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Abstract

Background: Although physical activity (PA) is known to improve physical function (PF), and functional decline impacts the capacity to engage
in PA, the reciprocal relationship between PA and PF remains unclear.

Methods: Data were from participants in the 1921-1926 cohort of the Australian Longitudinal Study on Women's Health (N = 8 238). PA and
PF were assessed at 3-year intervals from 1999 (73-78 y) to 2011 (85-90 y). Group-based trajectory modeling was used to identify PA and PF
trajectories, and associations between PA and PF were examined using mixed-effects models and restricted cubic spline modeling.

Results: Three trajectories for PA and PF were identified: Low, Moderate, and High. \Women in the High PA group maintained high PF and did not
reach the starting PF level of the Low PA group (at age 73) until they were 87 Similarly, women in the High PF group maintained higher PA than
those in the other groups. Women in the Low PF group never met PA guidelines and had PF scores below the disability threshold throughout
the study. Restricted cubic splines showed that higher PA was associated with better PF 3 years later, and vice versa, indicating that PA and PF
influence each other.

Conclusion: There are reciprocal relationships between PF and PA; higher levels of PA promote better PF, and higher PF may help slow the
decline in PA. Although rates of decline in PF show little variation with PA in women during their 80s, habitually high PA confers considerable

benefits, contributing to additional years of healthy life.
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Physical function (PF) peaks in early adulthood, remains sta-
ble in the 20s and 30s and declines remarkably in older age
(1,2). Although socioeconomic and other health characteris-
tics are important (3-6), physical activity (PA) is recognized
as a significant modifiable factor for improving PF and reduc-
ing the risk of physical disability with increasing age (7,8).
There are, however, several questions about the relationships
between PF and PA, especially in older age. First, although PA
is an important contributor to achieving optimal PF early in
life (2), the associations between trajectories of PA and PF in
mid-older age are not well understood. This reflects a paucity
of prospective cohort studies with repeated measurements of
both PA and PE. Our previous study demonstrated a remark-
able decline in population-level PA over 15 years during later
life (9). However, levels of PA at specific time points were not

normally distributed, which supported to us that there may
be several PA and PF trajectories among older women. In a
previous study, we assessed changes in PF in three cohorts of
women, from ages 18,45, and 70, and described the relation-
ships between PA at baseline with subsequent declines in PF
over 15 years. We did not, however, consider any changes in
PA during follow-up (1). Second, given that both PF and PA
are likely to decline in old age (1,9), the relationships between
the 2 may be reciprocal. Although others have examined the
influence of PA on PF and of PF on PA (10,11), reciprocal
relationships remain under-studied (12-15).

To address the existing literature gap regarding the recipro-
cal association between PF and PA, we examined (a) the tra-
jectories of PA and PF from age 73 to 90, (b) the associations
of trajectories of PA with PF decline and of trajectories of PF
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with PA decline, and (c) temporal relationships between PA
and PF using data with a 3-year time lag. We hypothesized
that there are several PA and PF trajectories in older age, and
the associations between their trajectories are reciprocal and
affect the rate of decline in PA and PE.

Method

Participants

Data were from participants in the 1921-1926 cohort of the
Australian Longitudinal Study on Women’s Health (ALSWH)
who were randomly selected from the Australian National
Health database. The first survey was mailed in 1996 when
participants were aged 70-75 (n = 12,432) (16). Those who
completed the survey were generally representative of women
the same age in the Australian population (17). Five follow-up
surveys were conducted at 3-year intervals from 1999 (73-78
years) to 2011 (85-90 years). ALSWH has ethical approval
from the Human Research Ethics Committees (HRECs) of the
Universities of Newcastle and Queensland (approval number
2004000224). Further details have been described elsewhere
(17), and full details of the study can be found at http://www.
alswh.org.au.

Since the PA measure used in 1996 (Survey 1) was differ-
ent from that in the following surveys, data from the second
survey in 1999 were used as baseline in this study. Data from
women who reported PA and PF data at least twice from 1999
to 2011 were included in the analyses (N =8 238, 66.3%;
Supplementary Figure 1).

