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Abstract

Background: Multimorbidity is a major driver of physical and cognitive impairment, but

rates of decline are also related to ageing. We sought to determine trajectories of decline

in a large cohort by disease status, and examined their correspondence with biomarkers

of ageing processes including growth hormone, sex steroid, inflammation, visceral adi-

posity and kidney function pathways.

Methods: We have followed the 5888 participants in the Cardiovascular Health Study

(CHS) for healthy ageing and longevity since 1989–90. Gait speed, grip strength, modified

mini-mental status examination (3MSE) and the digit symbol substitution test (DSST)

were assessed annually to 1998–99 and again in 2005–06. Insulin-like growth hormone

(IGF-1), dehydroepiandrosterone sulphate (DHEAS), interleukin-6 (IL-6), adiponectin and

cystatin-C were assessed 3–5 times from stored samples. Health status was updated an-

nually and dichotomized as healthy vs not healthy. Trajectories for each function meas-

ure and biomarker were estimated using generalized estimating equations as a function

of age and health status using standardized values.

Results: Trajectories of functional decline showed strong age acceleration late in life in

healthy older men and women as well as in chronically ill older adults. Adiponectin, IL-6

and cystatin-C tracked with functional decline in all domains; cystatin-C was consistently

associated with functional declines independent of other biomarkers. DHEAS was inde-

pendently associated with grip strength and IL-6 with grip strength and gait speed

trajectories.
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Conclusions: Functional decline in late life appears to mark a fundamental ageing pro-

cess in that it occurred and was accelerated in late life regardless of health status.

Cystatin C was most consistently associated with these functional declines.
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Introduction

In clinical and population research, functional impairment

is often used as a summary measure of the ageing process

because of its face validity and clinical relevance.1–4

Function is strongly related to chronological age and is

also influenced by the accumulated effects of many com-

mon and often comorbid age-related chronic conditions.5,6

Poor function strongly predicts subsequent disability and

mortality.7 Some studies have characterized function into

late life with self-report,8 but few have conducted repeated

measures of performance over many years in a single co-

hort into very old age. Risk factors for accelerated decline

have been examined9–11 and patterns of recovery have

been demonstrated12,13 based on single measures of phys-

ical or cognitive function or self-report of disability in old

age.

Although several blood-derived biomarkers have been

examined as risk factors for functional decline, longitu-

dinal trajectories have not been well characterized with re-

gard to health and function. This provides an incomplete

description of the multifactorial and longitudinal process

that is ageing. A close correspondence between biomarkers

and function would suggest that the biomarkers might be

considered as potential targets or intermediate markers to

track response to therapeutics designed to modify the age-

ing process. We selected biomarkers representing key bio-

logical ageing processes including growth hormone, sex

steroids, inflammation, visceral adiposity and kidney age-

ing. IGF-1 reflects growth hormone action and declines

with age. When deficient in animal models, IGF-1 is associ-

ated with longer life.14 However, in older humans, lower

levels have been associated with mortality.15 DHEAS is an

adrenal androgen and the major source of estrogen in

women and testosterone in men later in life and thus re-

flects sex steroid function. It also declines with age16,17

and its association with mortality may be non-linear.18

IL-6 is a marker of dysregulated inflammatory response.

Levels increase with age as well as with obesity and with

smoking and strongly predict mortality.19,20 Adiponectin

was assessed originally as a measure of low visceral fat.

Although it exhibits anti-inflammatory and insulin-

sensitizing properties, it has been documented to increase

with age and to predict mortality in late life and may be

important to muscle function.21 Cystatin–-C is a novel

marker of ageing of the kidney. It increases with age and

age-related loss of the glomeruli22,23 which can drive other

risk factors.24 Few studies of biomarkers have assessed

multiple markers in the same cohort and none have meas-

ured all of these over time.

