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Abstract

Introduction

Compensatory behaviours may be one of the reasons for the limited success of sedentary

time interventions in older adults, but this possibility remains unexplored. Activity compensa-

tion is the idea that if we change activity levels at one time we compensate for them at a later

time to maintain a set point. We aimed to assess, among adults aged�60 years, whether

sedentary time and time spent in prolonged sedentary bouts (�30 mins) on one day were

associated with sedentary time and time spent in prolonged sedentary bouts (�30 mins) on

the following day. We also sought to determine whether these associations varied by socio-

demographic and comorbid factors.

Methods

Sedentary time was assessed for seven days using hip-worn accelerometers (ActiGraph

GT1M) for 3459 adults who participated in the EPIC-Norfolk Study between 2004 and 2011.

We assessed day-to-day associations in total and prolonged bouts of sedentary time using

multi-level regressions. We included interaction terms to determine whether associations

varied by age, sex, smoking, body mass index, social class, retirement, education and

comorbid factors (stroke, diabetes, myocardial infarction and cancer).

Results

Participants (mean age = 70.3, SD = 6.8 years) accumulated 540 sedentary mins/day (SD =

80.1). On any given day, every 60 minutes spent in sedentary time was associated with 9.9

extra sedentary minutes on the following day (95% CI 9.0, 10.2). This association was

greater in non-retired compared to retired participants (non-retired 2.57 extra minutes, p =

0.024) and in current compared to former and never-smokers (5.26 extra mins for current vs

former; 5.52 extra mins for current vs never, p = 0.023 and 0.017, respectively). On any
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given day, every 60 minutes spent in prolonged bouts was associated with 7.8 extra minutes

in these bouts the following day (95% CI 7.6, 8.4). This association was greater in older indi-

viduals (0.18 extra minutes/year of age, 95% CI 0.061, 0.29), and for retired versus non-

retired (retired 2.74 extra minutes, 95% CI 0.21, 5.74).

Conclusion

Older adults did not display day-to-day compensation. Instead, individuals demonstrate a

large stable component of day-to-day time spent sedentary and in prolonged bouts with a

small but important capacity for positive variation. Therefore older adults appear to be

largely habitual in their sedentary behaviour. Strategies to augment these patterns may be

possible, given they may differ by age, smoking, and working status.

Introduction

Sedentary time is a risk factor for a multitude of adverse health outcomes including type 2 dia-

betes, cardiovascular disease, cardiovascular mortality, cancer, cancer mortality and all-cause

mortality[1–4]. Since older adults spend significant amounts of time being sedentary[5],

designing strategies to reduce their sedentary time is important. Prolonged sedentary bouts

appear to be particularly harmful to metabolic health [6–9]. Therefore prolonged sedentary

time may represent a more important target for interventions than focusing only on reducing

total sedentary time. Very few intervention studies have targeted prolonged bouts in this age

group.

There is little evidence that interventions achieve sustained decreases in total sedentary

time beyond 12 months[10]. Compensatory behaviours may be one of the reasons for this lim-

ited success[11]. Activity compensation is the idea that if we change activity levels at one time

we compensate for them at a later time to maintain a set point. This is commonly referred to

as the ‘Activity-stat’ hypothesis. Though it is postulated that compensation happens across the

activity spectrum, the literature has focussed on compensation in moderate-to-vigorous physi-

cal activity (MVPA) and neglected sedentary behaviour[11].

Day-to-day sedentary time compensation would be indicated by negative associations

between sedentary time on one day and the next day (decreased sedentary time on one day

being associated with increases in sedentary time the next day). Similarly, it is important to

elucidate whether day-to-day compensation occurs for time spent in prolonged sedentary

bouts. This would be seen if decreased time in prolonged sedentary bouts on one day was asso-

ciated with increased sedentary time in prolonged bouts on the next day. Conversely others

have postulated that day-to-day ‘activity synergy’[12] may exist (i.e. positive associations

between activity levels from one day to the next).

