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Background: Maintaining physical function and delaying frailty are of

significant importance in both quality of life and health longevity for

successful aging. The objective of this study is to investigate whether different

trajectories of long-term physical activity (PA) participation are associated with

subsequent motor function declines and incident frailty in middle-aged and

elderly adults.

Materials and methods: Data from 8,227 aged ≥ 50 years adults enrolled

in the English Longitudinal Study of Aging were analyzed. Long-term

PA participation trajectories were assessed using group-based trajectory

modeling over the first 6-year period from wave 1 (2002–2003) to wave

4 (2008–2009). The longitudinal associations of PA trajectories with motor

function declines and incident frailty were evaluated by a linear mixed model

and Cox regression model, respectively, with follow-up of 10 years from wave

4 to wave 9 (2018–2019).

Results: Five distinct trajectories of long-term PA participation were identified

in the aging cohort, including persistently low-active trajectory (N = 2,039),

increasing active trajectory (N = 1,711), declining active trajectory (N = 216),

persistently moderate-active trajectory (N = 2,254), and persistently high-

active trajectory (N = 2,007). Compared with the persistently low-active group,

the participants in persistently moderate- and high-active groups experienced

significantly decelerated grip strength decline, decreased gait speed decline,

and faster chair rises after multiple-adjustment. Similarly, participants

maintaining moderate- and high-active PA were also associated with a lower

risk of incident frailty (multiple-adjusted hazard ratio: 0.70, 95% confidence

interval: 0.62–0.80, and 0.42, 95% CI: 0.36–0.49, respectively), compared with
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those with persistently low PA. Notably, the participants with the increasing

active trajectory got similar health benefits as those with persistently moderate

and high levels of PA.

Conclusion: In addition to persistent PA, increasing PA was linked to a slower

decline in motor function and lower risk of incident frailty in the cohort. Our

findings suggest that regular PA is never too late.

KEYWORDS

physical activity, trajectory, incident frailty, group-based trajectory modeling, grip
strength, gait speed, chair rise

Highlights

- Trajectories of long-term participation in physical activity
can be varied among middle and older adults.

- Persistently moderate-, high-active, and increasing
participation in physical activity were associated with
decelerated motor function decline and reduced risk of
incident frailty.

- Strategies focusing on maintaining or increasing active
physical activity might promote healthy aging.

- It’s never too late to start or enhance regular physical
activity for middle-aged and elderly adults.

Introduction

The world’s population aged 60 years or older will increase
from 841 million in 2013 to more than two billion by 2050 (1).
The aging process is characterized by a decline in functional
performance and an increase in morbidity, which, although they
are two separate conditions, are both related to disability. The
total sum of global years lived with disability increased from
562 million to 853 million from 1990 to 2017 (2). Impaired
physical functions, such as muscle strength, balance, and gait
performance deficits, are common underlying traits among
disability. The transition from robustness to disability is a long-
lasting, continuous and insidious process that may take years
(3). A stage in the transition is referred to as frailty characterized
by a decline in functioning across multiple physiological
systems and accompanied by an increased vulnerability to
stressors (4, 5). Frailty is multidimensional, with physical
and psychosocial factors playing a part in its development,
an extreme consequence of the normal aging process and
dynamic, which means that an individual can fluctuate between
states of severity of frailty (6). It is potentially preventable,
up to a probable point of no return when it becomes
a pre-death phase with profound implications for clinical

practice and public health (6). Growing evidence shows that
frailty increases the risks of falls, hospitalization, admission
to long-term care and mortality (4, 5). In clinical practice,
frailty can help clinicians identify patients who may benefit
from aggressive interventions and those who might suffer
harm from them (7). Together, maintaining function and
delaying frailty are of significant importance in both quality of
life and longevity.

Increasing evidence reports the benefits yielded by regular
physical activity (PA) on the motor function in older people
by preserving mobility, muscle strength, and balance (8–
10). However, there is a methodological limitation that PA
are evaluated at single time-point (primarily the baseline
level) or short time-scales without considering the long-
term dynamic nature of PA behavior. Group-based trajectory
modeling (GBTM) allows grouping of subjects presenting with
similar baseline values and longitudinal patterns of change
according to their direction and magnitude (11). Using this
method, some studies have detected different PA trajectories
among older adult cohorts (12–14). Three studies examined
the association of PA trajectories with mortality in older
adults (15–17). One study investigated the relationship between
PA trajectories with contemporaneous physical performance
changes in older men (18). But, there isn’t an investigation
of the temporal association of long-term PA participation
trajectories with subsequent motor function changes and
incident frailty.

Therefore, the main objectives of this study were to
investigate different trajectories of long-term PA participation
over a 6-year span by the GBTM and evaluate their associations
with subsequent motor function decline and incident frailty
in middle-aged and elderly adults. Our hypotheses are that
older adults maintaining PA over time will have a slower motor
function decline and a lower risk of incident frailty compared
with persistently inactive subjects or those reducing PA levels,
and that increasing PA even at older ages promotes healthy
aging characterized by reduced motor function decline and
incident frailty.
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Materials and methods

Study population

The English Longitudinal Study of Ageing (ELSA) is a
biennial, ongoing prospective, nationally representative cohort
study of community-based English adults aged 50 years and
older, which collected data in 2002–2003 (wave 1) and follow-up
assessments were conducted until 2018–2019 (wave 9). Briefly,
this is a population-based prospective cohort study examining
the determinants and consequences of frailty. Detailed design
and methods of the study have been published previously (19).

Data from wave 1 to wave 4 (2008–2009) were analyzed
to evaluate PA participation trajectories, and wave 4 to wave 9
to assess incident frailty and changes of motor function. Wave
4 was the baseline assessment of frailty and motor function.
Excluded participants were those who: (1) developed frailty at
wave 4; (2) failed to follow-up from wave 4 to wave 9. Participant
selection process of the present study was described in Figure 1.

The ELSA was approved by the London Multicenter
Research Ethics Committee (MREC/01/2/91). All participants
provided written informed consent.