In this report, we sought to identify trajectories of both

physical and cognitive functions that could characterize

relatively healthy ageing into advanced old age. Further,

we sought to determine how risk factors for functional de-

cline track with function over time. We describe trajecto-

ries of grip strength, gait speed, the modified mini-mental

status examination (3MSE) and the digit symbol substitu-

tion test (DSST) by age and chronic disease status over

time in a cohort with repeated measures for up to 18 years.

We hypothesized that trajectories of physical and cognitive

decline would be attenuated in older adults without major

chronic disease compared with those with or developing

disease. We also examined the individual as well as the

joint associations of changes in IGF-1, DHEAS, IL-6, adi-

ponectin and cystatin-C with functional decline, hypothe-

sizing that some of these biomarker trajectories would

track more closely with functional decline than others.

Methods

Cohort

The CHS All Stars Study follows participants in the

Cardiovascular Health Study (CHS) for healthy ageing and

Key messages

• Trajectories of functional decline show strong age acceleration late in life in healthy as well as chronically ill older adults.

• Grip strength appears to decline earlier than gait, 3MSE or DSST.

• IL-6, adiponectin and especially cystatin-C track with functional decline.
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longevity. The original CHS study was established in

1989–90 as a cohort study of the risk factors for cardiovas-

cular disease in 5201 men and women from four US com-

munities enrolled from a random selection of Medicare

enrollees and age-eligible household members.25,26 In

1992–93, 687 African American men and women were en-

rolled with a baseline examination comparable to the

1989–90 examination for a total of 5888 participants.

Participants were seen annually for a clinic visit and inter-

viewed 6 months later by telephone through 1999.

Thereafter, telephone interviews were conducted every 6

months to the present time. Additionally, the CHS All

Stars Study offered a clinic or home visit to surviving par-

ticipants in 2005–06 in order to re-assess physical and cog-

nitive function.5 The current analysis includes 5846

participants, with 42 excluded for lack of any biomarker

or function data.

Definition of healthy

Healthy was defined at each visit as free of any of the fol-

lowing major chronic illnesses. Once any of these diseases

was identified for a participant, that participant was

assumed to have the chronic illness throughout the rest of

follow-up.29

i. Cardiovascular disease (CVD) was defined as coronary

heart disease (CHD) [angina, myocardial infarction

(MI), bypass surgery or angioplasty], claudication,

congestive heart failure (CHF), stroke or transient

ischaemic attack (TIA). CVD events were confirmed at

baseline and adjudicated during follow-up.27,28

ii. Chronic obstructive pulmonary disease (COPD) was

defined by self-report of a current diagnosis of asthma,

emphysema or chronic bronchitis confirmed by a doctor

at baseline and by hospitalization (ICD-9 codes of 491,

492, 493 or 496 in any position during follow-up).

iii. Cancer, self-reported during follow-up, excluded non-

melanoma skin cancer. Being under active treatment

for cancer was an exclusion criterion at baseline.

iv. Treated diabetes was defined by self-report of diabetes

and use of oral hypoglycaemic medications or insulin.

v. Kidney disease was identified by self-report of a doc-

tor’s diagnosis.

vi. Poor self-reported health was used to capture severity

of illness or other illnesses not already defined and was

updated at each visit and not considered chronic.

Function measures

Physical and cognitive function measures included gait

speed (15 feet, expressed in m/s), grip strength (average of

three attempts in dominant hand) in kg, digit symbol sub-

stitution test (DSST)30 and the Modified Mini Mental

Status Examination (3MSE).31 3MSE was measured at the

first follow-up for the original cohort in 1990–91 and an-

nually through 1998–99 and again in 2005–06. When

available, 3MSE was estimated from the telephone instru-

ment of cognitive function (TICS) as previously

described.32 DSST and gait speed were measured at every

clinic visit (annually from 1989–90 to 1998–99, and in

2005–06). Grip strength was measured at every clinic

visit except the first follow-up on the original cohort in

1990–91.

