the condition was initially observed.

Cancer was defined using the International Classification
of Diseases (ICD)-9 codes for all hospitalization, outpatient,
or skilled nursing facility events. Nonmelanoma skin cancer
was excluded from incident cancer. The time-to-cancer was
the minimum of the time-to-incidence across all of the follow-
ing cancer types: breast, colorectal, colon, rectum, ovarian,
lung, buccal, digestive, esophagus, stomach, liver, pancreas,
bladder, urinary bladder, kidney, cervical, uterine, melanoma,
prostate, and lymphatic cancers. Any new cancer events that
occurred before the 6-year follow-up were considered can-
cer events. Prevalent cancer under active treatment was an
exclusion from CHS, but cancer history was not, so some par-
ticipants were classified as prevalent cancer cases if the diag-
nosis date preceded enrollment in CHS or occurred before the
1992-1993 baseline.
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Incident CVD was defined as the first occurrence of stroke
or transient ischemic attack, coronary heart disease (CHD;
myocardial infarction [MI] or a non-MI event, such as angina
pectoris, or a revascularization procedure [coronary artery
bypass grafting or percutaneous transluminal coronary angio-
plasty]), congestive heart failure (CHF), or claudication (17).
Any CVD events that occurred before the 6-year follow-up
were considered CVD events. Prevalent CVD was defined as
the incidence before our 1992-1993 baseline or the diagnosis
date preceded enrollment in CHS.

The diagnosis of dementia was based on a progressive
or static cognitive deficit of sufficient severity to affect the
subject’s cognition, activities of daily living, with a history
of normal intellectual function before the onset of cogni-
tive abnormalities (18). Individuals were classified as having
dementia or MCI after adjudication based on the ICD-9 code
(dementias, persistent mental disorders, or cerebral degener-
ation) or their results on the following examinations: modi-
fied Mini-Mental Status Exam (3MSE), Telephone Instrument
of Cognitive Status (TICS), and Informant Questionnaire on
Cognitive Decline (IQCODE). Neuropsychological evalua-
tions and neurological exams were used as auxiliary, and the
classification was done before and after reviewing the dia-
magnetic resonance imaging. In 3 other centers, only high-risk
Whites but all Blacks were subjected to detailed evaluation
for the diagnosis; in Pittsburgh, all participants were evalu-
ated (18).

Mortality

Deaths were ascertained through participant surveillance
every 6 months from study inception. Confirmation of deaths
was conducted through reviews of obituaries, medical records,
death certificates, the Centers for Medicare & Medicaid
Services health care utilization database, and the National
Death Index. Contacts and proxies were also interviewed
for participants unavailable for follow-up. The follow-up for
mortality was complete through December 1, 2019.

Potential Confounders

Age, sex, race, smoking status, alcohol consumption, and diet
were determined by self-report (8). The Alternative Healthy
Eating Index was used to account for dietary patterns (19).
Anthropometrics (weight, height, and waist circumference)
were measured with standard protocols and weight and
height were used to calculate body mass index (BMI) in kg/
m?. Physical activity was based on the Modified Minnesota
Leisure Time Activities questionnaire that assessed frequency
and duration of 18 activities in the prior week to calculate
kilocalories of energy expended.

Statistical Analysis

From 5 888 subjects in the original cohort and the minority
cohort, 5 534 were alive at the time of the 1992-1993 visit
(baseline) and 4 777 had a blood draw done. We excluded
people missing biomarkers: NT-proBNP (7 = 630), cystatin-C
(n=21), IGF-1 (n=564), IL-6 (n=210), insulin (1= 18),
CRP (7 =25), and TNFaR (n = 112). Thus, the final sample
included a total of 3 197 participants.