Measurements

Physical activity

PA was assessed using the modified self-administered version
of the Active Australia Survey, which has acceptable reliability
and validity (18). In each survey, participants reported the fre-
quency and duration of walking for transport or recreation,
moderate-intensity and vigorous activities. Minutes per week
spent in each activity were multiplied by a metabolic equiv-
alent (MET) score (3.33 for walking and moderate-intensity
activity or 6.66 for vigorous activity), and MET.minutes/week
were summed to provide total PA.

Physical Function and Disability Thresholds

The PF subscale of the 36-item short-form health survey (SF-
36), which consists of 10 items and has acceptable validity
among older adults, was used (19). The participants reported
to what extent their health conditions limited their daily
tasks, including vigorous and moderate activity, climbing
stairs, moving about and engaging in self-care. The responses
were summed to calculate scores, which ranged from 0 (poor)
to 100 (good).

The disability threshold was defined as the average PF score
at the time when women first reported needing help with
daily activities, such as grooming, eating, and bathing/show-
ering, and other tasks. The calculated threshold was 67.3 in
this cohort.

Covariates

Sociodemographic factors (area of residence, school gradu-
ation age, and ability to manage on income) and behavioral
and health characteristics (body mass index (BMI), smok-
ing status, alcohol status, personal illness or injury, surgery,
and moving to institutional care) were selected as covariates

based on previous studies (6,15,20). The list of variables and
response options/categories are shown in Supplementary

Table 1.

Statistical Analysis

We performed group-based trajectory modeling to identify
trajectories of PA and PF using the Stata plugin traj (21).
The model included PA or PF as the dependent variable
and age (73-90y) as the independent variable. The number
of groups and polynomials were determined based on the
Bayesian information criterion, Akaike information criterion,
and log-likelihood. The adequacy of the best-fit model was
confirmed using posterior probabilities of group membership
(> 0.7), and the odds of correct classification (> 5) (22). Full
information maximum likelihood estimation was used to
account for missing data. Medians and interquartile ranges
of observed PA and PF at each age for each trajectory group
were calculated.

Mixed-effects models with random intercept and slope
were conducted to evaluate the associations between PA and
PE. The models included standardized age and age-squared
as a timescale variable, PF/PA as the dependent variable, and
trajectories of PA/PF and their interaction terms with times-
cale (age and age-squared) as the independent variables.
Covariates were selected based on the literature (6,20,23).
The coefficient indicates the magnitude of the impacts of
exposure on the outcome, and the interaction terms between
the trajectories of PA/PF and timescale were interpreted as the
differences in PA/PF decline in each PA/PF trajectory group.
We confirmed the model assumptions, including normality
of residuals and homoscedasticity, which were checked using
quantile-quantile plots and the residuals against the fitted val-
ues (24). PF and PA data at each age from 73 to 90 were esti-
mated based on the results of the mixed-effects models, and
average values and 95% confidence intervals (CI) for each
trajectory were calculated.

To determine whether the temporal association between PA
and PF is a dose-response relationship and whether it is linear
or nonlinear, restricted cubic spline functions with 4 knots
were fitted to mixed-effects models with a 3-year time-lag.
The number of knots was determined based on the Akaike
information criterion. Two analysis models were used: the
first included PA at Survey 2-5 (1999-2008) as the expo-
sure, with PF at Survey 3-6 (2002-2011) as the outcome; the
second included PF at Survey 2-5 (1999-2008) as the expo-
sure, with PA at Survey 3-6 (2002-2011) as the outcome.
Each model was adjusted for time-invariant variables (years
of schooling, area of residence, smoking and drinking status)
and time-varying variables (ability to manage on income,
BMI, major personal illness or injury, major surgery, mov-
ing to institutional care, and the previous outcome variable
value). The assumptions of mixed-effects models were con-
firmed using the methods described earlier.

As the prevalence of participants with missing values for
any variables in the multivariable analyses was 32.2% (for
PA) and 32.6% (for PF), we created 20 data sets using mul-
tiple imputation (R package MICE (235)) (26), and combined
the estimates using Rubin’s rules. For further details, refer to
Supplementary Figures 2 and 3 (27).