Biomarkers

Based on the biological processes discussed above and pre-

vious prospective associations with disability or mortality,

five biomarkers were repeated over time to determine their

trajectories. The biomarkers were measured less frequently

than the function measures. Adiponectin was measured at

three time points, IL-6 and cystatin-C at four and IGF-1

and DHEAS up to five over 18 years. Biomarkers assayed

by different laboratories or with different assays over time

were harmonized by repeating measures using the new

assay on a subset of participants with the previous assay

and performing a mean shift or regression adjustment if

indicated by analyses of the paired measures.

Fasting blood samples were collected and stored at each

examination.33 Specific laboratory methods for each bio-

marker are as follows.

i. IGF-1 was measured after an extraction step using an

enzyme-linked immunosorbent assay (Diagnostics

Systems Laboratory, Webster, TX).2 IGF-1 assay coef-

ficient of variation was 4–6%.

ii. Plasma DHEAS was measured with a competitive im-

munoassay kit (Alpco Diagnostics, Windham, NH)

with an inter-assay coefficient of variation of 3.8–

7.2%.

iii. IL-6 was measured by ultrasensitive enzyme-linked im-

munosorbent assay (Quantikine HS Human IL-6

Immunoassay; R&D Systems, Minneapolis, MN);

intra- and inter-assay coefficients of variation were

2.9–8.7% and 7.3–9.0%, respectively.

iv. Adiponectin was measured with enzyme-linked im-

munosorbent assays in 1992–93 (Millipore, Billerica,

MA) and in 1996–97 and 2005–06 (R&D Systems,

Minneapolis, MN); intra- and inter-assay coefficients

of variation were 2.5–4.7% and 5.8–6.9%,

respectively.

v. Cystatin-C was measured by means of a particle-

enhanced immunonephelometric assay (N Latex

International Journal of Epidemiology, 2016, Vol. 45, No. 4 1137



Cystatin C, Dade Behring) with a nephelometer (BNII,

Dade Behring, Deerfield, IL).34

Potential confounders

Sociodemographic factors were assessed by interview and

included race, sex and years of education. Weight was

assessed on a calibrated scale with light clothing and no

shoes. Height was assessed with a calibrated stadiometer.26

Analysis

Generalized estimating equations (GEE) were used to esti-

mate the mean value of each function measure and each

biomarker at each observation time as a function of age,

age2, age3 and current health status, separately for men

and women. Higher-order age terms were included to

allow for non-linear change with age. Interactions of the

age terms with health status were assessed to allow for

differing rates of change with age between those who re-

main healthy and those with chronic disease. Coefficients

were retained in the model if significant at P < 0.01; this

threshold was chosen due to multiple testing. GEE ac-

counts for the correlation among repeated measures on a

participant. Missing values of biomarker and function

measures were linearly interpolated from previous and fu-

ture values provided there were no more than three con-

secutive missing values. Given that decline over time in

most of the function and biomarker measures was nonlin-

ear, we did not want to assume a linear relationship over a

longer period of time. No imputation was done beyond the

last observed measure. Results were illustrated by plotting

predicted values of the function measures by age, health

status and sex.

In order to simultaneously view function and biomarker

trajectories on the same scale for plotting, each measure

was standardized by subtracting its overall mean and

dividing by its standard deviation. Predicted values, trans-

formed into standardized scales, were plotted together for

multiple function and biomarker measures to illustrate the

concurrent changes of biomarkers and function with age.

To determine which, if any, biomarkers tracked with

the changes in the function measures after accounting for

the associations with age and health status, each biomarker

was standardized using the year 1992–93 values, then was

added to each function measure model. Biomarker values

were updated over time to track the simultaneous changes

in biomarkers with function as the participants aged. The

biomarker coefficient represents the average effect of one

standard deviation higher value of the biomarker on the

expected value of the function measure, given a partici-

pant’s age and health status. All models were adjusted for

race, education and clinic site. The model for gait speed

was additionally adjusted for height and the model for grip

strength was additionally adjusted for weight. To assess

the combined association of multiple biomarkers on func-

tion, individually significant biomarkers were included to-

gether in a model for each outcome.