We created BI by using a method that was used in our previ-
ous study, in which we created a BI with 5 biomarkers (5). We
weighted the biomarkers used to create the BI based on the
strength of their associations with mortality. We derived the
weighting for the Bl in a randomly selected training sample

of two-thirds of the cohort. The BI was then validated in the
remainder of the participants for its association with mor-
tality, and when found consistent with those in the training
sample, the validation and training samples were combined
to derive estimates of mortality risk associated with Bl in the
full sample. The training sample had an area under the curve
(AUC) value of 0.82, whereas the validation sample had an
AUC value of 0.73. The steps to build BI were as follows: (a)
We used sex-specific tertiles for cut points to score the level of
each biomarker. Participants who were diagnosed with dia-
betes at baseline were assigned to the highest tertile of fast-
ing glucose. (b) We performed gender-specific, age-adjusted
multivariable Cox proportional hazards models for mortal-
ity risk up to year 6, including all 8 biomarkers with indi-
cator variables for tertiles. We removed any biomarker with
p value higher than .10 from the model, one at a time, until
all biomarkers remained were statistically significant, result-
ing in the selection of 4 biomarkers for women (NT-proBNP,
IL-6, cystatin-C, and fasting glucose) and 5 biomarkers for
men (NT-proBNP, IGF-1, IL-6, TNFsR1, and fasting glucose;
Table 2). (¢) The coefficients from the models were used to
compute points for each level of each biomarker, selecting the
tertile with lowest risk as the reference group. Each coefficient
was divided by 3 times the coefficient for age for scaling and
rounded to produce a point score. Although 5 years of age has
been used in other risk scores, notably the Framingham Risk
Score, 3 years of age was selected as a reasonable comparison
given the older ages of our cohort. (d) The sum of the points
was defined as the BI score. (e) For convenience and approx-
imate similarity of risk, we combined some levels of BI into
larger summary categories, such as low (0-3), medium (4-5),
and high (6-9) in men, and low (0-3), medium (4-5), and
high (6-8) in women.

The person-time of observation and the incidence rate of
the composite outcome were calculated using Cox models
with BI categories as indicator variables, in each gender. The
proportional hazard assumption was confirmed based on
Schoenfeld residuals and bivariate analysis of the BI and age
showed a linear relationship. We obtained the hazard ratio
(HR) for age and BI categories in these models. The mod-
els were built sequentially, with adjustment for the BI and
age, race and health-related behaviors (current smoking, ever
drinks alcohol, physical activity, and alternate healthy eating
index), and body size (BMI and waist circumference). The
AUC was used to estimate the effectiveness of BI categories
in classifying those who had a composite outcome event ver-
sus those who remained outcome-free for more than 6 years
of follow-up. Then, we repeated the above analyses replacing
BI categories with the continuous BI, standardized and each
individual biomarkers, adjusting for age and race. All anal-
yses were done with Stata/SE 16.0 (College Station, TX) or
RStudio Version 1.3.1056 (http://www.r-project.org).

Results

The mean age of the participants with all biomarkers
(n=3 197) was 74 years, and 15% were African American
(Table 1). Women (=1 955) had lower levels of physical
activity and waist circumference, and were less likely to drink
alcohol or have a history of CHD, when compared with
men (7 =1 242). Women were more likely to be of African
American ancestry and to have a higher healthy eating index.
As for biomarkers, women had higher levels of CRP and
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Table 1. Characteristics of Cardiovascular Health Study Cohort Study at Baseline (N = 3 197)

