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Abstract

Background: the rate of performance decline may influence the risk of disability or death.
Methods: for 4,182 Cardiovascular Health Study participants, we used multinomial Poisson log-linear models to assess the
contribution of physical performance in 1998–99, and the rate of performance change between 1992–93 and 1998–99, to
the risk of death or disability in 2005–06 in three domains: mobility, upper-extremity function (UEF) and activities of daily
living (ADL). We evaluated performance in finger-tapping, grip strength, stride length, gait speed and chair stands separately
and together for each outcome, adjusting for age, gender, race and years of disability in that outcome between 1992–93 and
1998–99.
Results: participants’ age averaged 79.4 in 1998–99; 1,901 died over 7 years. Compared with the lowest change quintile in
stride length, the highest quintile had a 1.32 relative risk (RR) of ADL disability (95% CI: 1.16 –1.96) and a 1.27 RR of
death (95% CI: 1.07 –1.51). The highest change quintile for grip strength increased the risk of ADL disability by 35%
(95% CI: 1.13 –1.61) and death by 31% (95% CI: 1.16 –1.49), compared with the lowest quintile. The annual change in
stride length and grip strength also predicted disability in mobility and UEF.
Conclusion: performance trajectories independently predict death and disability.
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Introduction

Cross-sectional measures of physical performance, such as
gait speed, grip strength, stride length and the short physical
performance battery (SPPB), have predicted disability and/
or mortality in diverse older populations [1–7]. In the clinical
setting, rate of change in performance may be more useful
than a cross-sectional measurement, which could misclassify
individuals into a high-risk category because of the short-
term effects of illness or injury. Previous studies of the

effects of performance change on disability and mortality
have yielded mixed results. Among 586 subjects with a mean
age of 79 at baseline, 3 separate measures of physical per-
formance, but not their respective changes during the pre-
ceding year, predicted activities of daily living (ADL)
disability 2 years later [8]. Controlling for baseline perform-
ance, objectively measured performance change has pre-
dicted mortality within 1 year [9] and 5 years [10], whereas
self-reported mobility change in a large cohort of non-
demented seniors failed to predict mortality [11]. We sought
to clarify the relationship between the rate of decline in indi-
vidual performance measures and long-term disability or
death in a large, well-defined, population-based cohort of
older men and women.

†Presented, in part, at the Gerontological Society of America Annual Meeting,
November, 2008.
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Methods

We used data from the Cardiovascular Health Study (CHS),
an observational, population-based cohort study of persons
aged 65 and over recruited from four communities in the
USA: Sacramento County, CA; Allegheny County, PA;
Forsyth County, NC and Washington County, MD. CHS en-
rolled 5,201 men and women between 1989 and 1990, and
added an additional 687 African-Americans during the fifth
study year (1992–93). Details of the study design are
described elsewhere [12, 13].

Data collection

From enrolment through the 11th study year (1998–99),
participants returned to the research clinic annually and
underwent telephone interviews 6 months after each visit.
During these encounters, technicians used standardised
questionnaires to obtain a variety of personal and health
characteristics. At the annual clinic visit participants under-
went a battery of standardised physical performance tests,
which included a timed walk, timed chair stands, grip
strength and finger tapping. Limited semi-annual telephone
surveillance for cardiovascular and functional outcomes has
continued since 2000. Deaths were confirmed by reviewing
medical records, death certificates and the Health Care
Financing Administration database for hospitalisations.
There has been 100% ascertainment of participant mortal-
ity. The schema for recruitment and data collection is
shown in Figure 1.

Performance measures

Grip strength

Forearm muscle strength was measured in kilograms by a
hand-held Jamar A dynamometer. For this analysis, we
used the best of three attempts in the dominant hand.

Timed walk

The time (to 0.1 s) required for a participant to walk a
4.6-m course at his or her usual pace after starting from a
standstill was recorded by stopwatch. We converted the
results to meters per second.

Number of steps to walk 4.6 m

A technician recorded the number of steps required to walk the
4.6-m course. Hereafter, we refer to stride length, which is
derived by dividing the distance walked by the number of steps.

Timed chair stands

This test recorded how quickly the subject could perform
five consecutive chair stands (timed to 0.1 s) from a
45-cm-tall chair with arms folded across the chest.

Finger-tapping test

Using their dominant hand, participants tapped on a com-
puter mouse button with their index finger as fast as they
could for 15 s.

Outcome measures

Our outcomes of interest were self-reported disability in
study year 18 (2005–06) in basic ADL plus self-reported
severe impairment in the performance of upper-body and
mobility-related tasks. We defined ADL disability as any
reported difficulty with one or more of the following:
walking around the home, getting out of bed, eating, dress-
ing, bathing or using the toilet. We defined upper-extremity
disability as reported inability or great difficulty in lifting
4.5 kg, reaching or gripping. Mobility disability was defined
as inability or great difficulty in walking half a mile (0.8
km). To be considered disabled, a participant was required
to have a lot of difficulty or disability at both the Year 17
and Year 18 assessments (2004–05 and 2005–06).