Results

The cohort characteristics at baseline are shown in

Table 1. The mean age was 72.8 years, 58% were women,

and 15.6% were Black. Over one-third had a chronic dis-

ease or reported poor health at baseline.

Estimated trajectories of decline with age in physical

and cognitive function for men and women who remained

healthy and those with chronic disease are shown in

Figure 1. It is notable that regardless of health status, the

Table 1. Description of the cohort at baseline*

Women Men Total

N ¼ 3372 N ¼ 2474 N ¼ 5846

Demographics

Age, years 72.5 (5.5) 73.2 (5.7) 72.8 (5.6)

Black race 571 (16.9) 341 (13.8)

Education, years 12.1 (3.0) 12.4 (3.4) 12.2 (3.2)

Height, cm 159 (6.3) 173 (6.6) 165 (9.5)

Weight, kg 67.9 (14.2) 79.3 (12.6) 72.7 (14.7)

Chronic disease

CVD 698 (20.7) 804 (32.5) 1502 (25.7)

COPD 261 (7.7) 210 (8.5) 471 (8.1)

Cancer1 55 (1.7) 84 (3.5) 139 (2.4)

Kidney disease1 40 (1.2) 36 (1.5) 76 (1.3)

Treated diabetes 246 (7.3) 247 (10.0) 247 (493)

Poor health 143 (4.2) 89 (3.6) 232 (4.0)

Any chronic

disease

1052 (31.2) 1076 (43.5) 2128 (36.4)

Function

Grip strength, N 216 (59) 364 (88) 279 (103)

Gait speed, m/s 0.83 (0.22) 0.89 (0.21) 0.86 (0.22)

3MSE score2 90.2 (9.1) 88.8 (9.9) 89.6 (9.5)

DSST score 37.9 (13.5) 34.3 (13.1) 36.4 (13.5)

Biomarkers

IGF1,3 mg/l 89.4 (71-113) 103 (82-127) 95 (75-119)

Adiponectin,4

mg/l

13.9 (9.9-19.6) 9.9 (7.14-14.0) 12.1 (8.4-17.3)

DHEAS,4

mg/ml

0.52 (0.32-0.80) 0.77 (0.48-1.15) 0.61 (0.38-0.94)

IL-6, pg/ml 1.74 (1.13-2.72) 1.91 (1.34-2.94) 1.83 (1.23-2.80)

Cystatin-C,

mg/l

0.97 (0.86-1.12) 1.02 (0.91-1.19) 0.99 (0.88-1.15)

Entries in table are mean (sd) or median (interquartile range) or N (%).

*Total N ¼ 5846; 42 persons excluded for lack of any biomarker or func-

tion data.
11 year after baseline.
2First administered 1 year after baseline for original cohort.
31993–94.
41992–93.
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average rates of decline in each of the function measures

accelerated in older age in both men and women. Those

who remained healthy had somewhat higher function over

time than those who developed disease, but only slightly

higher with a strong ageing effect accelerating at later ages.

Table 2 provides the coefficients for age, age2 and age3

with interaction terms that correspond with these figures.

Although some interactions between age terms and chronic

disease were statistically significant, Figure 1 illustrates

that the differences in the trajectories between those with

disease vs without were very small. Grip strength showed

the earliest decline with men starting much higher than

women but with similar rates of decline. For gait speed and

DSST, declines did not begin until after age 70, whereas

for 3MSE, declines were not apparent until later in the 70s.

Differences between men and women appeared to be min-

imal for 3MSE and larger for DSST, though all analyses

were conducted separately for men and women and sex

differences were not tested for statistical significance.

We next examined the trajectories of changes in bio-

markers along with changes in function (Figure 2).

Patterns of change in biomarkers with age varied, with

DHEAS declining gradually with age and IGF-1 remaining

stable until later years. IL-6, cystatin-C and adiponectin

increased with age with similar magnitude to functional

declines though opposite in direction. These patterns were

similar among women and men. Again, the overall patterns

did not differ in the group of individuals that remained

healthy over the time period, compared with those with

chronic disease, but levels of IL-6 and cystatin-C were

higher in men and women with chronic disease than in

those who remained healthy.