All ‘Women Men

N=3197 N=10955 N=1242
Count (%)
African American 476 (15%) 311 (16%) 165 (13%)"
Current smoker 294 (9%) 187 (10%) 107 (9%)
Ever drinks alcohol 1458 (46%) 773 (40%) 685 (55%)"
History of coronary heart disease 664 (21%) 327 (17%) 337 (27%)"
History of congestive heart failure 152 (5%) 91 (5%) 61 (5%)
Frequency of each event type in the composite outcome
Cancer 284 (9%) 153 (8%) 131 (11%)
CVD 464 (15%) 274 (14%) 190 (15%)
Dementia/MCI 281 (9%) 181 (9%) 100 (8%)
Death 684 (21%) 343 (18%) 341 (27%)"
Composite of death and diseases' 1267 (40%) 707 (36%) 560 (45%)"
Mean (standard deviation)
Age,y 74 (5) 74 (5) 75(5)
Physical activity, kcal/d 1104 (1 571) 831 (1 146) 1533 (1997)
Body mass index, kg/m? 27 (5) 27 (5) 27 (4)
Waist circumference, cm 97 (13) 96 (15) 99 (10)"
Alternate Healthy Eating Index 3.0 (1.3) 3.0 (1) 2.8 (1.3)°
NT-proBNP, pg/mL 307 (752) 277 (597) 354 (944)°
IL-6, pg/mL 3.3(2.2) 3.2(2.1) 3.6 (2.3)
IGF-1, pg/L 98 (33) 93 (32) 107 (35)"
Cystatin-C, mg/L 1.1 (0.3) 1.1 (0.3) 1.1 (0.3)
Insulin, mg/dL 14 (22) 14 (25) 14 (19)
Fasting glucose, mg/dL 107 (32) 106 (32) 109 (33)"
CRP, mg/L 4.8 (7.3) 5.1(7.9) 4.2 (6.2)"
TNFsR1, pg/mL 1488 (533) 1455 (504) 1540 (573)

Notes: CVD = cardiovascular disease; CRP = C-reactive protein; IGF-1 = insulin-like growth factor-1; IL-6 = interleukin-6; MCI = mild cognitive
impairment; NT-proBNP = N-terminal-proB-type natriuretic peptide; TNFsR1 = tumor necrosis factor alpha soluble receptor 1.

“The difference was statistically significant at a level of .05.

TThe first occurrence of the composite of cancer, CVD, dementia, or MCI, or death.

lower levels of NT-proBNP, IL-6, IGF-1, and fasting glucose
than men (Table 1). In the overall sample, there were 1 267
(40%) composite outcomes of death and chronic diseases for
more than6 years, among which there were 284 (9%) inci-
dent cancers, 464 (15%) incident cases of CVD, 281 (9%)
cases of dementia/MCI, and 684 (21%) deaths. Women had
a lower incidence of death and composite outcome than men
(Table 1). When analyzing the occurrence of first events, it
was observed that 21% of individuals experienced deaths as
their initial event. Cardiovascular disease was the first event in
11% of individuals, whereas 7% experienced cancer as their
first event, and 8% had their initial event as dementia/MCI.

Scoring of each of the selected biomarkers as predictors of
mortality is shown in Table 2. For the majority of the biomark-
ers, the points given to the biomarkers showed a monotonic
upward trend with the concentration of biomarker. However,
cystatin-C and fasting glucose in women and TNFsR1 in men
show mild “U” shapes in risk across tertiles. The statistical
significance of each biomarker is shown in Supplementary
Table 1.

The incidence rate of composite outcome by BI cate-
gory (low/medium/high) is shown in Table 3. There was
a clear gradation of incidence rate across BI category.

Supplementary Table 2 presents the incidence rate calculated
using the continuous BI. The results in Table 4 show the
strength of association of chronological age per S years in
contrast to the BI categories with the composite outcome.
Model 1 shows that the BI category was associated with
a higher risk of the outcome in both women and in men.
In model 2, which only included age as a variable, the HR
for every 5-year increase in age as well as the AUCs were
similar. After adjusting for the BI category, the HR for age
decreased to 1.46 (95% CI = 1.37-1.56) in women and 1.41
(95% CI = 1.30-1.53) in men (model 3), indicating that the
effect of age was attenuated by 16.7% and 22.0% in women
and men, respectively, by the BI category. With both age and
BI in the model, the AUC increased to 0.65 for women and
0.67 for men. The associations remained comparable after
additional adjustment for health behaviors, body size, and
race.