Group-based trajectory modeling was conducted using
Stata 16.0 (StataCorp, LLC, College Station, TX). Mixed-
effects models and multiple imputation were conducted using
R 4.3.1 (R Foundation for Statistical Computing, Vienna,
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Austria). We have reported the statistical analyses following
the checklist for statistical assessment of medical papers (28).

Results

Characteristics of the women whose data were included (ana-
lytic sample) and those whose data were not included (nonan-
alytic sample) at age 70-75 are shown in Supplementary Table
2. Both groups had similar characteristics, with the exception
of low years of schooling and experience of major illness or
injury, which were more prevalent in the nonanalytic sample
than in the analytic sample (Supplementary Table 2).

Trajectories of PA from age 73 to 90 are shown in Figure 1,
the goodness-of-fit of the models are shown in Supplementary
Table 3, and observed median PA values at each age, in each
trajectory group are shown in Supplementary Table 4. Note
that PA levels in Figure 1 and Supplementary Table 4 differ
as the figure presents estimated averages and the table shows
the observed median values. We employed 3 groups of cubic
models, which had acceptable adequacy, to identify the trajec-
tories of PA, which were labeled as Low PA (26.0% of partic-
ipants), Moderate PA (58.3%), and High PA (15.7%) (Figure
1 and Supplementary Table 3). In the Low PA group, median
PA levels were 0 at every age. Median PA in the moderate PA
group gradually declined from 533 MET.minutes/week to 0
at age 89. Women in the high trajectory group maintained
very high PA (> 1600 MET.minutes/week) until age 82. This
was followed by a gradual decline to 200 MET.minutes/week
at age 90 (Figure 1, Supplementary Table 4).

Characteristics of participants in each PA trajectory group
are shown in Supplementary Table 5. Women in the High PA
group were more likely than those in the Low group to be
in the underweight/normal BMI category, and to be low-risk
drinkers. They were also less likely to have fewer years of
schooling, to be nondrinkers, and to be in the obese BMI cat-
egory (Supplementary Table 5).

Estimated PF at each age for each PA trajectory group is
shown in Figure 2, with data in Supplementary Tables 6 and
7. The mixed-effects model showed significant interactions
between PA trajectories and age, indicating that the rate of
decline in PF differed among PA trajectories (see Supplementary
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Figure 1. Trajectories of observed physical activity from age 73 to 90
(n =8 238). Group-based trajectory modeling was conducted, including
physical activity as the dependent variable and age (73-90 years) as the
independent variable. The trajectories in the figure present the estimated
averages and confidence intervals. Outliers (defined as > 4 000 MET.
minutes/week, which is 4 times higher than the upper level of current PA
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Figure 2. Estimated physical function at each age for each physical
activity trajectory (n = 8 238). Physical function (PF) at each age was
estimated based on mixed-effects models with random intercept and
random slope. The model included standardized age and age-squared

as timescale variables, PF as the dependent variable, and physical
activity (PA) trajectories and their interaction terms with timescale

(age and age-squared) as the independent variables, and time-invariant
variables (education, residential area, smoking, and drinking status)

and time-varying variables (ability to manage on income, BMI, major
personal iliness or injury, major surgery, and moving to institutional care)
as the covariates. Average and 95% confidence intervals for each PA
trajectory were calculated. The disability threshold (67.3) was defined as
the average PF score at the time when women first reported requiring
help with daily activities, such as grooming, eating, bathing/showering,
dressing, getting up from a chair, walking inside the house, using the
toilet, shopping for groceries, doing light or heavy housework, managing
money, preparing meals, taking medications, using the telephone, and
engaging in leisure activities or hobbies. BMI = body mass index.

Table 6). The estimated PF in the Low PA group was below
the disability threshold at every age. Although the annual
decline in PF from age 73 to 90 was similar among groups, in
the Low group the rate of PF decline was slightly higher from
age 73-80 than after age 80, but in the High and Moderate
groups the rate of decline was higher after age 80 than before
(Figure 2 and Supplementary Table 7).