Finally, we added the individual biomarkers to the func-

tional trajectory models to determine if the changes in bio-

markers tracked with the changes in function observed with

age (Table 3). Note that the coefficients were expressed in

standardized units to allow the relative strength of each as-

sociation with function to be compared more directly with

each other. The coefficients represent the average associ-

ations over time of the biomarkers with the function meas-

ures. For example, for cystatin-C in women, each standard

deviation (34 ug/l) higher value of cystatin-C was associated

with a �0.17 lower value of grip strength. Higher levels of

adiponectin were associated with lower mean cognitive
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Figure 1. Trajectories of functional decline in women and men by health status. a) Gait speed; b) grip strength; c) Modified Mini Mental State

Examination (3MSE); d) Digit Symbol Substitution Test (DSST).
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scores and grip strength over time in both men and women.

Greater inflammation, as measured by IL-6, was associated

with worse physical performance but not with cognitive

performance. Higher levels of cystatin-C were associated

with poorer cognitive and physical function across the

board. DHEAS trajectory was associated only with grip

strength in men and women and with gait speed in men.

IGF-1 did not track with functional trajectories in men but

there was an association between higher levels and slower

gait speed and lower 3MSE scores in women.

When significant biomarkers were entered simultan-

eously in models for each measure of function as an out-

come, the biomarkers with inconsistent relationships

between men and women were no longer associated with

functional trajectories in their respective models (Table 4).

Higher levels of IL-6 tracked with lower gait speed and

grip strength, DHEAS tracked with grip strength and

cystatin-C tracked with poorer performance in almost all

functional trajectories, except for grip strength in women.

Higher adiponectin tracked with lower grip strength and

poorer cognitive function except for DSST in women, with

P ¼ 0.015, just above our threshold of 0.01.

Discussion

Functional decline with ageing in the Cardiovascular

Health Study was substantial and accelerated in later life.

The declines related to ageing were far greater than those

related to chronic disease, though the healthy ageing group

maintained a modestly higher level of function for most

parameters with age. The similar accelerations of decline

with ageing in those with and without major chronic dis-

ease suggest that functional declines are inevitable in late

life as they are observed even in the absence of major

chronic disease. This finding supports the idea that func-

tional decline marks the underlying ageing process late in

life.

Some, but not all, of the biomarkers showed similar tra-

jectories with age. DHEAS and IGF-1, prominent hormo-

nal markers related to key processes of ageing, did not

decline as strongly with age as the function measures.

Trajectories of IL-6, adiponectin and cystatin-C mirrored

the decline in function in that the age acceleration increases

were similar in magnitude and pattern but opposite in dir-

ection to the trajectories in physical and cognitive function.

Cystatin-C was associated with most functional measures

independently of the other biomarkers. IL-6 was independ-

ently associated only with physical decline. Except for gait

speed, the pattern for adiponectin was similar to those in

IL-6 and cystatin-C.

These associations suggest that IL-6, adiponectin and

especially cystatin-C trajectories might be useful for track-

ing the ageing process and functional decline. Such meas-

ures might be more accessible in cohorts that do not have

Table 2. Rates of change in function with age and powers of age stratified by chronic disease status, including test of interaction

with chronic disease corresponding to Figure 1 a–d

Women Men

Function Age* Age2* Age3* Age* Age2* Age3*

Gait speed, m/s

Coefficient no chronic disease �0.0138 �0.00081 0.00001 �0.0114 �0.0007 0.000015

Coefficient with chronic disease �0.0167 �0.00056 0.00001 �0.0139 �0.0007 0.000015