Table 5 shows the associations of the BI in standardized
units versus the individual biomarkers (standardized) in men
and in women, adjusted for age and race. Generally, the BI
showed stronger associations with the composite outcome
than any individual biomarker, except for NT-pro-BNP, which
was more strongly related than the BI. We also examined the


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad172#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad172#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad172#supplementary-data

Journals of Gerontology: MEDICAL SCIENCES, 2024, Vol. 79, No. 2 5
Table 2. The Coefficient for Each Tertile of the Selected Biomarkers (N = 3 197)

Women (N =1 955) Men (N=1242)

Range Coefficient Point” Range Coefficient Point
NT-proBNP, pg/mL
1st tertile <94 0 0 <74 0.00 0
2nd tertile >94, <199 0.47 2 >74,<201 0.19 1
3rd tertile >199 0.82 3 >201 0.84 3
IGF, pg/L
1st tertile <77 (not included in BI) <91 0.00 0
2nd tertile >77,<101 >91,<116 0.10 0
3rd tertile >101 >116 0.38 1
IL-6, pg/mL
1st tertile <2.0 0 0 2.3 0.00 0
2nd tertile >2.0,<3.3 0.16 1 >2.3,<3.6 0.18 1
3rd tertile >3.3 0.56 2 >3.6 0.63 2
Cystatin-C, mg/L
1st tertile <0.94 0.13 1 <0.99 (not included in BI)
2nd tertile >0.94,<1.11 0.00 0 >0.99,<1.17
3rd tertile >1.11 0.30 1 >1.17
C-reaction protein, mg/L
1st tertile <1.6 (not included in BI) <1.4 (not included in BI)
2nd tertile >1.6,<4.7 >1.4,<3.5
3rd tertile >4.7 >3.5
TNFsR1, pg/mL
1st tertile <1212 (not included in BI) <1259 0.03 0
2nd tertile >1212,<1 522 >1259,<1 595 0.00 0
3rd tertile >1 522 >1 595 0.41 1
Insulin, mIU/L
1st tertile <8 (not included in BI) <8 (not included in BI)
2nd tertile >8,<12 >8,<12
3rd tertile >12 >12
Fasting glucose, mg/dL
1st tertile <93 0.14 <95 0.00 0
2nd tertile >93, <102 0.00 0 >95,<107 0.28 1
3rd tertilet >102 0.56 2 >107 0.43 2
Notes: The Cox model employed an adjustment procedure that included all biomarkers and age. BI = biomarker index.
“The points are calculated as the ratio of the coefficient of the biomarker to the product of 3 and the coefficient of age in each gender. All points
consolidated into the final BI.
fSubjects diagnosed with diabetes were allocated to the third category of fasting glucose levels.
Table 3. Incidence Rate of Composite Outcome for Each Biomarker Index Category (N = 3 197)

Number of participants Person-years (per 1 000) Number of events Incidence rate (per person-year) 95% CI

‘Women
Low 601 3203 138 47.7 41.6,54.6
Medium 799 3859 298 76.8 68.5,86.0
High 555 2416 271 128.6 115.8,142.8
Men
Low 531 2714 161 62.0 53.7,71.6
Medium 398 1737 191 120.0 105.0,137.1
High 313 1162 208 186.9 160.2,217.9

Notes: The Cox model included age, race, current smoker, ever drinks alcohol, physical activity, healthy dietary score, body mass index, and waist

circumference. BI = biomarker index.