Physical activity assessments

The frequency of mild, moderate and vigorous PA was
measured by self-reported questionnaire in the ELSA, with
a card describing different types of activities presented for
participants when being asked about these questions. Further
details are provided in the Supplementary methods.

The scoring system for assessing PA consisted of the three-
stage approach in the present study. Firstly, the frequency of
participating in mild, moderate and vigorous activities was
assigned a score of 1 (hardly ever or never), 2 (one to three
times per month), 3 (at least once per week), respectively (20).
Secondly, the standardized Z scores of assigned scores were
generated by subtracting the corresponding mean and dividing
by standard deviation (SD), separately. Lastly, a weighted global
activity Z scores were calculated to evaluate different intensities
of PA. The weights were chosen based on metabolic equivalent
of tasks (MET) (21). After calculation, mild, moderate, and
vigorous intensity of PA were assigned MET weights of 2.3,
4.4, and 7.2, respectively. Supplementary Table 1 provides the
detailed information for MET weights calculation that agreed
with previous studies (22).

Assessment of incident frailty

The frailty index based on an accumulation of age-related
deficits and was generated according to a standard procedure
(23). Deficits in health were included in the frailty index in the

present study if they matched the following criteria: the deficit
represented multiple physiological systems; the prevalence of
deficits increased with age; the deficit was not too universal
in middle-age and the prevalence of the deficit should not
be less than 1%.

After screening baseline data of the ELSA, 32 variables
were selected to calculate the frailty index, including diseases
(based on self-reports or physical measurements), disability
in activities of daily living (ADL) and signs of psychological
unhealthy (Supplementary Table 2). All variables were recoded,
with “0” and “1” indicating the absence and the presence
of a deficit, respectively. An additional value of “0.5” for
variables with an intermediate response (e.g., “sometimes” or
“suspect”) was added. The frailty score was generated for each
participant according to the number of deficits present in a
person divided by the 32 deficits considered. The frailty score
was a continuous variable ranging from 0 to 1, with greater
scores indicating higher degree of frailty. The frailty score ≥ 0.25
had been proposed to indicate frailty, with reference to previous
studies (6).

Assessment of motor function

Grip strength was measured three times for each hand
using a Smedley dynamometer in the ELSA, and the maximum
measurements were used in our analyses. The measurement
method of grip strength is consistent with the recent similar
study (24). In addition, some studies have found similar test-
retest reliability with the mean of two or three trials and the
maximum of three trials (25).

Gait speed was measured by asking the participants to walk
at their usual pace and use any assistive devices at an 8 ft (2.44 m)
marked course. The mean of two trails (m/s) was calculated.
The method of measuring gait speed is consistent with previous
research (26).

The time (in seconds) it takes to get up and sit down
is known as the timed chair rise. Participants sit in a chair
and cross their arms over the chest with feet resting on the
floor. They were asked to stand up and sit down five times
as quickly as possible without using their arms. The complete
time was recorded in the five-repetition chair stand test (CS-
5). According to previous research, chair rises measurement
method is valid (26).

The changes in grip strength, gait speed and timed five chair
rises from wave 4 to wave 9 (2002–2003 to 2018–2019) were
taken as dependent variables.

Covariates

Covariates included demographic and health factors were
collected at wave 4. The covariates were selected on basis
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FIGURE 1

Flow chart of participants selection.

of potential cofounders known to be related with frailty
and motor function, including demographic factors (age, sex,
ethnicity, educational background, cohabitation status), health
behaviors (current smoking, alcohol consumption, and vigorous
exercise), and health condition (hypertension, diabetes, stroke,
cardiovascular diseases, cancer, chronic lung diseases, depressive
symptoms, functional limitations, body mass index [BMI], and
physical function measurements). The detailed information of
covariates was described in the Supplementary methods.

Statistical analysis

The GBTM was performed by the SAS Proc Traj
procedure to distinguish potential trajectories of long-term PA
participation based on weighted Z scores of PA across a 6-
year period from waves 1 to 4 in the ELSA. The GBTM used
maximum likelihood estimation to identify participants sharing
similar trajectory of weighted Z scores, which can process data
distributions including censored normal, Poisson and Bernoulli,

and was an appropriate option when handling non-monotonic
trajectories (27). Then, the most appropriate trajectory group
was determined for each participant, which was included in
further multivariate analysis as the independent variable. In the
Supplementary methods, a detailed description of trajectory
modeling was presented.

For the primary analysis, linear mixed models were used
to assess the longitudinal associations between PA trajectories
and subsequent motor function changes, with the intercept and
slope of time fitted as random effects to account for inter-
individual differences. Considering capability of linear mixed
models in handling response data missing at random, we didn’t
implement imputation methods. The longitudinal association
between PA trajectories and incident frailty was evaluated
using proportional hazard regression (Cox regression) model.
Detailed descriptions of the statistical models were provided in
the Supplementary methods.

In addition, an exploratory analysis was performed
separately in the mild, moderate and vigorous intensity PA
trajectories to find out the influence of different intensity PA
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on the primary results. Several sensitivity analyses were carried
out to examine the robustness of the conclusions of the primary
analysis. To address reverse causation, the participants who
reported difficulties with daily life activities such as bathing,
dressing, eating, getting in/out of bed and walking across a
room were excluded, during waves 1 to 4.

All statistical analyses were conducted using SAS 9.4 (SAS
Institute, Cary, NC, United States). A two-tailed alpha of 0.05
was referred to as statistically significant level.

Results

Baseline characteristics

A total of 8,227 frailty-free participants from the ELSA were
included in the analysis. Detailed description of participant
selection was shown in Figure 1. Of the included participants,
the mean age was 57.8 ± 9.2 years and 45.9% were male.

Physical activity participation
trajectories from wave 1 to 4

Five trajectories of long-term PA participation based on
weighted activity Z scores were identified from waves 1
to 4 of the ELSA. The five trajectories were shown in
Figure 2, including: (1) persistently low-active trajectory
(N = 2,039), representing low participation in PA during
waves 1 to 4; (2) increasing active trajectory (N = 1,711),
representing initially low participation in PA but turned to
elevating afterward; (3) declining active trajectory (N = 216),
representing high participation at early stages but turned to
decreasing afterward; (4) persistently moderate-active trajectory
(N = 2,254), representing constantly moderate participation;
(5) persistently high-active trajectory (N = 2,007), representing
highly participation.