P-value for interaction with disease < 0.001 < 0.001 0.208 < 0.001 0.586 0.688

Grip strength, N

Coefficient no chronic disease �3.68 �0.0998 0.00379 �6.26 �0.1466 0.00498

Coefficient with chronic disease �4.07 �0.0998 0.00379 �7.11 �0.1466 0.00498

P-value for interaction with disease < 0.001 0.341 0.915 < 0.001 0.431 0.29

3MSE score

Coefficient no chronic disease �0.444 �0.0355 0 �0.381 �0.0374 0

Coefficient with chronic disease �0.609 �0.0355 0 �0.507 �0.0374 0

P-value for interaction with disease < 0.001 0.789 0.182 < 0.001 0.074 0.042

DSST score

Coefficient no chronic disease �0.764 �0.0369 0.00088 �0.653 �0.0382 0

Coefficient with chronic disease �0.913 �0.0369 0.00088 �0.737 �0.0291 0

P-value for interaction with disease < 0.001 0.311 0.013 0.001 0.001 0.723

*All of the non-zero age, age2 and age3 terms reported were significant at< 0.001. Age was centred at age ¼ 77. P-values were assessed iteratively, beginning

with interactions with age3 and reducing the model to eliminate the interaction if not significant at P < 0.01 before testing the next highest interaction. The final

models retained only terms statistically significant at P < 0.01. A 0 coefficient indicates that the power of age was not significant and was dropped from the final

model.
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in-person performance measures or might be useful as

intermediate outcome measures that are sensitive to inter-

ventions that ultimately target improved function. As an

example, IL-6 levels can be reduced with several pharma-

cological interventions.35 The potential benefits of lower-

ing IL-6 on gait speed or strength decline could be

estimated from these data. Such a trial is currently begin-

ning in the USA.36

There were some interesting differences in the func-

tional trajectories that should be noted. First, the trajectory

of decline in grip was apparent from age 65, the youngest

age in CHS. Grip strength has been shown to predict ad-

verse outcomes from middle age.37 Our data suggest that

grip strength is able to detect change at an earlier age than

the other function measures of gait speed, 3MSE and

DSST. Decline in gait speed was not apparent until after

age 70 and was only slightly lower in women. Similarly,

DSST decline was not apparent until after age 70, whereas

3MSE did not show much decline until after the late 70s. It

should be noted that the 3MSE is known to be inad-

equately challenging to reveal early decline.38

The biomarkers examined here are strongly age-related.

Cystatin-C is more specific for a given organ (kidney) than

the other measures although it also has documented rela-

tionships with non-renal risk factors that may contribute

to its strong prognostic association with cardiovascular

disease and death.39 Its strong relationship with function

might suggest several hypotheses. One is that kidney func-

tion decline may influence other pathways such as elevated

inflammation, lower vitamin D metabolism or metabolic

acidosis.40,41 This is essentially a cross-sectional associ-

ation of trajectories that could be related to a common

causal factor such as underlying vascular disease,23 which

itself is strongly age-related. We have demonstrated many

times in CHS that vascular disease is critically important to

function9,42,43 and, potentially, vascular trajectories could

also track with functional decline. Kidney function is af-

fected strongly by hypertension and diabetes, and could be

a biological integrator of cumulative vascular stress from

these risk factors over time. The trajectories of adiponectin

and IL-6 could also be capturing onset and progression of

vascular disease.44
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Figure 2. Trajectories of function and biomarkers by health status in women and men. a) Healthy women; b) healthy men; c) unhealthy women; d) un-

healthy men. DSST, Digit Symbol Substitution Test; 3MSE, Modified Mini Mental State Examination; IL-6, interleukin-6; IGF-1, insulin-like growth fac-

tor; DHEAS, dihydroepiandrosterone sulphate.
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Increases in adiponectin are associated with ageing-