The range of BI scores within the BI category: in women, low = 0-3, medium = 4-35; high = 6-8; in men, low = 0-3, medium = 4-5, high = 6-9.
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Table 4. Hazard Ratios (95% Cl) of Composite Outcome for Biomarker Index Category and Age (N = 3 197)

Women (N =1 955)

Men (N=1242)

Age (per 5 y)

BI category” AUC

Age (per 5 y) BI category AUC

Model 1: BI category — 1.65 (1.52,1.80)

Model 2: Age 1.57 (1.48,1.67)  1.57(1.48,1.67)
Model 3: BI Catego- 1.46 (1.37,1.56) 1.46 (1.37,1.56)
ry + Age

Model 4: BI Catego-
ry + Age + Covariates’

1.57 (1.48,1.67)  1.57 (1.48, 1.67)

0.63 (0.61, 0.64) —
0.64 (0.62, 0.65)
0.65 (0.63, 0.66)

0.63 (0.61, 0.64) —

1.75 (1.58, 1.94)
1.55 (1.44, 1.67) —
1.41(1.30,1.53)  1.54 (1.38, 1.72)

0.66 (0.63, 0.68)
0.66 (0.64, 0.68)
0.67 (0.65, 0.70)

1.50 (1.33,1.68)  0.66 (0.63,0.68)

Notes: AUC = area under receiver-operating characteristic curve; BI = biomarker index.
“The range of BI scores within the BI category: in women, low = 0-3, medium = 4-5; high = 6-8; in men, low = 0-3, medium = 4-35, high = 6-9.
tCovariates: race, current smoker, ever drinks alcohol, physical activity, healthy dietary score, body mass index, and waist circumference.

Table 5. Hazard Ratios of Composite Outcome for Biomarker Index Score or Individual Biomarkers (N = 3 197)

Women (N =1 955)

Men (N=1 242)

HR (95% CI) for BI Score AUC
(per SD)

HR (95% CI) for BI Score AUC
(per SD)

BI score’ 1.45 (1.28, 1.59)

0.64 (0.62, 0.67)

1.52 (1.39, 1.66) 0.68 (0.65, 0.70)

Individual biomarker’ HR (95% CI) for each AUC HR (95% CI) for each AUC

biomarker (per SD) biomarker (per SD)
NT-proBNP 1.48 (1.35,1.63) 0.59 (0.57,0.63) 1.63 (1.46,1.82) 0.63 (0.61, 0.66)
IL-6 1.28 (1.16, 1.40) 0.55 (0.53,0.59) 1.42 (1.28,1.57) 0.59 (0.57,0.63)
Cystatin-C 1.39 (1.27,1.52) 0.58 (0.55,0.61) (Cystatin-C not included in men’s BI)
Fasting glucose 1.15 (1.05, 1.26) 0.53 (0.50, 0.56) 1.22 (1.11, 1.35) 0.58 (0.53, 0.64)

IGF (IGF not included in women’s BI)
TNFsR1 (TNFsR1 not included in women’s BI)

0.97 (0.87, 1.07)
1.42 (1.30, 1.58)

0.48 (0.46, 0.51)
0.58 (0.56, 0.62)

Notes: AUC = area under receiver-operating characteristic curve; BI = biomarker index; CI = confidence interval; HR = hazard ratio; IGF = insulin-like
growth factor; IL-6 = interleukin-6; NT-proBNP = amino-terminal pro-B-type natriuretic peptide; SD = standard deviation; TNFsR1 = tumor necrosis

factor alpha soluble receptor 1.
"Model comprised of standardized BI, standardized age, and race.

Models comprised of standardized single biomarker level, standardized age, and race. Standard deviations for each biomarker given in Table 1.

association of the BI with each component of the outcome
separately in Supplementary Table 3. Here, we noted that the
index was more strongly associated with cancer in men than
in women, whereas it was more strongly associated with CVD
and dementia in women than in men.

Figure 1 demonstrates that although men had higher HRs
than women over the entire follow-up period, in both men
and women, a higher BI category was associated with a higher
hazard risk of the composite outcome in the age- and race-
adjusted models. Similar results were observed when using BI
score as the predictor.