Figure 1. Schema for subject recruitment and data collection for the Cardiovascular Health Study. The shaded area denotes the
years used for data analysis.
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Statistical methods

For our analyses, we included the 4,182 CHS participants
who were alive at year 11 (1998–99) and had at least three
values for each performance measure between years 5 and
11 (1992–93 and 1998–99). Because of varying patterns of
missing data, we used linear mixed-effects models with
random intercept and slope to estimate the annual rate of
change between study years 5 and 11 for each performance
measure of each participant [14]. Prior to selecting this ap-
proach, we plotted numerous individual trajectories for the
five performance variables, using robust splines to smooth
the curves. The consistent linearity of the trajectory patterns
justified the use of linear models. Gait speed, stride length
and chair stands were adjusted to a 50-cm knee-heel length
and this adjustment was included in the models when it
reached 10% significance. Year-11 values and change slopes
were divided into quintiles to permit risk estimates to be
linked to a range of performance or performance change.
We used multinomial Poisson log-linear models to estimate
the relative risk (RR) of disability relative to independence
and death relative to independence at Year 18 (2005–06) for
ADL. By providing a three-way outcome of death, disability
or independence, multinomial models allowed us to use data
from all 4,182 participants who were alive at Year 11, includ-
ing the 1,901 participants who died between years 11 and
18, thereby maximising our sample size. They also allowed
us to compare the RRs of death and disability for a given
outcome measure. We used similar statistical models to esti-
mate the RR of having a lot of difficulty or inability (relative
to no or mild difficulty) and the RR of death (relative to no
or mild difficulty) at Year 18 for walking 0.8 km and upper-
extremity function (UEF). For a given performance
measure, the fitted Year 11 value and the fitted Year 5–11
slope of change were treated as separate predictor variables.
For each outcome, a separate regression model was run for
each predictor performance variable, adjusting for age, race
(black versus non-black), gender, and the number of years of
much difficulty with, or disability in, the outcome measure
between Years 5 and 11. The sample size for each outcome
was determined by the number of survivors to year 18 who
had outcome data for both years 17 and 18, plus the
number of participants who died between years 11 and 18.
Next, we simultaneously entered all predictor performance
variables into a second set of models, adjusting for the same
covariates. The component variables from each model were
entered, in turn, into a stepwise backwards regression for
the respective outcomes, with a P-value to enter the model
set at <0.10. This procedure yielded a set of simpler, more
parsimonious final models.

Results

During 1998–99, the participants’ mean age was 79.4 years,
and 63.5% reported good to excellent health despite their
burden of co-morbidity (Table 1). The evaluable sample for
performance measures ranged from 2,647 for chair stands

to 3,609 for grip strength. Participants excluded from ana-
lyses because they had fewer than three values for a per-
formance measure tended to be older, female, have greater
ADL impairment, and report fair to poor (versus good to
excellent) health. Between years 11 and 18, 1,901 partici-
pants died.

In the prediction models for individual performance
measures (not shown), the point estimates generally demon-
strated a reduced risk of impairment and mortality for
higher Year-11 performance or a lower rate of performance
change from years 5 to 11. In the final adjusted models, in
which all the performance measures and their slopes of
change were entered in a step-wise fashion, the time to
complete five chair stands, finger-tapping speed and stride
length at Year 11, as well as the slopes of change for chair
stands and finger-tapping, failed to enter at a significance
of P< 0.10. Compared with the first (strongest) quintile,
higher (weaker) quintiles of Year-11 grip strength independ-
ently predicted disability at year 18 in all three domains,
with similar point estimates for walking 0.8 km and UEF.
Weaker grip strength also predicted mortality (Figure 2A).
Higher (slower) quintiles of gait speed similarly were asso-
ciated with a greater RR of disability or death for each
outcome, compared with the first (fastest) quintile
(Figure 2B). The change slope for gait speed was not asso-
ciated with any outcome. The highest quintile for the rate
of change in grip strength, corresponding to a decline of
0.81–2.50 kg per year, predicted impairment and mortality
across the three domains (Figure 2C). Year-11 stride length
failed to enter the model. However, the fourth and fifth

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Characteristics of the study cohort at Study Year
11 (1998–99)

Women Men

Totals 2,616 1,566
Age ± SD 79.3 ± 4.8 79.5 ± 4.7
Number of blacks (%) 473 (18.1) 235 (15.0)
Self-reported healtha

Very good to excellent (%) 555 (23.1) 403 (27.8)
Good (%) 1092 (45.4) 611 (42.1)
Fair poor (%) 759 (31.5) 438 (30.1)

