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ABSTRACT

KEEVIL, V. L., A. J. M. COOPER, K. WIINDAELE, R. LUBEN, N. J. WAREHAM, S. BRAGE, AND K.-T. KHAW. Objective
Sedentary Time, Moderate-to-Vigorous Physical Activity, and Physical Capability in a British Cohort. Med. Sci. Sports Exerc.,
Vol. 48, No. 3, pp. 421429, 2016. Purpose: Sedentariness has been proposed as an independent risk factor for poor health. However, few
studies have considered associations of sedentary time (ST) with physical functional health independent of time spent in moderate-to-vigorous
physical activity (MVPA). Methods: Community-based men and women (n = 8623, 48-92 yr old) in the European Prospective Investigation
of Cancer—Norfolk study attended a health examination for objective measurement of physical capability, including grip strength (Smedley
dynamometer (kg)), usual walking speed (UWS (cms 1)), and timed chair stand speed (TCSS (stands per minute)). Of these, 4051 participants
wore an accelerometer (GT1M ActiGraph) for 7 d to estimate time spent in MVPA (MVPA, >1952 counts per minute) and ST (ST, <100 counts
per minute). Relations between physical capability outcomes and both MVPA and ST were explored using linear regression. The mutual
independence of associations was also tested, and ST-MVPA interactions were explored using fractional polynomial models to account for
nonlinear associations. Results: Men in the highest compared with those in the lowest sex-specific quartile of MVPA were stronger
(1.84 kg; 95% confidence interval (CI), 0.79—2.89), had faster UWS (11.7 cm's™'; 95% CI, 8.4—15.1) and faster TCSS (2.35 stands
per minute; 95% CI, 1.11-3.59) after multivariable adjustment. Similarly, women in the highest quartile of MVPA were stronger
(2.47 kg; 95% CI, 1.79-3.14) and had faster UWS (15.5 ems” ' 95% CI, 12.4-18.6) and faster TCSS (3.27 stands per minute; 95% CI,
2.19-4.25). Associations persisted after further adjustment for ST. Associations between higher ST and lower physical capability were also
observed, but these were attenuated after accounting for MVPA. Furthermore, no MVPA-ST interactions were observed (Pineractions > 0.05).
Conclusions: More time spent in MVPA was associated with higher physical capability, but there were no independent ST associations.
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hysical capability gradually declines during old age,
with many older adults now reaching thresholds as-
sociated with disability before death. Therefore, in-
terventions to prevent or delay this decline offer the potential
to improve quality of life and decrease health care expen-
diture. One line of inquiry is the functional benefit associ-
ated with increasing physical activity (PA).
Public health guidelines already recommend that older
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adults (>60 yr old) undertake >150 min‘wk ' of moderate-
to vigorous-intensity PA (MVPA) and muscle strengthening
exercises more than twice a week and reduce sedentariness
(9), on the basis of evidence considering a range of health
outcomes (18,22,34). However, although a number of stud-
ies have reported associations between higher PA and better

421


http://www.nihtoolbox.org

physical functional health (29), not all results concur. In-
consistency particularly occurs when objective markers of
physical capability rather than self-reported disability are the
outcome measures of interest, e.g., grip strength or usual
walking speed (UWS). Some studies report positive associ-
ations (33,39), whereas others do not or find associations
that differ by sex (4,6,24,25,28,37).

Most of these previous studies have used questionnaire-
based methods to assess PA (4,6,25,28,29,33,37,39), which
are subject to reporting biases and random measurement
error, e.g., due to difficulties with recall (17). In addition, PA
questionnaires (PAQ) are only sensitive enough to distin-
guish broad categories of MVPA, e.g., low, moderate, or
high. Thus, the dose-response relation between MVPA and
functional health remains unclear, e.g., whether there is a
“dose” below which MVPA is ineffective (29). This is an
important question, given that many older adults do not
achieve the recommended amounts of MVPA (38).