Discussion

The BI was developed as a summary of key blood-based bio-
markers of aspects of biological aging and provided modest
discrimination of risk for a composite outcome of mortality
and incident chronic diseases (CVD, cancer, and dementia/
MCI), as was shown in this sample of community-dwelling
older adults. The BI was associated with the composite out-
come similar to chronological age and could attenuate the
association of the latter, indicating that Bl is an independent
predictor of multiple chronic conditions. Since the BI was
composed of biomarkers and did not include chronological

age, it is possibly capturing processes of biological aging that
lead to disease risk. The difference in biomarkers related to
the composite outcome between men and women is notable,
raising the question as to whether one index will be suitable
for both sexes.

The difference in BI related to the composite outcome of
death and chronic diseases between men and women might
be due to different mechanisms linking sex to individual bio-
markers, the differences in sex-specific tertiles, or to the dif-
ferences in the individual diseases comprising the outcome.
There is sexual dimorphism in immune aging and endocrine
aging, and even in late life when sex hormones decline (20—
22). Older women had higher genomic activity for adaptive
immune cells, whereas older men had higher activity for
monocytes and inflammation, indicating greater immune-
senescence in men (21,23). In addition, sex hormones regu-
late several key functions in nutrient sensing and metabolism
of glucose, especially intracellular nutrient-sensing pathways
(such as the IGF-1) (24). At the molecular level, women have
lower fasting insulin and glucose levels, lower basal fat oxi-
dation, and higher fat use (20). Consequently, men tend to
have more visceral fat at the phenotypic level, which lead to
a higher risk of cardiometabolic diseases than women (before
menopause) (20). Finally, most cancers also have apparent
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Figure 1. Hazard ratios for composite outcome by biomarker index

(BI) category and by sex. (A) women, low Bl category = Bl score 0-3,
medium Bl category = Bl score 4-5, high Bl category = Bl score 6-8. (B)
men, low Bl category = Bl score 0-3, medium Bl category = Bl score
4-5, high Bl category = Bl score 6-9.

sex-differentiated effects. In general, men have higher inci-
dence rates and higher death rates in most cancers that are
not related to reproduction (25). All the above calls for more
research to better understand sex and its attributes that shape
biological aging. Moreover, as CVD, dementia, and cancer are
associated with systemic manifestations, there is likely a com-
plex bidirectional interplay between the diseases and biologi-
cal aging at the cellular level.

Multimorbidity is a recognized challenge to both the qual-
ity of life as well as to cost-containment efforts for the health
care system (26-28). The definition presented in this article
does not require the presence of multiple concurrent diseases.
Our analysis addresses the onset of any one chronic disease
regardless of the presence of others. Since the prevalence of
many common chronic diseases increases significantly with
age (29), it is critical to prevent the occurrence of any com-
ponent of multimorbidity at an earlier age. However, the
prevalence and degree of subclinical diseases can be substan-
tial by the time of the clinical diagnosis of the diseases, as
was suggested by epidemiologic studies using noninvasive
tests of disease (30-33). Therefore, blood-based biomarkers
are promising to quantify early pathology. In our study, the
strong association between BI and the composite outcome
of death and chronic diseases showed the potential that age-
related comorbidity predictions could be improved with
blood-based measurements.

Our present work expands on our previous study, which
incorporated 5 blood-based biomarkers (5), including IGF-
1, IGFBP3, NT-proBNP, dehydroepiandrosterone sulfate,
and IL-6 and compared this to a physiologic index that
combined measurements including carotid intima-media
thickness, pulmonary vital capacity, serum cystatin-C, brain
white matter grade, and fasting glucose. In the Cox models
predicting 10-year mortality, the BI achieved 20% attenu-
ation in age beta, whereas the physiologic index achieved
29% attenuation. Expanding on these prior analyses, we
showed here that an expanded BI and variations thereof are
associated with multiple chronic conditions in addition to
mortality.