Hypertension (%) 1451 (69.5) 776 (60.8)
Diabetes mellitus (%) 253 (13.3) 188 (15.7)
Coronary heart disease (%) 638 (24.4) 569 (36.3)
Congestive heart failure (%) 311 (11.9) 244 (15.6)
Mini-Mental State Exam Score (100-point scale) 88.6 ± 15.2 88.8 ± 14.0
Number impaired in
ADL (%) 656 (29.5) 296 (21.9)
IADL (%) 989 (44.6) 430 (31.8)

Fitted performance measureb

Finger tapping (no. in 15 s) 56.87 ± 8.23 61.6 ± 8.66
Grip strength (kg) 20.42 ± 5.24 34.18 ± 7.73
No. steps to walk 4.6 mc 10.61 ± 3.37 9.74 ± 2.66
Gait speed (m/s)c 0.83 ± 0.21 0.87 ± 0.20
Time to complete five chair stands (s)c 16.9 ± 6.23 16.07 ± 5.62

aEvaluable sample size = 2,606 for women, 1,452 for men.
bEstimated by linear mixed-effects models.
cStandardised to a 50 cm knee-heel length.
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quintiles for the rate of change in stride length, correspond-
ing to an annual rate of increase of 0.2–4.7 steps to walk a
4.6-m course, predicted disability and mortality for each
outcome (Figure 2D).

To evaluate whether chronic illness may have mediated
the impact of performance change on the outcomes, we
re-ran the final models, adding Year-11 values for the pres-
ence or absence of hypertension, diabetes, coronary heart
disease, congestive heart failure and a Mini-Mental State

Exam score in the lowest (worst) quintile. The addition of
these co-morbid conditions did not significantly alter the
results and are not shown.

Discussion

Few studies have systematically examined the rate of change in
physical performance as a predictor of disability or

Figure 2. The independent contribution of quintiles of physical performance to the relative risk of sustained disability or death
at Year 18, compared with the lowest (first) quintile (not shown), in four functional domains. Adjusted for age at Year 5, race
(black versus non-black), gender and the number of years of much difficulty with, or dependence in, the outcome measure
between Years 5 and 11. All performance measures assessed together. In the figure, the 95% confidence intervals for disability
and death are represented by solid and dashed lines, respectively. The range of values that corresponds to each quintile of the per-
formance measures is shown in the table above.
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mortality. In 837 men and women with a mean age of 81,
followed for an average of 2.2 years, a lower baseline motor
performance and a higher annual decline in motor per-
formance independently predicted mortality [9]. However,
the interval between the last clinical evaluation and death
averaged about 6 months, suggesting that performance
decline reflected a pre-terminal condition for many sub-
jects. In contrast, performance decline predicted death or
ADL disability 7 years later in our study and death within 5
years in a cohort of 439 older community-dwelling men
and women [10]. In the latter study, the 5-year mortality
risk doubled in persons experiencing a 1-year decrease in
gait speed of ≥0.1 m/s, compared with those with no
decline. In a large cohort of non-demented older persons,
Schupf et al. [11] found no significant association between
change in self-reported mobility and subsequent mortality
in their fully adjusted model, which included change in
ADL and IADL as predictors. However, if ADL and
IADL impairment lie in the causal pathway between per-
formance decline and death, then a deterioration in ADL
or IADL would be expected to attenuate the association
between change in mobility and mortality.

Gill et al. evaluated risk of ADL dependence as a func-
tion of gait speed, timed chair stands and speed of turning
360° [8]. All three performance measures assessed at year 1
predicted ADL dependence 2 years later, but changes in
performance over the preceding year were not associated
with the development of ADL impairment. The authors
relied on just two measurements 1 year apart to calculate
performance change, making their change variables vulner-
able to measurement error, which could have contributed
to the observed non-significant relationship between per-
formance change and ADL dependence. We required at
least three valid measurements for each performance vari-
able, and over 85% of participants had 5 or more.

When we evaluated several upper- and lower-body per-
formance measures together in combined models, the rates of
change in stride length and grip strength independently pre-
dicted mortality or disability. Change in stride length was a
more sensitive indicator of risk for disability than change in
grip strength, for which only the highest quintile of the change
slope was significantly associated with greater risk. Buchman
et al. found that a composite measure of muscle strength and
change in this strength measure lost its significant associations
with mortality when the level of, and the annual rate of change
in, motor performance were added to the model [9]. Our de-
tection of a significant relationship between grip strength (and
change in grip strength) and disability or death may have been
due to the large size of our cohort.