Trajectories of PF from age 73-90 are shown in Figure 3,
with data shown in Supplementary Table 8 and 9. The best-
fit model identified three PF trajectories: Low PF (29.2% of
participants), Moderate PF (39.3%), and High PF (31.5%). In
the low PF group, PF was already below the disability thresh-
old at age 73 and continued to decline until age 88. In the
Moderate PF group, PF scores were just above the disability
threshold at age 73 and declined gradually until age 89. In
the High PF group, scores were consistently high until age 82,
after which they declined to 62.5.

Characteristics of participants in each PF trajectory group
are shown in Supplementary Table 10. Women in the High PF
group were more likely than those in the Low group to be bet-
ter able to manage on their income, to be in the underweight/
normal BMI category, and to be low-risk drinkers. They were
also less likely to have <14 years of schooling, to be obese,
to be nondrinkers, and to have experienced a major personal
illness or injury and major surgery (Supplementary Table 10).

Estimates of PA at each age for each PF trajectory are
shown in Figure 4, with data in Supplementary Tables 11 and
12. The rate of decline in PA differed in the three PF trajec-
tory groups (Supplementary Table 11). At age 73, estimated
PA in the Low PF group was below the lower level of the PA
guidelines (29), in the Moderate PF group it was above the
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Figure 3. Trajectories of observed physical function from age 73 to 90

(n =8 238). Group-based trajectory modeling was conducted, including
physical function as the dependent variable and age (73-90 years) as the
independent variable. The trajectories in the figure present the estimated
averages and confidence intervals. The disability threshold (67.3) was
defined as the average PF score at the time when women first reported
requiring help with daily activities, such as grooming, eating, bathing/
showering, dressing, getting up from a chair, walking inside the house,
using the toilet, shopping for groceries, doing light or heavy housework,
managing money, preparing meals, taking medications, using the
telephone and engaging in leisure activities or hobbies. PF = physical
function.
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Figure 4. Estimated physical activity at each age for each physical
activity trajectory (n = 8 238). Physical activity (PA) at each age was
estimated based on mixed-effects models with random intercept and
random slope. The model included standardized age and age-squared as
timescale variables, PA as the dependent variable, and physical function
(PF) trajectories and their interaction terms with timescale (age and
age-squared) as the independent variables, and time-invariant variables
(education, residential area, smoking and drinking status) and time-
varying variables (ability to manage on income, BMI, major personal
illness or injury, major surgery, and moving to institutional care) as the
covariates. Average and 95% confidence intervals for each PF trajectory
were calculated. BMI = body mass index.

lower level of the PA guidelines, and in the High PF group it
was above the upper level of the PA guidelines. Throughout
the study, the rate of decline in PA was almost linear in the
Moderate PF group. However, in the High group, the rate
of decline was lower in the first seven years, and in the Low
group the rate was lower after age 80.

Temporal relationships between PA and PF are shown in
Figure 5. Restricted cubic spline modellings showed dose-
response and nonlinear relationships between PA and PF, PF
increased markedly as PA increased from 0 to 1000 MET.
minutes/week, and PA increased markedly with increasing PF
score from 40 to 100 (Figure 3).
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Figure 5. Temporal relationships between physical activity and physical
function (n = 8 238). Restricted cubic spline functions with 4 knots were
fitted to mixed-effects models with a 3-year time-lag. Mixed-effects model
included time-invariant covariates (years of schooling, area of residence,
smoking and drinking status) and time-varying covariates (ability to manage
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institutional care, and the previous outcome variable value) in the models.
The solid black line represents the predicted values from the mixed-effects
model, whereas the dashed lines indicate the 95% confidence intervals.
Top figure: The model included physical activity between Survey 2 (1999)
and Survey 5 (2008) as the exposure, with physical function between
Survey 3 (2002) and Survey 6 (2011) as the outcome. Bottom figure: The
model included physical function between Survey 2 (1999) and Survey 5
(2008) as the exposure, with physical activity between Survey 3 (2002) and
Survey 6 (2011) as the outcome. BMI = body mass index.