What are the underlying mechanisms relating each of the
biomarkers to diseases? IL-6, CRP, and TNFsR1 are mem-
bers of an integrated network of cytokines involved in inflam-
mation and intercellular signaling. Cytokine dysregulation is
both a consequence and driver of pathophysiologic processes
leading to myriad health outcomes. IL-6 and TNFa rise with
age in the absence of disease (34,35), have pleiotropic effects
on various cell types, and induce synthesis of acute-phase
proteins like CRP in response to infection or injury (36,37).
Cohort studies have indicated the levels of IL-6, TNFsR1,
and CRP are markers of morbidity, frailty, and mortality in
the older subjects (38). In addition, low-grade inflammation
accelerates the aging process if left untreated (39).

NT-proBNP may be a marker of undiagnosed or subclin-
ical cardiovascular damage that occurs with aging and dis-
ease, as well as coexisting renal dysfunction. It is secreted by
ventricular myocytes in response to cardiomyocyte stretching
to decrease vascular resistance. NT-proBNP elevations occur
in a number of heart disease phenotypes, renal dysfunction
(40,41), and are independently associated with mortality
(42,43).

IGF-1 and insulin both play the role of nutrient signaling.
Ample evidence in animals indicates that IGF-1 signaling
pathway is implicated in longevity (44). In humans, cross-
sectional studies showed that older adults had lower IGF-1
levels compared with younger adults (45-49). However,
cohort studies did not detect any inverse association of IGF-1
with mortality (10,50-52) except the Framingham Heart
Study (53). In addition, the relationship may be U-shaped
with both high and low levels of IGF-1 associated with higher
mortality (50,54,55). Fasting insulin is responsive to caloric
restriction in humans. Most age-related diseases have been
associated with impaired insulin secretion, as it signifies the
loss of function of the pancreas (56). In CHS, insulin was not
included in the BI probably due to its strong correlation with
fasting glucose.

Fasting glucose is a prominent biomarker of metabolic
health and lack of glucoregulatory control with aging and
is a standard measure for the diagnosis of diabetes (57-61).
Though HbAlc may be a better indicator of metabolic aging
compared with fasting glucose (62), HbAlc was not mea-
sured in the CHS. Lack of adequate glucoregulatory control
suggested by high HbA1c and fasting glucose remains a lead-
ing cause of death, chronic disease, and functional decline in
both nondiabetics and diabetic older adults (57-61).

Cystatin-C is an extracellular inhibitor of cysteine prote-
ases and a marker of renal disease and aging (63,64). It is an
independent risk factor for all-cause and CVD-related mor-
tality, and higher levels are consistently associated with poor
physical function and cognition (65-67).



We acknowledge several limitations in this analysis. First,
we conducted these analyses based on a hypothesized set of
biomarkers and were limited to those already measured in a
cohort study with long-term follow-up. Future studies will
hopefully find biomarkers that are more directly related to
the underlying biology of aging. Alternative approaches are
also possible. For example, one could develop a BI that was
more disease-specific, or use an alternative outcome such
as disability-free survival to develop a valid index. Second,
whether sex specificity of an index is needed is debatable.
The modeling approaches used here supported this, but
other approaches need to be tested. Treatment of disease
could also affect the biomarkers used in these analyses.
Third, we acknowledge that although our method achieves
some level of net discrimination over age, it may not meet
the desired level of adequacy. Fourth, our approach does not
provide sufficient evidence to use a BI as a surrogate out-
come as surrogacy requires documentation of mediation of
an outcome in the context of a clinical trial. Finally, it is
important to consider that the values of biomarkers are spe-
cific to the distributions in the CHS cohort who were aged
65 and older; whether this can serve as a referent population
requires further assessment in other age and demographic
groups.

Conclusion

In conclusion, our index of 8 circulating biomarkers pre-
dicted a composite outcome comprised of death, CVD,
cancer, and dementia/MCI and can explain some degree of
the association of age with the composite outcome in older
community-dwelling adults. Composed solely of markers
readily measurable in clinical laboratories, this BI provides
effective and more continuous discrimination of risk, hence
promising great applicability at low expense. Future studies
will hopefully refine the most critical biomarkers that reflect
the underlying biology of aging.

Supplementary Material

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