Table 1 displays the baseline characteristics of the study
participants by five PA trajectories. Compared with the other
PA trajectory groups, participants in the persistently high-active
and increasing active trajectory groups were more likely to be
men, had lower BMI, frailty index and better motor function
performance.

Physical activity participation
trajectories and subsequent motor
function changes

The longitudinal associations of the PA trajectories with
subsequent motor function changes are shown in Table 2.
After multiple-adjustment, the participants with persistently
moderate and high PA trajectories experienced decelerated grip

strength decline (β = 0.999 kg, 95% confidence interval [CI]:
0.314–1.684, P = 0.004; β = 1.334 kg, 95% CI: 0.641–2.026,
P< 0.001), decreased gait speed decline (β = 4.655 cm/s, 95% CI:
1.582–7.727, P = 0.003; β = 7.949 cm/s, 95% CI: 4.783–11.116,
P < 0.001), and faster chair rises (β = –0.519 s, 95% CI: –0.812
to –0.226, P = 0.001; β = –0.904 s, 95% CI: –1.199 to –0.608,
P < 0.001) compared with participants with the persistently
low-active trajectory. Notably, the increasing active trajectory
was associated with subsequent motor function comprehensive
improvement (grip strength: β = 1.799 kg, 95% CI: 1.009–2.589,
P < 0.001; grip speed: β = 5.012 cm/s, 95% CI: 1.475–8.548,
P = 0.005; timed five chair rises: β = –0.904 s, 95% CI: –1.199
to –0.608, P < 0.001), while the longitudinal associations of the
declining active trajectory with motor function changes were not
found.

Further analyses were conducted in the mild, moderate
and vigorous intensity PA (Supplementary Table 3). Similar
to global PA trajectories, five trajectories were identified for
mild and moderate intensity PA, while four trajectories were
identified for vigorous intensity PA, as shown in Supplementary
Figures 1–3. The subgroup analyses found similar results to
the global PA results, although the significant association was
mainly observed in the vigorous intensity PA.

Physical activity participation
trajectories and subsequent incident
frailty

There were 1,866 incidents of frailty during a 10-year follow-
up period, data summarized in Table 3. In contrast to subjects
with the persistently low-active trajectory, participants with
persistently moderate and high trajectories had a significant
lower risk of incident frailty, with a multivariate-adjusted HR
of 0.70 (95% CI: 0.62–0.80, P < 0.001) and 0.42 (95% CI: 0.36–
0.49, P < 0.001), respectively (Table 3). Importantly, similar
to the longitudinal associations of PA trajectories with motor
function changes, participants with increasing active trajectory
also had a significantly lower risk of incident frailty (HR = 0.60,
95% CI: 0.50–0.72, P < 0.001), while the association of the
declining active trajectory with the risk of incident frailty was
not identified (Table 3). The subgroup analyses with different
intensities of PA remain generally consistent with our primary
findings (Supplementary Table 4).

Sensitivity analyses

According to the sensitivity analyses that excluded
participants who reported daily activities difficulties during
waves 1–4, the associations of PA trajectories with motor
function declines and incident frailty remained the same as
those from the main analyses (Supplementary Tables 5, 6).
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FIGURE 2

Trajectories of participation in global physical activities by participants from the ELSA over a 6-year span. (1) Persistently low-active trajectory
(N = 2,039), representing low participation in physical activity (PA) during waves 1–4; (2) increasing active trajectory (N = 1,711), representing
initially low participation in PA but turned to elevating afterward; (3) declining active trajectory (N = 216), representing high participation at early
stages but turned to decreasing afterward; (4) persistently moderate-active trajectory (N = 2,254), representing constantly moderate
participation; (5) persistently high-active trajectory (N = 2,007), representing highly participation.

TABLE 1 Baseline characteristics of study population according to physical activity trajectories.

Characteristicsa All
N = 8,227

Increasing
active

N = 1,711

Persistently
low

N = 2,039

Declining
active
N = 216

Persistently
moderate
N = 2,254

Persistently
high

N = 2,007

P-valueb

Male (%) 3,780 (45.9%) 872 (51.0%) 872 (42.8%) 90 (41.7%) 949 (42.1%) 997 (49.7%) <0.001

Age (years) 57.8 ± 9.2 52.1 ± 7.5 56.2 ± 9.8 64.0 ± 9.6 61.6 ± 8.8 59.4 ± 7.5 <0.001

White (%) 7,945 (96.6%) 1,635 (95.6%) 1,919 (94.1%) 207 (95.8%) 2,205 (97.8%) 1,979 (98.6%) <0.001

High level education (%) 2,810 (34.2%) 585 (34.2%) 389 (19.1%) 60 (27.8%) 779 (34.6%) 997 (49.7%) <0.001

Living alone (%) 1,400 (17.0%) 39 (2.3%) 197 (9.7%) 64 (29.6%) 637 (28.3%) 463 (23.1%) <0.001

Current smoking (%) 757 (9.2%) 26 (1.5%) 116 (5.7%) 36 (16.7%) 362 (16.1%) 217 (10.8%) <0.001

Drinking ≥ once per week (%) 3,353 (40.8%) 84 (4.9%) 274 (13.4%) 125 (57.9%) 1,407 (62.4%) 1,463 (72.9%) <0.001

Depressive symptoms (%) 496 (6.0%) 15 (0.9%) 86 (4.2%) 30 (13.9%) 245 (10.9%) 120 (6.0%) <0.001

Hypertension (%) 2,545 (30.9%) 62 (3.6%) 329 (16.1%) 117 (54.2%) 1,156 (51.3%) 881 (43.9%) <0.001