There is also paucity of evidence relating sedentary be-
havior, defined as time awake spent sitting or lying when
energy expenditure is low (<1.5 times the resting energy
expenditure), with physical functional health. We previously
reported an association between more time spent watching
television, a common leisure time sedentary behavior, and
lower UWS, which persisted when television viewing time
was measured prospectively (21). However, it is unclear
whether associations with sedentary behaviors such as tele-
vision viewing time reflect the physiological consequences
of prolonged sitting or are explained by other confounding
factors associated with these behaviors (14). Among the
population-based studies considering sedentariness and physi-
cal functional health, only one measured physical function, PA,
and sedentary time objectively. This study in older Portuguese
adults reported independent associations between higher scores
on a physical performance battery and both greater volumes of
objectively measured MVPA and lower volumes of sedentary
time (32). However, the cohort used in this study was small
and sedentary time-MVPA interactions were not explored.

Therefore, we aimed to investigate the independent dose—
response associations of objectively measured sedentary
time and MVPA with objectively measured physical capa-
bility in a large population-based sample of middle-age and
older British men and women. We also examined whether
interactions between sedentary time and MVPA were evi-
dent with respect to the outcomes considered.

METHODS

Study population. The European Prospective Investi-
gation of Cancer (EPIC)—Norfolk study enroled more than
25,000 community-based men and women at baseline
(1993-1997), who were age 40-79 yr and registered with
a participating general practitioner in and around the city
of Norwich (Norfolk, United Kingdom). The full details of
the study design and follow-up of participants have been

reported previously (15). At the third health examination
(3HC; 2006-2011), 8623 participants now age 48-92 yr
attended a central research clinic in Norwich and underwent
measurement of physical capability. A written informed
consent was obtained at baseline and renewed at the 3HC.
The study complies with the principles of the Declaration of
Helsinki, and ethical approval was given by the Norfolk local
research ethics committee and the East Norfolk and Waveney
National Health Service Research Governance Committee.

PA. At the 3HC clinic visit, participants were also invited
to wear an accelerometer (ActiGraph GTIM model;
ActiGraph LLC, Pensacola, FL) for seven consecutive days
on an elastic belt at the level of the right hip during all
waking hours except when bathing, showering, or swim-
ming. This monitor is a uniaxial accelerometer, which
measures the vertical (when standing up) acceleration
(counts) in 5-s, epochs thereby quantifying the intensity of
movement. Accelerometry records were screened for con-
tinuous strings of zero acceleration lasting >90 min, which
were considered as monitor nonwear time. Participants with
less than four valid wear days (each containing >600 min of
valid wear time) were excluded (z = 118). In addition, it was
not possible to invite all participants to wear an activity
monitor because the monitors were not always available
over the 6 yr of the clinic duration. All in all, this left 4051
participants with valid accelerometry data. Sedentary time
was defined as time spent at <100 counts per minute (16)
and MVPA as time spent at >1952 counts per minute (10).
All time spent in MVPA was included, and it was not re-
stricted to MVPA accumulated in 10-min bouts.

Physical capability. The physical capability measures
used in this study are feasible and reliable measures that
have been validated in other epidemiological studies and
predict future health outcomes (3,13). In addition, grip
strength and UWS form part of the National Institutes of
Health toolbox, created to standardize functional measure-
ments in research studies (www.nihtoolbox.org). Maximum
grip strength (kg) was measured using a Smedley dynamom-
eter (Scandidact, Kvistgaard, Denmark) while the participant
was standing with their forearm bent at 90°. Participants who
were unable to stand performed the test sitting. The maximum
strength achieved from two recordings in each hand, alter-
nating measurement between hands, was used. UWS was
measured as time taken to walk 4 m at a comfortable pace
using a walking aid if necessary. Participants undertook two
walks, and the course distance was divided by the average
time taken to estimate UWS (cm's~ ). Time to complete five
chair rises was measured with participants seated in a straight-
backed chair, with their feet flat on the floor and arms folded
across the chest. Participants were timed from the command
“stand” to the end of the fifth rise, and timed chair stand
speed (TCSS) was calculated (stands per minute, 60 x (5/
time (s))). Participants who could not stand from a chair
unaided were excluded.

Covariables. The day and month on which the 3HC
clinic appointment was held (time of year) were recorded. At
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the 3HC clinic, weight and height were measured with the
participant wearing light clothing using digital scales
(Tanita) and a stadiometer (Chasmores, United Kingdom).