related weight loss, and a decrease in adipocyte size, much

as is observed in the setting of critical illness.45 Such de-

crease in adipocyte size, reflecting altered energy homeo-

stasis, has been associated with mortality in older adults

independent of weight,45 and could likewise account for

the link between adiponectin and functional decline docu-

mented here. Yet, although adiponectin is mostly derived

from adipose tissue, this peptide may also be released by

diseased skeletal muscle, as has been reported in the con-

text of heart failure-related cachexia.21 The extent to

which skeletal muscle production contributes to increases

in circulating adiponectin with ageing and disease is un-

clear, but tracking of adiponectin with physical decline

could also reflect onset of ageing-associated sarcopenia.45

Whatever its provenance, adiponectin may play an import-

ant role in effecting clearance of apoptotic bodies by

macrophages,45 and its association with cognitive and

physical deterioration is consistent with this view, such

that its levels serve as a useful marker of homeostatic de-

terioration and disease.

Increases in IL-6 are thought to be fundamental to the

ageing process but are also driven by inflammatory disease,

obesity and smoking.20 Few studies have examined

changes in inflammatory markers over time. In a previous

analysis of repeated measures of IL-6 and C-reactive pro-

tein (CRP), we noted associations with functional decline

as well as CVD events and total mortality in this cohort.19

This analysis extends these findings by showing that IL-6,

cystatin-C and adiponectin trajectories have independent

associations with decline in physical function.

The lack of much change in DHEAS and IGF-1 might

suggest that their trajectories are relatively unrelated to

functional decline. DHEAS trajectory was most strongly

related to grip strength, perhaps reflecting the role of an-

drogens in maintaining strength.46 We have previously re-

ported that DHEAS instability, not captured in this

analysis, was more important as a marker of ageing or dis-

ease than other components of the trajectory.18 IGF-1 tra-

jectory was not related to trajectories of function in men.

In women, higher IGF-1 levels were related lower 3MSE

scores, but this association became non-significant after

adjusting for IL-6, adiponectin and cystatin-C. An exten-

sive literature on IGF-1 and cognition has shown neuro-

protective effects of IGF-1 but also acceleration of

neurodegeneration.47 The cause-and-effect relationship

cannot be assessed here. Additionally, IGF-1 levels may

not be as strongly related to function as its binding protein,

IGFBP-1.2

To date, no single biomarker has proven to be an ad-

equate surrogate for predicting the adverse consequences

of ageing, such as functional decline, morbidity or

mortality.48,49 More recent discoveries in the biology of

ageing highlight the importance of DNA damage related to

oxidative stress, radiation damage or telomere shorten-

ing.50 Telomere length in peripheral blood leukocytes has

been linked to age-related disease and mortality in humans,

but current methods are not adequately sensitive to docu-

ment changes or reliably predict outcomes.51 Other

markers of ageing processes such as51 DNA methyla-

tion,52–54 gene expression,55,56 advanced glycosylation end

products (AGEs)57 and perhaps Klotho58 have recently

been shown to predict mortality or disability in human

populations and warrant further assessment. However,

these measures are currently expensive, especially if re-

peated over time. Our approach of comparing trajectories

of function with biomarker trajectories could be inform-

ative in validating these new biomarkers as biomarkers of

ageing. Perhaps some of these newer biomarkers of ageing

would be more informative across multiple measures of

functional decline.

Strengths of this analysis include the large cohort, well-

characterized for health events and function with repeated

measures over many years. We were limited in the choice

of biomarkers with repeated assessments to those initially

assessed over 10 years ago. Health status was dichotom-

ized such that the unhealthy group included people with

prevalent and incident chronic illnesses, thus it is a hetero-

geneous group. Trajectories could vary for specific condi-

tions. It is important to recognize that the models estimate

trajectories over a wider age span than was observed for

any individual participant, with each participant contribu-

ting observations over a varying period of time at starting

ages ranging from age 65 to over 85 years of age. There is

wide variability in individual trajectories that is not cap-

tured with this approach.

In summary, trajectories of functional decline showed

strong age acceleration late in life in healthy as well as

chronically ill older adults. Grip strength appeared to de-

cline earlier than gait, 3MSE or DSST, and adiponectin,

IL-6 and especially cystatin-C tracked with functional

decline.
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