Diabetes (%) 209 (2.5%) 2 (0.1%) 35 (1.7%) 10 (4.6%) 101 (4.5%) 61 (3.0%) <0.001

Stroke 91 (1.1%) 2 (0.1%) 25 (1.2%) 5 (2.3%) 39 (1.7%) 20 (1.0%) <0.001

Cardiovascular disease (%) 353 (4.3%) 16 (0.9%) 62 (3.0%) 22 (10.2%) 153 (6.8%) 100 (5.0%) <0.001

Chronic lung disease (%) 168 (2.0%) 6 (0.4%) 28 (1.4%) 12 (5.6%) 80 (3.5%) 42 (2.1%) <0.001

Cancer (%) 239 (2.9%) 5 (0.3%) 27 (1.3%) 13 (6.0%) 96 (4.3%) 98 (4.9%) <0.001

BMI (kg/m2) 27.7 ± 4.8 27.4 ± 4.6 28.6 ± 5.3 28.2 ± 4.9 27.9 ± 4.7 27.0 ± 4.3 <0.001

Frailty index 0.07 (0.04–0.13) 0.05 (0.03–0.10) 0.10 (0.05–0.16) 0.12 (0.06–0.18) 0.08 (0.04–0.14) 0.05 (0.02–0.09) <0.001

Grip strength (kg) 33.0 ± 11.2 36.5 ± 11.3 31.7 ± 11.3 27.9 ± 10.5 30.7 ± 10.5 34.5 ± 10.8 <0.001

Gait speed (cm/s) 98.4 ± 28.0 103.8 ± 28.7 90.3 ± 27.5 82.0 ± 23.4 95.5 ± 26.6 106.8 ± 27.4 <0.001

Timed 5 chair rises (s) 10.9 ± 3.6 9.8 ± 2.9 11.4 ± 4.0 12.4 ± 3.9 11.6 ± 3.7 10.4 ± 3.2 <0.001

aData are presented as mean ± SD, n (%), or median (quartile 1–quartile 3). bP-value reported for differences between trajectory groups using analysis of variance, chi-square test, or
Kruskal-Wallis test.
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Besides, “The subgroup analyses based on gender and age
range were performed. Findings in subgroup analyses were
consistent with the results of previous analyses (Supplementary
Tables 8–15).”

Discussion

By following a longitudinal cohort of 8,227 middle-
aged and older adults from the ELSA, we identified five
distinct trajectories of long-term PA participation over a 6-year
span and observed prospective associations of PA trajectories
with subsequent 10-year incident frailty and motor function
performance declines, including grip strength, gait speed and
timed five chair rises. Compared with those in the persistently
low-active group, individuals in all other trajectories, except
for those with the declining active trajectory, had slower
motor function declines and a lower risk of incident frailty.
Importantly, individuals with an increasing active trajectory
had similar or even lower physical performance declines and
risk of incident frailty than those with a persistently moderate
or high active trajectory. Our findings are encouraging, not
confined to participants with persistently active participation
in PA, who can still gain substantial benefits in the quality
of life by becoming more physically active irrespective of past
physical activity levels, providing further evidence to the broad
public health benefits of PA. In clinical practice, the elderly
is encouraged to exercise regularly to reduce the incidence of

frailty that help clinicians identify patients who may benefit
from aggressive interventions and increases the risks of falls,
hospitalization, admission to long-term care and mortality
(4, 5). To our knowledge, this is the first study to evaluate
temporal associations of long-term PA participation trajectories
with subsequent motor function declines and incident frailty in
middle-aged and elderly adults.

Previous studies on the relationship between long-term PA
participation trajectories and motor function changes are lack
of prospectiveness and applied to some certain populations
(18, 28). Laddu et al. identified three PA groups using
the GBTM approach only in older men and demonstrated
that men in moderate and high activity trajectory groups
had contemporaneous higher performance outcomes and
experienced smaller declines in nearly each performance
outcome than men in the low activity trajectory group (18).
Pettee Gabriel et al. used latent class growth analysis, identified
five PA trajectory groups only in middle-aged women and
found that women included in the middle and highest physical
activity groups demonstrated ≥ 5% better physical functioning
performance in late midlife than those who maintained low
physical activity levels (28). Despite different approaches, we
both demonstrated five similar trends in PA trajectory and
found that increasing active participation in PA could reduce
the rate of physical performance declines, even for those who
were physically inactive at an early age. But neither of the
previous studies could verify the temporal correlation between

TABLE 2 Mean differences of changes in physical function between global physical activity trajectories.

Global physical activity trajectories Grip strength (kg) Gait speed (cm/s) Timed 5 chair rises (s)

β (95% Cl)a P-value β (95% Cl)a P-value β (95% Cl)a P-value

Persistently low-active Reference Reference Reference

Increasing active 1.799 (1.009, 2.589) <0.001 5.012 (1.475, 8.548) 0.005 –0.513 (–0.789, –0.236) <0.001

Declining active 0.785 (–0.683, 2.253) 0.295 2.789 (–4.083, 9.662) 0.426 –0.072 (–0.727, 0.582) 0.829

Persistently moderate-active 0.999 (0.314, 1.684) 0.004 4.655 (1.582, 7.727) 0.003 –0.519 (–0.812, –0.226) 0.001

Persistently high-active 1.334 (0.641, 2.026) <0.001 7.949 (4.783, 11.116) <0.001 –0.904 (–1.199, –0.608) <0.001

aAdjusted for age, sex, ethnicity, education, cohabitation status, current smoking, alcohol consumption, depressive symptoms, hypertension, diabetes, stroke, cardiovascular diseases,
chronic lung diseases, cancer, functional limitations, BMI, and physical function measurements at wave 4.

TABLE 3 Hazard ratios and 95% confidence intervals of incident frailty by global physical activity trajectories.