Participants self-reported their smoking status (current,
ex-smokers, or never smokers), current wealth (more than
enough, just enough, or not enough money), and alcohol
intake (units per week). Comorbidity was estimated by com-
bining self-reported stroke, cancer, diabetes, and/ or myocar-
dial infarction (MI) (obtained at the 1HC and 2HC), with
incident data captured over the follow-up period (via record
linkage with hospital episode statistics). Comorbidity was in-
cluded as a binary variable in analyses (yes/no).

Statistical analyses. Participant characteristics were
described using means (SD), medians (interquartile range
and frequencies (%, 7). The characteristics of those included
in the analytical sample versus those excluded (because of
missing accelerometry data) were compared using #-tests and
chi-square tests. Associations between sedentary time, MVPA,
and physical capability were examined using linear regression.

First, sex-specific quartiles (Q) of sedentary time and
MVPA were defined and associations with physical capa-
bility were examined in separate models for each exposure
measure. The highest quartile of sedentary time and the
lowest quartile of MVPA were used as the referent catego-
ries (in both cases henceforth referred to as Q1) so that re-
gression coefficients (95% confidence intervals (CI)) were
the differences in grip strength, UWS, and TCSS associated
with lower amounts of sedentary time and higher amounts of
MVPA. Associations were adjusted on the basis of a priori
reason for age and monitor wear time (model 1) and then
additionally for height, weight, current wealth, comorbidity,
smoking status, and alcohol intake (model 2). Because ac-
tivity monitors were only worn during one 7-d period, the
United Kingdom has a temperate climate, and weather con-
ditions are known to correlate to PA levels (36), model 2 was
also adjusted for the time of year when the accelerometer was
worn. Tests for trend were examined by entering exposure
quartiles into the models without identifying them as cate-
gorical variables (Pyenq). Deviation from linearity was as-
sessed by comparing models with exposure quartiles entered
as categorical versus linear predictor variables using likeli-
hood ratio tests (Pjincarity)- Finally, to establish whether asso-
ciations between physical capability and either sedentary time
or MVPA were mutually independent, both exposure variables
were included together in sex-specific regression models.

To explore possible sedentary time—-MVPA interactions,
associations between physical capability and sedentary time
were subsequently examined by quartile of MVPA. To opti-
mize power, both sexes were combined and MVPA quartiles
were generated for the whole cohort. In addition, sedentary
time was explored as a continuous exposure measure (h-d ).

Then, sedentary time (h-d ") and MVPA (min-d ") were
included together in multivariable fractional polynomial
models to formally test interaction between the two expo-
sures. Fractional polynomial models were used to account
for the potentially nonlinear associations between the

exposures and physical capability because spurious inter-
actions can be observed if linearity is incorrectly assumed.
Interactions between sedentary time and MVPA were eval-
uated using likelihood ratio tests comparing models with
and without the interaction terms using a technique devel-
oped by Royston and Sauerbrei (31). To increase model
stability, the highest values of MVPA were recoded to
90 min-d ', and all values of MVPA were divided by 30. In
addition, analyses were repeated after stratifying the cohort
into young (participants age <70 yr) and older (participants
age >70 yr) age groups.

All analyses were conducted using Stata version 12.0
(StataCorp LP, College Station, TX).

Sensitivity analyses. In addition, the independent
associations of both MVPA and sedentary time with phys-
ical capability, as well as possible interactions between
them, were evaluated with accelerometer data averaged
over 60-s epochs.

RESULTS

Participants who did not wear an activity monitor or
have at least 4 d of valid data (n = 4572) were similar in
terms of body mass index, self-reported PA, and wealth to
those who did (n = 4051) (see Document, Supplemental
Digital Content, Table 1, EPIC-Norfolk participants who
attended the 3HC and did or did not have at least 4 d of
objectively measured PA, http://links.lww.com/MSS/A583).
There was no difference in age between the two groups for
women and only a slight difference in age for men.

Participants with missing covariable data were also ex-
cluded from analyses (weight, n = 2; height, n = 6; current
wealth, n = 219; alcohol intake, n = 169). Final sample sizes
(both sexes combined) ranged from 3340 to 3691 depending on
the physical capability measure examined (» = 40 missing grip
strength, n = 35 missing UWS, and n = 386 missing TCSS).
The characteristics of the men and women who had complete
data and participated in this study are shown in Table 1.