We also found that cross-sectional gait speed and grip
strength independently predicted motor disability in both
the upper and lower extremities, as well as ADL disability.
The paradoxical association of upper-extremity perform-
ance with lower-extremity disability, and vice-versa, suggests
that lower grip strength, slower gait speed, and higher rates
of change in grip strength and stride length may reflect
underlying nervous system pathology that increases the risk

of generalised disability and death. In normal ageing, the
slowing of gait speed is directly related to a shortening of
stride length [15, 16]. Slow gait speed and short stride
length have been independently associated with a higher
probability of having brain infarcts [17], as well as with the
extent of white matter hyperintensities (WMH) [17–19].
Impaired mobility performance, as assessed by the SPPB,
correlates with the cross-sectional extent of, and rate of in-
crease in, WMH [20, 21]. Over a 5-year period, persons
with slow gait are more likely to experience a greater
decline in attention and psychomotor speed, as measured
by the Digit Symbol Substitution Test (DSST), than indivi-
duals who walk faster [22]. Slower gait speed and lower
DSST, separately and in combination, have been associated
with incident disability and mortality [7]. The interconnect-
edness of physical performance and brain pathology sug-
gests that nervous-system changes could partially mediate
the relationship between declining physical performance
and subsequent disability or death.

Age-related alterations in gait speed and stride length
also can be explained, in part, by decreased leg strength
and range of motion [23], and lower-extremity strength
training can improve stride length [24]. Further research is
needed to ascertain whether physical therapy or other inter-
ventions can delay the time to disability or death in indivi-
duals in whom significant downward performance
trajectories have been detected.

The failure of chair stands and finger-tapping speed to
enter the final models could have been a function of the
unreliability of these measures in the CHS. As a perform-
ance measure, finger-tapping speed has proved test–retest
reliability [25, 26], but, unlike gait speed, is not associated
with ventricular volume or white matter changes on MRI
[18]. Finger-tapping speed also does not correlate with gait
speed [27].

Our study has limitations. Although we used a
population-based cohort, the exclusion from the analyses of
participants with fewer than three values for a given per-
formance measure may have introduced bias and reduced
the generalisability of the results. Although we only
observed linear patterns in the many performance trajector-
ies that we plotted, some individual trajectories could have
been non-linear, causing inaccurate estimates of annual per-
formance change. Our statistical models contained a
limited number of covariates. Although the addition of co-
morbid conditions to the models did not significantly alter
the results, we may have omitted important confounders.

Conclusions

The rates of change in stride length and grip strength, easily
determined in longitudinal practice settings, provide import-
ant prognostic information for late-life disability and death
that are independent of the predictive value of a perform-
ance measurement obtained at a single point in time, which
could be inaccurate because of recent injury or illness. By

159

Performance decline and late-life disability



predicting decline in mobility, UEF, and more generalised
daily activities, longitudinal changes in stride length and grip
strength capture broader deteriorations in function within an
individual, suggesting a shared causal pathway.

Key points

• The rate of performance change may be more useful
than a single, cross-sectional measurement for estimating
disability risk.

• Performance trajectories compliment, but do not
replace, cross-sectional measurements as predictors of
late-life disability.

• The rate of change in stride length is a robust predictor
of disability or death.

• Trajectories for stride length and grip strength may con-
tribute to disability through a shared causal pathway.
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Abstract

Background: even older adults who are fit experience adverse health outcomes; understanding their risks for adverse out-
comes may offer insight into ambient population health. Here, we evaluated mortality risk in relation to social vulnerability
among the fittest older adults in a representative community-dwelling sample of older Canadians.
Methods: in this secondary analysis of the Canadian Study of Health and Aging, participants (n= 5,703) were aged 70+
years at baseline. A frailty index was used to grade relative levels of fitness/frailty, using 31 self-reported health deficits. The
analysis was limited to the fittest people (those reporting 0–1 health deficit). Social vulnerability was trichotomised from a
social vulnerability scale, which consisted of 40 self-reported social deficits.
Results: five hundred and eighty-four individuals had 0–1 health deficit. Among them, absolute mortality risk rose with in-
creasing social vulnerability. In those with the lowest level of social vulnerability, 5-year mortality was 10.8%, compared with
32.5% for those with the highest social vulnerability (adjusted hazard ratio 2.5, 95% CI: 1.5–4.3, P = 0.001).
Conclusions: a 22% absolute mortality difference in the fittest older adults is of considerable clinical and public health im-
portance. Routine assessment of social vulnerability by clinicians could have value in predicting the risk of adverse health
outcomes in older adults.

Keywords: frailty, survival, mortality, frail elderly, aged, social vulnerability, elderly

Introduction

At any age, on average, older people have more health defi-
cits (broadly defined to include illnesses, symptoms and
functional limitations) than do younger people. Even so,

some people live into old age having accumulated very few
health deficits. This group of apparently very healthy
elderly people is of some interest. In particular, they might
offer some insight into the overall health of a population.
This is because in the absence of known problems with
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