Global physical activity trajectories Events/Total Risk for incident frailtya

HR (95% CI) P-value

Persistently low-active 596/2,039 Reference

Increasing active 202/1,711 0.60 (0.50, 0.72) <0.001

Declining active 89/216 0.93 (0.73, 1.17) 0.527

Persistently moderate-active 668/2,254 0.70 (0.62, 0.80) <0.001

Persistently high-active 311/2,007 0.42 (0.36, 0.49) <0.001

aAdjusted for age, sex, ethnicity, education, cohabitation status, current smoking, alcohol consumption, depressive symptoms, hypertension, diabetes, stroke, cardiovascular diseases,
chronic lung diseases, cancer, functional limitations, and BMI.
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PA trajectories and the physical performance declines. With the
prospective design, we confirm and expand upon observations
by Pettee Gabriel et al. (28) and other investigators (18, 29–
31) by prospectively assessing associations of PA trajectories
with subsequent motor changes in men and women aged
50 years and older. And our findings also provide encouraging
information that individuals with increasing active participation
in PA had minimal and comparable rates of motor function
declines to those with persistently active participation in
PA. Our findings suggest that regular physical activity is
never be too late.

In the current study, gait speed, grip strength, and timed five
chair rises were used as indicators of motor function. Gait speed
has been considered to be an invaluable health functional vital
sign and a core indicator of many health outcomes especially
mortality and disability (32, 33). Although the decline of gait
speed in this study didn’t reach the risk-effect reduction of
10 cm/s confirmed by the systematic review of association
between gait speed with mortality and cardiovascular disease
(33), the differences observed among the PA trajectories in
this study met a threshold of meaningful change in gait speed
(4–6 cm/s) (34, 35). Slower gait speed declines may reflect
the enhancement of multi-system organ function by being
physically active. The grip strength can represent global muscle
strength in older people in the community (36). Of note, faster
grip strength decline may reveal immediacy of death rather than
age-related decline, and be more accurate at detecting the risk
of mortality in very old adults (37, 38). Peterson et al. found
that each 0.1 decrease in normalized grip strength was associated
with a 15 and 12% increased risk of mortality in older Mexican
American men and women, respectively (39). The chair rise test
can be commonly used as a proxy for the power and strength of
the lower limbs. The results of a previous study indicated that
participants who performed poorly on the timed five chair rise
test at baseline were at a significantly higher risk of developing
disability (40). Additionally, it is one of the preferred ways
to assess physical function in sarcopenia (41). The effect of
regular physical activity on these meaningful indicators of motor
function suggests the health benefits of regular physical activity.

Physical activity is known to preserve or improve physical
function and delay or reverse frailty (42). Data from UK
cohort study showed that active participants had a lower
risk of frailty compared with inactive participants (43). Borda
et al. also reported that PA was significantly associated with
a lower risk of developing frailty in the Mexican Health and
Aging Study cohort (44). Based on mobile healthcare and
wearable technologies, Li et al. found that for 1 SD decrease
in the temporal activity (more random activity fluctuations)
correlations the risk of frailty increased by 31%; the risk of
disability increased by 15–25%; and the risk of death increased
by 26% (45). More recently, Yamada et al. found that older adults
are more likely to experience incident frailty/disability due to
decreased PA during the COVID-19 pandemic (46). Although
previous studies have advanced our knowledge regarding PA

and incident frailty, there isn’t an investigation of the temporal
association between long-term PA trajectories and incident
frailty, thus providing an incomplete picture of the total
evidence base on this subject. The current study confirmed
previous findings and provided new evidence for a temporal
association between long-term PA participation trajectories
and subsequent incident frailty. This study showed that lower
risks of incident frailty were obtained not only by persistently
moderate or high active older adults but also by those who
become more physically active regardless of their baseline level.

Our study has several strengths that make our findings more
valid and robust. First, we prospectively assessed a temporal
association of PA trajectories with subsequent motor function
declines and incident frailty in a relatively large and nationally-
representative sample with a long follow-up of 10 years. Such a
prospective cohort design improves the ability to draw casual
conclusions. Second, we explored all possible patterns of PA
over the span of 6 years using the novel GBTM method
that could address limitations of only considering activity
participation at a single time point by efficiently incorporating
measurements of activity participation at multiple time points.
Finally, we used validated measures for assessing motor function
and replicated results with relatively small heterogeneity by
controlling confounding factors and sensitivity analysis.

Notwithstanding these strengths, our study has several
limitations. Firstly, the ELSA’s regional basis may limit our
ability to generalize our results across ethnically diverse
populations. Secondly, we used self-reported PA frequency
when evaluating PA trajectories, thus recall errors are inevitable
especially in older adults. Over-reporting of PA levels, if present,
would lead to an underestimation of the actual effect of PA
(47). In addition, we did not consider duration of PA when
assessing PA trajectories. Thirdly, a total of 2,823 (25.55%)
individuals were excluded from the analysis due to loss during
follow up or develop frailty at wave 4. Individuals who were
excluded were older and had higher percentages of living
alone and higher prevalence of chronic diseases at baseline,
compared with included older adults (Supplementary Table 7).
Hence, selection bias could restrict the generalizability of
our results. Fourthly, GBTM method inherently simplifies the
variability of individual trajectories within classes. Individuals
may show more change than others within the same group, and
conclusions about individual outcomes should be approached
with caution (11). Fifthly, our study is based on observation,
and reverse causality cannot be excluded. PA trajectories may
be influenced by health status. To address the issue, we
performed sensitivity analyses in that participants reported daily
activities difficulties during waves 1–4 were further excluded
and observed consistent results. Finally, there may still be
confounding bias due to unmeasured confounding factors such
as pro-inflammatory cytokine interleukin-6 (48).
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Conclusion

In summary, this study demonstrated that not only
persistently active participation in PA, but also gradually
improved PA were associated with subsequent a slower decline
in motor function and a lower risk of incident frailty in middle-
aged and older adults. Strategies focusing on maintaining or
increasing PA may promote healthy aging and longevity.

Data availability statement

Access to original ELSA datasets can be obtained by visiting
the website (https://www.elsa-project.ac.uk/).

Ethics statement

The ELSA was approved by the London Multicenter
Research Ethics Committee (MREC/01/2/91). The
patients/participants provided their written informed consent
to participate in this study.