On average, the 1674 men and 2052 women included in
this study wore the accelerometer for 882 min-d ' (SD,
70.5) and 864 min-d "' (SD, 64.7), respectively. Participants

TABLE 1. The characteristics of participants included in this study.

Covariable Men (n = 1674) Women (n = 2052)
Mean (SD)
Age (yr) 69.8 (7.6) 68.0 (7.5)
Height (cm) 173.5 (6.6) 160.6 (6.2)
Weight (cm) 81.6 (12.0) 68.5 (12.8)
Frequency, % (n)
Current wealth
More than enough money 30.6 (513) 27.0 (554)
Just enough money 63.3 (1059) 67.4 (1384)
Not enough money 6.0 (102) 5.6 (114)
Smoking status
Never smoked 39.6 (663) 58.7 (1205)
Ex-smoker 56.4 (944) 37.0 (760)
Current smoker 4.0 (67) 4.2 (87)
Comorbidity
Yes 19.1 (319) 16.6 (341)
Median, (interquartile range)
Alcohol intake (units per week) 6 (1-12) 2 (0-7)
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TABLE 2. Differences in physical capability by quartile of MVPA.

Difference in Grip Strength (95% ClI) (kg)

Difference in UWS (95% CI) (cm's ™)

Difference in TCSS (95% Cl) (stands per minute)

MVPA (Quartiles) n Model 1 Model 2 n Model 1 Model 2 n Model 1 Model 2

Men 1664 1662 1506
Q1 (least) 0 0 0 0 0 0
Q2 0.88 (—0.09to 1.85) 1.13 (0.18 to 2.08) 10.4 (7.4 t0 13.4) 9.3 (6.3 t0 12.3) 1.69 (0.53 t0 2.84) 1.61 (0.46 to 2.76)
Q3 1.83 (0.82 to 2.83) 2.21 (1.211t0 3.21) 13.6 (10.5t0 16.7) 11.6 (8.4 to 14.8) 2.16 (0.98 t0 3.35) 2.09 (0.84 to 3.23)
Q4 (most) 1.26 (0.22 to 2.30) 1.84 (0.79 to 2.89) 142 (109t017.4) 11.7 (8.4t0 15.1) 2.43 (1.22 10 3.64) 2.35 (1.11 to 3.59)
Prrend <0.001 <0.001 <0.001
Pinearity 0.05 <0.001 0.21

Women 2022 2029 1834
Q1 (least) 0 0 0 0 0 0
Q2 1.18 (0.56 to 1.79) 1.38 (0.78 to 1.98) 11.8 (9.1 to 14.6) 9.8 (7.1t0 12.5) 1.54 (0.54 t0 2.55) 1.51 (0.52 to 2.50)
Q3 0.92 (0.28 to 1.55) 1.22 (0.58 to 1.85) 15.9 (13.0t0 18.8) 12.1 (9.2 to 15.0) 2.97 (1.93 t0 4.00) 2.68 (1.64 to 3.73)
Q4 (most) 2.02 (1.36 to 2.68) 2.47 (1.79 t0 3.14) 19.9 (16.9t0 22.9) 15.5 (12.4 to 18.6) 3.61 (2.55t0 4.67) 3.27 (2.19 to 4.35)
Prrend <0.001 <0.001 <0.001
Pinearity 0.001 <0.001 0.38

Model 1 is adjusted for age and wear time at the 3HC. Model 2 is adjusted for model 1 and height, weight, current wealth, smoking, alcohol intake, comorbidity (lifetime stroke, MI,
diabetes and/or cancer: yes/no), and calendar date on which the activity monitor was worn for the first time.
Quartiles of MVPA time (from least to most active): men: Q1 < 20.6 min-d ', Q2 = 20.6-35.4 min-d~", Q3 = 35.4-53.4 min-d ', Q4 > 53.4min-d"'; women: Q1 <18.9 mind~ ", Q2 =

18.9-31.6 min-d ", Q3 = 31.6-47.2 min-d~", Q4 > 47.2 min-d .

who wore the monitor for shorter lengths of time were more
likely to be older and have lower physical capability (see
Document, Supplemental Digital Content, Table 2, Charac-
teristics of men and women by average activity monitor wear
time, http://links.lww.com/MSS/A583). Men accumulated
701 min-d ! (SD, 76.5), and women, 669 mind ! (SD, 71.7)
of sedentary time, whereas the mean amount of MVPA was
39 min-d ' (SD, 24.8) for men and 35 min-d "' (SD, 21.6) for
women. There were moderate inverse correlations between
sedentary time and MVPA for both sexes (spearman p: men,
—0.39; women, —0.42).