Discussion

This study is the first to examine the reciprocal relationships
between trajectories of PA and PF among older women. A
data-driven categorization approach identified 3 trajectories
of both PA and PF in women over 17 years from age 73 to 90.
Our prospective data showed marked associations between
activity and function over time, with remarkably high PA
associated with maintenance of high levels of PF until the
women were in their early 80s. In contrast, the low-active
women had functional scores below the disability threshold
over the entire study. When the data were time-lagged, PA
was associated with PF three years later, and vice versa, indi-
cating prospective relationships between these variables, with
each affecting the other reciprocally.

Trajectories of PA and Its Associations With PF in
Later Life

Although the patterns of decline in PA varied, all trajec-
tory groups showed a declining trend over time, consistent
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with the population-level decline in PA observed later in life
among Australian women (9). Nevertheless, PA levels in the
High PA group were maintained well above the current PA
guidelines, and their rate of PF decline was lower than in
the other two groups, especially during their seventies. As a
result, this group did not reach the starting PF level of the
Low group (53.7 at age 73) until they were age 87 (52.9). PF
was higher in the high PA trajectory group throughout the
study, reflecting both the high baseline scores and the lower
rate of decline before age 80. Our earlier ALSWH study also
showed changing rates of PF decline after age 70, according
to PA levels at age 70 (1).

Trajectories of PF and Associations With PA in Later
Life

The trajectories of decline in PF were very similar to those
for PA, with overall declines over time, consistent with the
population-level trends among older women (1). However,
PF levels in the High PF group declined more slowly than in
the other groups, especially before age 80, so that this group
maintained relatively high PF scores than the other groups. In
contrast, the rate of decline in the Low PF group was higher
before age 80, with very low PF after the age of 80.

In the High PF group, the lower decline in PF until about
age 80 was consistent with maintenance of very high PA
levels during the 70s. Although many intervention studies
have reported that aerobic, balance, and resistance training
improve PF among older adults in the short term (30,31), our
findings suggest that the rate of PF decline after age 80 is
fairly consistent, so that PF levels really do depend on starting
values, which appear to be strongly related to habitual PA
levels earlier in life (32).

Temporal Relationships Between PA and PF

In the time-lagged cubic spline models, we found reciprocal
dose-response and nonlinear relationships between PA and
PF. The EPIC-Norfolk researchers have reported bidirectional
relationships between PA and PF, highlighting associations
between changes in PA and PF as well as between baseline
PA/PF and PF/PA after six years (15). Our findings similarly
indicate associations between changes in PA and PF and tem-
poral relationships between PA and PF over a 12-year period,
supporting the long-term reciprocal relationships between PA
and PF among older women.

Strengths and Limitations

The main strength of this study is the use data from a nation-
ally representative cohort study, with a high retention rate
of surviving participants. The response rate among eligible
participants at ages 85-90 (excluding data from participants
who had died or withdrawn between 1996 and 2011) was
high (80.9%). The study used the same validated methods to
assess PA and PF at three-year intervals for 17 years.

This study has several limitations. First, we obtained data
on PA and PF using self-report measures. Although self-report
surveys may overestimate PA and PF levels, our measures
demonstrate acceptable reliability and validity (18,19,33).
Second, although similar characteristics between the analyt-
ical and nonanalytical samples were observed, healthy survi-
vor bias could have occurred because the participants were
aged 73 at baseline, and only data from those with PA and
PF measurements at least two time points were included in
the analyses.

Conclusion

Our findings suggest that there are long-term reciprocal rela-
tionships between PF and PA, with possible “causal loops”
between activity and function; higher levels of PA promote
better PF and higher PF may help to slow the decline in PA
during older age. Although habitually high levels of PA confer
considerable benefits in terms of additional years of healthy
life, rates of decline in PF do not vary greatly with PA when
women are in their eighties. The PF benefits therefore appear
to accrue from getting more PF “in the bank” through higher
levels of PA earlier in life, and from maintaining high levels of
PA for as long as possible into older age.

Supplementary Material

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