Author contributions

FZ and WX: had full access to all the data in the study
and took responsibility for the integrity of the data and the
accuracy of the data analysis. YW, FZ, and WX: study concept,
design, and drafting of the manuscript. YW, CL, FZ, and WX:
acquisition, analysis, or interpretation of data. YW, CL, and
WX: statistical analysis. WX: obtained funding, administrative,
technical, or material support, and supervision. All authors
critical revision of the manuscript for important intellectual
content and approved the submitted version.

Funding

This work was supported by the National Natural Science
Foundation of China (project no. 81974490), the Newton

International Fellowship from the Academy of Medical Sciences,
UK (project no. NIF001-1005-P56804), and 2019 Irma and Paul
Milstein Program for Senior Health Research Project Award.
The funding sources had no role in the design and conduct of
the study, collection, management, analysis, and interpretation
of the data, preparation, review, or approval of the manuscript,
and decision to submit the manuscript for publication.

Acknowledgments

We thank the original data creators, depositors, copyright
holders, the funders of the data collections, and their
contributions for access of data from the English Longitudinal
Study of Aging. The original data creators, depositors, or
copyright holders bear no responsibility for the current analysis
or interpretation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fpsyt.2022.939310/full#supplementary-material

References

1. Chatterji S, Byles J, Cutler D, Seeman T, Verdes E. Health, functioning, and
disability in older adults—present status and future implications. Lancet. (2015)
385:563–75. doi: 10.1016/S0140-6736(14)61462-8

2. James SLAD, Abate KH. Global, regional, and national incidence, prevalence,
and years lived with disability for 354 diseases and injuries for 195 countries and
territories, 1990-2017: A systematic analysis for the global burden of disease study
2017. Lancet. (2018) 392:1789–858. doi: 10.1016/S0140-6736(18)32279-7

3. Cieza A, Sabariego C, Bickenbach J, Chatterji S. Rethinking disability. BMC
Med. (2018) 16:14. doi: 10.1186/s12916-017-1002-6

4. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C,
Gottdiener J, et al. Frailty in older adults: Evidence for a phenotype. J
Gerontol A Biol Sci Med Sci. (2001) 56:M146–56. doi: 10.1093/gerona/5
6.3.146

5. Clegg A, Young J, Iliffe S, Rikkert MO, Rockwood K. Frailty in elderly people.
Lancet. (2013) 381:752–62. doi: 10.1016/S0140-6736(12)62167-9

6. Hoogendijk EO, Afilalo J, Ensrud KE, Kowal P, Onder G, Fried LP. Frailty:
implications for clinical practice and public health. Lancet. (2019) 394:1365–75.
doi: 10.1016/S0140-6736(19)31786-6

Frontiers in Psychiatry 09 frontiersin.org

https://doi.org/10.3389/fpsyt.2022.939310
https://www.elsa-project.ac.uk/
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.939310/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.939310/full#supplementary-material
https://doi.org/10.1016/S0140-6736(14)61462-8
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1186/s12916-017-1002-6
https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.1016/S0140-6736(12)62167-9
https://doi.org/10.1016/S0140-6736(19)31786-6
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/


fpsyt-13-939310 October 20, 2022 Time: 17:18 # 10

Wang et al. 10.3389/fpsyt.2022.939310

7. Lindman BR, Alexander KP, O’Gara PT, Afilalo J. Futility, benefit, and
transcatheter aortic valve replacement. JACC Cardiovasc Interv. (2014) 7:707–16.
doi: 10.1016/j.jcin.2014.01.167

8. Pahor M, Guralnik JM, Ambrosius WT, Blair S, Bonds DE, Church TS, et al.
Effect of structured physical activity on prevention of major mobility disability in
older adults: the LIFE study randomized clinical trial. JAMA. (2014) 311:2387–96.
doi: 10.1001/jama.2014.5616

9. Mangione KK, Miller AH, Naughton IV. Cochrane review: Improving physical
function and performance with progressive resistance strength training in older
adults. Phys Ther. (2010) 90:1711–5. doi: 10.2522/ptj.20100270

10. Chalé-Rush A, Guralnik JM, Walkup MP, Miller ME, Rejeski WJ, Katula
JA, et al. Relationship between physical functioning and physical activity in the
lifestyle interventions and independence for elders pilot. J Am Geriatr Soc. (2010)
58:1918–24. doi: 10.1111/j.1532-5415.2010.03008.x

11. Nagin DS. Group-based trajectory modeling: An overview. Ann Nutr Metab.
(2014) 65:205–10. doi: 10.1159/000360229

12. Laddu DR, Cawthon PM, Parimi N, Hoffman AR, Orwoll E, Miljkovic I, et al.
Trajectories of the relationships of physical activity with body composition changes
in older men: The MrOS study. BMC Geriatr. (2017) 17:119.

13. Aggio D, Papachristou E, Papacosta O, Lennon LT, Ash S, Whincup PH, et al.
Association between 20-year trajectories of nonoccupational physical activity from
midlife to old age and biomarkers of cardiovascular disease: A 20-year longitudinal
study of British men.Am J Epidemiol. (2018) 187:2315–23. doi: 10.1093/aje/kwy157

14. Aggio D, Papachristou E, Papacosta O, Lennon LT, Ash S, Whincup PH, et al.
Trajectories of self-reported physical activity and predictors during the transition
to old age: a 20-year cohort study of British men. Int J Behav Nutr Phys Act. (2018)
15:14. doi: 10.1186/s12966-017-0642-4

15. Laddu D, Parimi N, Cauley JA, Cawthon PM, Ensrud KE, Orwoll E, et al. The
association between trajectories of physical activity and all-cause and cause-specific
mortality. J Gerontol A Biol Sci Med Sci. (2018) 73:1708–13. doi: 10.1093/gerona/
gly037

16. Sanchez-Sanchez JL, Izquierdo M, Carnicero-Carreno JA, Garcia-Garcia FJ,
Rodriguez-Manas L. Physical activity trajectories, mortality, hospitalization, and
disability in the toledo study of healthy aging. J Cachexia Sarcopenia Muscle. (2020)
11:1007–17. doi: 10.1002/jcsm.12566