Participants who spent the most time in MVPA (Q4) had
stronger grip strength, faster UWS, and faster TCSS than
those who undertook the least MVPA (Q1) (Table 2). These
differences persisted in multivariable models after adjust-
ment for a range of anthropometric, health, and lifestyle
confounders (Pyeng all < 0.001). There was consistent and
strong evidence that associations between MVPA and UWS
deviated from linearity (Pincariy < 0.001) (Table 2). The
largest differences in UWS were observed between the two

TABLE 3. Differences in physical capability by quartile of sedentary time.

lowest quartiles of MVPA in both sexes, with smaller dif-
ferences between quartiles 2, 3, and 4.

Participants who spent the shortest time sedentary (Q4)
were stronger and had faster UWS and faster TCSS than
those who were most sedentary (Q1) (Table 3). These find-
ings persisted after adjustment for a range of confounders,
although associations with grip strength and TCSS were
weak in men (grip, Pyeng = 0.03; TCSS: Pyeng = 0.21). There
was no convincing evidence that associations deviated from
linearity (Table 3).

Although associations across both MVPA and sedentary
time quartiles persisted after adjustment for potential con-
founders, these analyses do not address whether these as-
sociations are mutually independent. Therefore, MVPA and
sedentary time were included together in multiple linear
regression models, along with other covariables. Figures 1
and 2 show the mean adjusted physical capability of men
and women by quartiles of MVPA and sedentary time, as
estimated from the respective regression models. The previ-
ously observed strong associations between higher amounts

Difference in Grip Strength (95% CI) (kg)

Difference in UWS (95% Cl) (cms )

Difference in TCSS (95% ClI) (stands per minute)

Sedentary Time
(Quartiles) n Model 1 Model 2 n Model 1 Model 2 n Model 1 Model 2
Men 1664 1662 1506
Q1 (most) 0 0 0 0 0 0
Q2 —0.30 (—1.28 t0 0.68) 0.11 (—0.85 to 1.08) 6.8 (3.7t09.9) 55 (2.5108.6) 1.36 (0.21 to 2.51) 1.12 (—0.02 to 2.25)
Q3 1.00 (—0.03 t0 2.02) 1.51 (0.49 t0 2.52) 79 (47t011.2) 6.3(3.1109.6) 0.97 (—0.23 t0 2.18)  0.80 (—0.41 to 2.01)
Q4 (least) —0.01 (=1.14t0 1.12) 0.86 (—0.28 to 1.99) 93(5.7t012.9) 7.5(3.8t011.1) 1.25 (—=0.06 to 2.57) 1.11 (—0.23 to 2.48)
Prrend 0.03 <0.001 0.21
Plinearity 0.04 0.06 0.28
Women 2022 2029 1834
Q1 (most) 0 0 0 0 0 0
Q2 0.00 (—0.62 to 0.62) 0.26 (—0.34 to 0.86) 56 (27t084) 4.6(1.9t07.4) 1.10 (0.09 to 2.10) 1.03 (0.04 to 2.01)
Q3 0.69 (0.05 to 1.34) 1.05 (0.41 to 1.68) 9.1 (6.1to 12.1) 7.2 (4.31010.1) 1.53 (0.48 to 2.57) 1.28 (0.25 to 2.32)
Q4 (least) 0.83 (0.11 to 1.56) 1.44 (0.72 to 2.16) 11.6 (8.2t0 14.9) 9.2 (6.0 to 12.6) 2.21 (1.03 t0 3.38) 1.85 (0.68 to 3.02)
Prrend <0.001 <0.001 0.003
0.58 0.37 0.61

linearity

Model 1 is adjusted for age and wear time at the 3HC. Model 2 is adjusted for model 1 and height, weight, current wealth, smoking, alcohol intake, comorbidity (lifetime stroke, MI,
diabetes, and/or cancer: yes/no), and calendar date on which the activity monitor was worn for the first time.