17. Aggio D, Papachristou E, Papacosta O, Lennon LT, Ash S, Whincup P, et al.
Trajectories of physical activity from midlife to old age and associations with
subsequent cardiovascular disease and all-cause mortality. J Epidemiol Community
Health. (2020) 74:130–6. doi: 10.1136/jech-2019-212706

18. Laddu DR, Parimi N, Stone KL, Lapidus J, Hoffman AR, Stefanick ML, et al.
Physical activity trajectories and associated changes in physical performance in
older men: The MrOS study. J Gerontol A Biol Sci Med Sci. (2020) 75:1967–73.
doi: 10.1093/gerona/glaa073

19. Steptoe A, Breeze E, Banks J, Nazroo J. Cohort profile: The English
longitudinal study of ageing. Int J Epidemiol. (2013) 42:1640–8. doi: 10.1093/ije/
dys168

20. Hamer M, Muniz Terrera G, Demakakos P. Physical activity and trajectories
in cognitive function: English longitudinal study of ageing. J Epidemiol Community
Health. (2018) 72:477–83. doi: 10.1136/jech-2017-210228

21. Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR Jr., Tudor-
Locke C, et al. 2011 Compendium of physical activities: A second update of codes
and MET values. Med Sci Sports Exerc. (2011) 43:1575–81. doi: 10.1249/MSS.
0b013e31821ece12

22. Pang Y, Lv J, Kartsonaki C, Yu C, Guo Y, Du H, et al. Association of physical
activity with risk of hepatobiliary diseases in China: A prospective cohort study of
0.5 million people. Br J Sports Med. (2021) 55:1024–33. doi: 10.1136/bjsports-2020-
102174

23. Searle SD, Mitnitski A, Gahbauer EA, Gill TM, Rockwood K. A standard
procedure for creating a frailty index. BMCGeriatr. (2008) 8:24. doi: 10.1186/1471-
2318-8-24

24. Landre B, Fayosse A, Ben Hassen C, Machado-Fragua MD, Dumurgier J,
Kivimaki M, et al. Terminal decline in objective and self-reported measures of
motor function before death: 10 year follow-up of Whitehall II cohort study. BMJ.
(2021) 374:n1743. doi: 10.1136/bmj.n1743

25. Roberts HC, Denison HJ, Martin HJ, Patel HP, Syddall H, Cooper C, et al.
A review of the measurement of grip strength in clinical and epidemiological
studies: Towards a standardised approach. Age Ageing. (2011) 40:423–9. doi: 10.
1093/ageing/afr051

26. James K, Schwartz AW, Orkaby AR. Mobility assessment in older adults. N
Engl J Med. (2021) 385:e22. doi: 10.1056/NEJMvcm2009406

27. Twisk J, Hoekstra T. Classifying developmental trajectories over time should
be done with great caution: a comparison between methods. J Clin Epidemiol.
(2012) 65:1078–87. doi: 10.1016/j.jclinepi.2012.04.010

28. Pettee Gabriel K, Sternfeld B, Colvin A, Stewart A, Strotmeyer ES, Cauley
JA, et al. Physical activity trajectories during midlife and subsequent risk of
physical functioning decline in late mid-life: The study of women’s health across
the nation (SWAN). Prev Med. (2017) 105:287–94. doi: 10.1016/j.ypmed.2017.1
0.005

29. Brach JS, FitzGerald S, Newman AB, Kelsey S, Kuller L, VanSwearingen JM,
et al. Physical activity and functional status in community-dwelling older women:
A 14-year prospective study. Arch Intern Med. (2003) 163:2565–71. doi: 10.1001/
archinte.163.21.2565

30. Laddu DR, Wertheim BC, Garcia DO, Brunner R, Groessl E, Shadyab AH,
et al. Associations between self-reported physical activity and physical performance
measures over time in postmenopausal women: The women’s health initiative. J Am
Geriatr Soc. (2017) 65:2176–81. doi: 10.1111/jgs.14991

31. de Souto Barreto P, Ferrandez AM. Static or dynamic predictors of physical
activity (PA)? A tracking study based on 12- and 38-month follow-ups in older
adults. Arch Gerontol Geriatr. (2014) 59:326–30. doi: 10.1016/j.archger.2014.04.010

32. Middleton A, Fritz SL, Lusardi M. Walking speed: The functional vital sign. J
Aging Phys Act. (2015) 23:314–22. doi: 10.1123/japa.2013-0236

33. Veronese N, Stubbs B, Volpato S, Zuliani G, Maggi S, Cesari M, et al.
Association between gait speed with mortality, cardiovascular disease and cancer:
A systematic review and meta-analysis of prospective cohort studies. J AmMed Dir
Assoc. (2018) 19:981.e–8.e. doi: 10.1016/j.jamda.2018.06.007

34. Perera S, Mody SH, Woodman RC, Studenski SA. Meaningful change and
responsiveness in common physical performance measures in older adults. J Am
Geriatr Soc. (2006) 54:743–9. doi: 10.1111/j.1532-5415.2006.00701.x

35. Perera S, Studenski S, Newman A, Simonsick E, Harris T, Schwartz A, et al.
Are estimates of meaningful decline in mobility performance consistent among
clinically important subgroups? (Health ABC study). J Gerontol A Biol Sci Med Sci.
(2014) 69:1260–8. doi: 10.1093/gerona/glu033

36. Porto JM, Nakaishi APM, Cangussu-Oliveira LM, Freire Júnior RC, Spilla
SB, Abreu DCC. Relationship between grip strength and global muscle strength
in community-dwelling older people. Arch Gerontol Geriatr. (2019) 82:273–8. doi:
10.1016/j.archger.2019.03.005

37. Granic A, Davies K, Jagger C, M Dodds R, Kirkwood TBL, Sayer AA. Initial
level and rate of change in grip strength predict all-cause mortality in very old
adults. Age Ageing. (2017) 46:970–6. doi: 10.1093/ageing/afx087

38. Syddall HE, Westbury LD, Dodds R, Dennison E, Cooper C, Sayer AA.
Mortality in the hertfordshire ageing study: Association with level and loss of hand
grip strength in later life.Age Ageing. (2017) 46:407–12. doi: 10.1093/ageing/afw222