Quartiles of sedentary time (from most to least sedentary): men: Q1 >12.3 h-d~", 02 = 11.6-12.3 h-d~', 03 = 10.9-11.6 h-d~', 04 <10.9 h-d~"; women: Q1 > 11.8 h-d ™', Q2 = 11.1-
11.8hd ", Q3=103-11.1hd ', Q4 <103 hd .
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FIGURE 1—Associations between MVPA (A), sedentary time (B), and physical capability in men (all models were adjusted for age, height, weight,
current wealth, smoking, alcohol intake, comorbidity, monitor wear time, calendar date on which the activity monitor was worn for the first time, and
mutually for sedentary time and MVPA quartiles). Higher physical capability is associated with spending more time in MVPA (red squares) but not
with spending less time sedentary (blue diamonds). As before, Q1 represents the lowest amount of MVPA but the highest amount of sedentary time.
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To explore possible interactions between MVPA and MVPA. In this quartile, every extra hour of sedentary time
sedentary time, men and women were combined in analyses. was associated with slower UWS (—6.0 cm's™'; 95% CI,
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FIGURE 2—Associations between MVPA (A), sedentary time (B), and physical capability in women (all models were adjusted for age, height, weight,
current wealth, smoking, alcohol intake, comorbidity, monitor wear time, calendar date on which the activity monitor was worn for the first time, and
mutually for sedentary time and MVPA quartiles). Higher physical capability is associated with spending more time in MVPA (red squares) but not
with spending less time sedentary (blue diamonds). As before, Q1 represents the lowest amount of MVPA but the highest amount of sedentary time.
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TABLE 4. Differences in physical capability per extra hour of daily sedentary time by quartile of MVPA.

MVPA Quartile (min-d")?

Physical Capability

Measure <19.5 19.5-33.3 33.3-50.3 >50.3

Grip (ko) ~0.79 (—1.36 to —0.22) 0.12 (=050 to 0.74) 0.32 (—0.29 to 0.94) ~0.14 (—0.60 to 0.31)
P=0.01 P=0.71 P=0.31 P=0.54

UWS (cm's ™) —54 (~761t0 —3.3) ~0.75 (—3.0 0 1.5) 110 (~1.0 t0 3.3) 03 (-20101.3)
P<0.001 P=051 P=0.32 P=0.70

TCS (stands per minute) ~0.79 (—1.53 to —0.05) 0.17 (~0.58 t0 0.93) 0.35 (~0.51 to 1.21) 0.01 (—0.66 to 0.65)
P=0.04 P=0.65 P=042 P=0.98

Values are adjusted for sex, age, height, weight, current wealth, smoking, alcohol intake, comorbidity (lifetime stroke, MI, diabetes, and/or cancer: yes/no) at the 3HC, monitor wear time,

and calendar date on which the activity monitor was worn for the first time.

“MVPA quartiles characterized for the whole cohort (not sex specific). Numbers in MVPA quartiles: grip: Q1 916, Q2 922, Q3 924, Q4 924; UWS: Q1 914, Q2 925, Q3 923, Q4 929; TCS:

Q1 702, Q2 853, Q3 882, Q4 903.

—8.2 to —3.8), lower grip strength (—0.81 kg; 95% CI,
—1.38 to —0.24), and slower TCSS (—0.77 stands per
minute, 95% CI, —1.51 to —0.03). However, no differences
in physical capability with sedentary time were observed
within quartiles 2, 3, and 4 of MVPA (Table 4). Residual
confounding within the lowest quartile of MVPA may have
explained the associations between sedentary time and
physical capability, especially given the nonlinear relation
between UWS and MVPA. Accordingly, every extra minute
of MVPA within the lowest MVPA quartile was associated
with stronger grip strength (0.08 kg; 95% CI, —0.01 to
0.17), faster UWS (1.5 cms ™ '; 95% CI, 1.1-1.8), and faster
TCSS (0.21 stands per minute; 95% CI, 0.09-0.33).

Multivariable fractional polynomial regression models
including sedentary time (hd ") and MVPA (min-d "), as well
as all other covariables were constructed for each physical ca-
pability measure. There was no evidence of interaction between
sedentary time and MVPA (UWS, Piyeracion = 0.14; grip,
Piteraction = 0.69; TCSS, Piteraction = 0.76) with respect to any of
the outcome measures. Furthermore, no associations between
sedentary time and physical capability were evident after ac-
counting for MVPA (P values all > 0.05). In addition, no in-
teractions or independent associations of sedentary time were
evident if the cohort was stratified by age group (<70 vs >70 yr;
results are available upon request).

Sensitivity analyses were performed using accelero-
meter data averaged over 60-s epochs. In similarity with
results from data in the form of 5-s epochs, 1654 men and
2039 women had four or more valid wear days (along with
complete covariable data) and wear time was 864 min-d "
(SD, 71) for men and 851 min-d™"' (SD, 64) for women.
However, estimates of sedentary time (men, 9.5 h-d”' (SD,
1.4) or 572 min-d ' (SD, 85); women, 8.9 h-d”' (SD, 1.4) or
532 min'd”" (SD, 82)) and MVPA (men: 25 min-d~ ' (SD,
22); women 20 min-d ' (SD, 18)) were substantially lower.
Sex-specific quartiles of sedentary time and MVPA were
associated with each of the physical capability measures
as before (data not shown), and, in mutually adjusted
models, higher MVPA remained strongly associated with
higher physical capability. However, associations between
lower sedentary time and higher UWS did not completely
attenuate after adjustment for MVPA (see Document,
Supplemental Digital Content, Figures 1 and 2, http://
links.lww.com/MSS/A583). There was no evidence of

interactions between sedentary time and MVPA with respect
to any of the physical capability measures considered
(P values for interaction terms fitted within fractional poly-
nomial models all remained >0.05).

DISCUSSION

This study reports cross-sectional associations between
higher MVPA and higher physical capability in community-
dwelling men and women age 48-92 yr. There was no
evidence to suggest a threshold amount of MVPA below
which more MVPA is not associated with higher physical
capability; in fact, these data suggest the opposite effect,
namely that increasing MVPA from Q1 to Q2, i.e., achiev-
ing greater than around 19 min-d ™', is associated with the
greatest benefit for physical capability. In addition, within
the lowest quartile of MVPA, even 1 min more per day of
MVPA was associated with higher physical capability.
This warrants further investigation in longitudinal and in-
terventional studies. If low “doses” of MVPA could confer
benefit, this would have important public health implica-
tions because many older adults are unable to meet current
recommendations.

These findings also support other work associating higher
amounts of MVPA with better physical capability (29)
and add to the evidence that this association is strong
and consistent when PA is measured objectively. Objective
measurement of MVPA removes the measurement error as-
sociated with PAQ), attributable to reporting bias and diffi-
culties with recall (17). Recall error may be especially
problematic in older population groups because older adults
tend to accumulate MVPA by engaging in short but regular
activity episodes, which may be less memorable (7,27), and
older population groups are likely to have higher prevalence
of conditions, which impair memory.

However, in contrast to a recent report in older Portuguese
adults, associations between physical capability and seden-
tary time in this study were not independent of time spent in
MVPA (32). The results presented here are also in contrast
to findings from two other studies reporting independent
associations between longer sedentary time and lower self-
reported physical function (2,12). One explanation for these
disparities could be differences in the methods of adjustment
for MVPA between studies. Others have stratified analyses
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by broad category of MVPA, e.g., “sufficient” versus “in-
sufficient” (12), or it is not clear how MVPA has been ad-
justed for (32), leaving residual confounding a possibility. In
analyses presented here, MVPA was accounted for using the
same level of precision as sedentary time, e.g., quartiles of
MVPA and quartiles of sedentary time. In addition, any time
spent in MVPA was considered relevant, rather than only
counting MVPA accumulated in 10-min bouts (12), and it
was possible to differentiate periods of both MVPA and
sedentary time with high resolution because of the analysis
of data over 5-s epochs rather than the traditional 60-s ep-
och. This is likely to lead to more accurate estimates of the
PA exposures concerned. For example, shorter epoch length
has been associated with higher estimates of total daily
MVPA (26), which was also our finding in the sensitivity
analyses conducted. This may reflect the short, sporadic
bouts of MVPA accumulated in daily life, which may not be
picked up when data is averaged over 60-s intervals. It
was also interesting to note that although estimates of both
sedentary time and MVPA reduced when the data was ana-
lyzed with lower resolution, MVPA was affected to a greater
extent than sedentary time. Estimates of MVPA were 30%—
40% lower, whereas estimates of sedentary time were only
20% lower, and this could explain why associations between
sedentary time and physical capability, particularly UWS,
were not completely attenuated by MVPA in the sensitivity
analyses. Therefore, because the use of shorter epoch length
is likely to be more accurate, the improved measurement
of our exposures may explain disparities with previous
study findings.