39. Peterson MD, Zhang P, Duchowny KA, Markides KS, Ottenbacher KJ, Snih
SA. Declines in strength and mortality risk among older Mexican Americans: Joint
modeling of survival and longitudinal data. J Gerontol A Biol Sci Med Sci. (2016)
71:1646–52. doi: 10.1093/gerona/glw051

40. Makizako H, Shimada H, Doi T, Tsutsumimoto K, Nakakubo S, Hotta R, et al.
Predictive cutoff values of the five-times sit-to-stand test and the timed "up & go"
test for disability incidence in older people dwelling in the community. Phys Ther.
(2017) 97:417–24. doi: 10.2522/ptj.20150665

41. Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T, Landi F, et al.
Sarcopenia: European consensus on definition and diagnosis. Age Ageing. (2010)
39:412–23. doi: 10.1093/ageing/afq034

42. Angulo J, El Assar M, Alvarez-Bustos A, Rodriguez-Manas L. Physical activity
and exercise: Strategies to manage frailty. Redox Biol. (2020) 35:101513.

43. Gil-Salcedo A, Dugravot A, Fayosse A, Dumurgier J, Bouillon K, Schnitzler
A, et al. Healthy behaviors at age 50 years and frailty at older ages in a 20-year
follow-up of the UK Whitehall II cohort: A longitudinal study. PLoS Med. (2020)
17:e1003147. doi: 10.1371/journal.pmed.1003147

44. Borda MG, Pérez-Zepeda MU, Samper-Ternent R, Gómez RC, Avila-Funes
JA, Cano-Gutierrez CA. The influence of lifestyle behaviors on the incidence of
frailty. J Frailty Aging. (2020) 9:144–9. doi: 10.14283/jfa.2019.37

45. Li P, Lim ASP, Gao L, Hu C, Yu L, Bennett DA, et al. More random motor
activity fluctuations predict incident frailty, disability, and mortality. Sci Transl
Med. (2019) 11:eaax1977. doi: 10.1126/scitranslmed.aax1977

46. Yamada M, Kimura Y, Ishiyama D, Otobe Y, Suzuki M, Koyama S, et al. The
influence of the COVID-19 pandemic on physical activity and new incidence of
frailty among initially non-frail older adults in Japan: A follow-up online survey. J
Nutr Health Aging. (2021) 25:751–6. doi: 10.1007/s12603-021-1634-2

47. Hamer M, de Oliveira C, Demakakos P. Non-exercise physical activity and
survival: English longitudinal study of ageing. Am J Prev Med. (2014) 47:452–60.

48. McKechnie DGJ, Papacosta AO, Lennon LT, Ramsay SE, Whincup PH,
Wannamethee SG. Associations between inflammation, cardiovascular biomarkers
and incident frailty: The British regional heart study. Age Ageing. (2021) 50:1979–
87. doi: 10.1093/ageing/afab143

Frontiers in Psychiatry 10 frontiersin.org

https://doi.org/10.3389/fpsyt.2022.939310
https://doi.org/10.1016/j.jcin.2014.01.167
https://doi.org/10.1001/jama.2014.5616
https://doi.org/10.2522/ptj.20100270
https://doi.org/10.1111/j.1532-5415.2010.03008.x
https://doi.org/10.1159/000360229
https://doi.org/10.1093/aje/kwy157
https://doi.org/10.1186/s12966-017-0642-4
https://doi.org/10.1093/gerona/gly037
https://doi.org/10.1093/gerona/gly037
https://doi.org/10.1002/jcsm.12566
https://doi.org/10.1136/jech-2019-212706
https://doi.org/10.1093/gerona/glaa073
https://doi.org/10.1093/ije/dys168
https://doi.org/10.1093/ije/dys168
https://doi.org/10.1136/jech-2017-210228
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1136/bjsports-2020-102174
https://doi.org/10.1136/bjsports-2020-102174
https://doi.org/10.1186/1471-2318-8-24
https://doi.org/10.1186/1471-2318-8-24
https://doi.org/10.1136/bmj.n1743
https://doi.org/10.1093/ageing/afr051
https://doi.org/10.1093/ageing/afr051
https://doi.org/10.1056/NEJMvcm2009406
https://doi.org/10.1016/j.jclinepi.2012.04.010
https://doi.org/10.1016/j.ypmed.2017.10.005
https://doi.org/10.1016/j.ypmed.2017.10.005
https://doi.org/10.1001/archinte.163.21.2565
https://doi.org/10.1001/archinte.163.21.2565
https://doi.org/10.1111/jgs.14991
https://doi.org/10.1016/j.archger.2014.04.010
https://doi.org/10.1123/japa.2013-0236
https://doi.org/10.1016/j.jamda.2018.06.007
https://doi.org/10.1111/j.1532-5415.2006.00701.x
https://doi.org/10.1093/gerona/glu033
https://doi.org/10.1016/j.archger.2019.03.005
https://doi.org/10.1016/j.archger.2019.03.005
https://doi.org/10.1093/ageing/afx087
https://doi.org/10.1093/ageing/afw222
https://doi.org/10.1093/gerona/glw051
https://doi.org/10.2522/ptj.20150665
https://doi.org/10.1093/ageing/afq034
https://doi.org/10.1371/journal.pmed.1003147
https://doi.org/10.14283/jfa.2019.37
https://doi.org/10.1126/scitranslmed.aax1977
https://doi.org/10.1007/s12603-021-1634-2
https://doi.org/10.1093/ageing/afab143
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/

	Associations of physical activity participation trajectories with subsequent motor function declines and incident frailty: A population-based cohort study
	Highlights
	Introduction
	Materials and methods
	Study population
	Physical activity assessments
	Assessment of incident frailty
	Assessment of motor function
	Covariates
	Statistical analysis

	Results
	Baseline characteristics
	Physical activity participation trajectories from wave 1 to 4
	Physical activity participation trajectories and subsequent motor function changes
	Physical activity participation trajectories and subsequent incident frailty
	Sensitivity analyses

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