Although no independent associations between sedentary
time and physical capability were identified in initial main
analyses, it seemed as though there may be an interaction
between sedentary time and MVPA. Every extra hour of
sedentary time was associated with lower physical capability
in those undertaking <19 min-d ' of MVPA but not in those
undertaking higher amounts of MVPA. However, consider-
ing the steep gradient of association between MVPA and
physical capability across low durations, this could also be
explained by residual confounding within the lowest MVPA
quartile. If relations between MVPA and physical capability
are not linear, different MVPA strata would account for
MVPA with differing efficiency. Consistent with this, when
MVPA and sedentary time were entered as continuous
measures in models capable of accounting for nonlinear re-
lations, no MVPA-—sedentary time interactions or indepen-
dent associations between physical capability and sedentary
time were observed.

However, this does not preclude an association between
sedentariness and physical capability. The accelerometer
used in this study cannot differentiate standing still from
sitting. The physiological and metabolic consequences of
prolonged sitting (1,40) are not associated with prolonged
standing, and different health associations have been ob-
served with standing compared with sitting. For example,
prolonged sitting has been associated with higher mortality

(20), whereas prolonged standing has been associated with
lower mortality (19).

In addition, we noted that monitor wear time varied consid-
erably and those who wore the accelerometer for the shortest
time were more likely to be women, older, and have low
physical capability (see Document, Supplemental Digital Con-
tent, Table 2, Characteristics of men and women by average
activity monitor wear time, http://links.lww.com/MSS/A583).
For example, UWS was over 9 cm's™ ' slower in those who
wore the monitor for the least time compared with those who
wore the monitor for the most time. It is likely that differ-
ences in sleep patterns explain some of these observa-
tions (23), but we cannot exclude the possibility that
monitors were taken off earlier in those with lower physical
capability for other reasons. This would mostly likely affect
the accuracy of sedentary time measurement, given that
the largest proportion of wear time was spent sedentary and
it is unlikely that participants would remove the monitor
during periods of MVPA (with the exception of water-
based activity).

This study, as with other reports examining objectively
measured PA and physical capability to date, is limited by its
cross-sectional design restricting the ability to make causal
inferences. Although evidence from longitudinal studies
(29), intervention studies (30), and physiological studies
(11,35) suggests that PA may lead to improved physical
performance, low physical capability may also be a deter-
minant of low activity participation (5). The most likely
true scenario is that a bidirectional, vicious cycle exists
between low PA and low physical capability, and per-
haps this could explain the steeper cross-sectional associ-
ations between MVPA and physical capability at lower
levels of MVPA.

Other limitations to our study include the insensitivity
of accelerometers to accurately capture certain types of ex-
ercise, e.g., cycling and swimming, and their inability to
differentiate resistance exercise from aerobic activity. As-
sociations between aerobic activity and physical function in
later life are less clear (8) than the well-established benefits
of resistance exercise training. Furthermore, the participants
in EPIC-Norfolk are almost exclusively Caucasian and, al-
though comparable with a nationally representative sample
at recruitment, generalizability is limited by the selective
attrition of more vulnerable cohort members over time (15).
Finally, our analyses could not account for the presence of
arthritis, a condition prevalent in later life, which may both
limit activity participation and contribute to low physical
capability. The absence of knowledge about this potentially
important confounding variable limits our interpretation of
the associations observed. Nevertheless, the data presented
represents a large number of community-based men and
women with objective measurement of sedentary time,
MVPA, and physical capability, enabling cautious conclu-
sions to be drawn on dose—response relations.

In summary, we found strong associations between higher
physical capability and higher MVPA but no evidence of
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independent associations with objectively measured seden-
tary time.

The EPIC-Norfolk study would not be possible without our partici-
pants, the general practitioners of Norfolk, or the many administrative
and research staff who have worked on the study over its duration. We
thank all of these people for their cooperation and support.
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