It has been suggested that compensation is biologically plausible and might occur because

of homeostatic mechanisms through neural and hormonal feedback [11,13,14], muscle sore-

ness, compensatory health beliefs, fear of overexertion, deficient motivation, or perceived time

constraints [15]. Sedentary compensation could be triggered by naturally occurring day-to-

day fluctuations (e.g. food shopping in the supermarket on one day, so sitting more the next

day in compensation) which we might see in observational studies. It could also be observed in

a structured, planned experimental intervention (e.g. seeing a health professional for advice

and doing advised standing/walking one day, which is compensated with sitting more the next

day). Observing whether day-to-day fluctuations occur is important as it may suggest we need
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to take compensation into account regardless of the nature or intensity of a future intervention

and further, that compensation itself could be a target for future interventions. Characterising

the nature and extent of compensation would also be important for designing interventions.

For example, it is possible that in order to trigger a compensatory response a tolerance thresh-

old might need to be reached. If this is the case, current interventions could be modified to

within a tolerance range in order to avoid triggering compensation[11].

To our knowledge sedentary time compensation has not been investigated in older adults.

Given that older adults spend large amounts of their day sedentary [16] and efforts to reduce

time in this behaviour over the longer term have been unsuccessful,[10] it is important to elu-

cidate whether compensation exists and if it is one of the barriers we need to address in future

interventions. In a cohort of English older adults, we aimed to assess whether older adults’ sed-

entary time on one day was associated with sedentary time on the following day. This analysis

was undertaken to determine whether day-to-day sedentary time compensation exists. Our

secondary aims were to assess whether time in prolonged sedentary bouts (�30 mins duration)

on one day was associated with these behaviours on the following day and whether the day-to-

day sedentary time or the day-to-day time in prolonged sedentary bout associations varied by

sociodemographic and comorbid factors.

Methods

Study sample

The European Prospective Investigation of Cancer (EPIC) Norfolk Study has been described

in detail elsewhere [17]. In brief, EPIC Norfolk is a large prospective cohort of over 25,500

adults living in Norfolk (England, UK), who undertook baseline assessments between 1993–

1997. Participants were similar to the national population sample studied in the Health Survey

of England in terms of anthropometry, serum lipids and blood pressure[18]. Participants in

the 3rd Health Check, conducted between 2004 and 2011, were invited to wear an accelerome-

ter (ActiGraph GT1M, Pensacola, USA)[19,20]. Ethical procedures in this study were

approved by the Norfolk Local Research Ethics and East Norfolk and Waveney NHS Research

Governance Committee (05/Q0101/191). Participants gave signed informed written consent.

The EPIC-Norfolk Approval Board specifically approved access to data for use in this study.

The present analysis was restricted to participants aged� 60 years[21].

Sedentary time

There were 7559 participants aged�60 in EPIC-Norfolk at the 3rd health check, and a sub-

sample of 3784 participants were invited to wear the accelerometer at the time of health check

attendance. Participants wore a uniaxial accelerometer (ActiGraph GT1M, ActiGraph, Pensa-

cola, USA) on the right hip for seven days during waking hours except while showering, bath-

ing and swimming. Monitors were initialised to record activity in five-second epochs, which

were then integrated into 60-second epochs[22,23]. Non-wear time was defined as continuous

zero counts of�90 minutes. We only included participants with�3 days of valid wear-time

(�600 minutes/day). We excluded participant days with wear-time >18 hours per day (1080

minutes/day) as they were indicative of overnight wear of the accelerometers. Variables

derived from accelerometry data included total sedentary time and prolonged sedentary time

(sedentary time spent in bouts�30 minutes). We defined sedentary behaviour as acceleration

<100 counts per minute (cpm)[24–26], an established proxy for measurement of sedentary

time[19,20,26–28]. Prolonged sedentary time was defined as consecutive minutes <100 cpm

in bouts lasting�30 minutes (without interruption). We included descriptive statistics for
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light physical activity (PA) and MVPA, and defined light PA as acceleration between 100–808

cpm, and MVPA as acceleration�809 cpm [29,30].

Covariates

The sociodemographic factors of interest included age, sex, smoking status (never, former,

current), body mass index (BMI; kg/m2), social class (Registrar-General’s Social Classification;

I, II, IIIa, IIIb, IV, V), retirement status (retired, not retired) and education level (further edu-

cation past 16, no education past 16). The comorbid factors of interest included self-report his-

tory of myocardial infarction, stroke, diabetes and cancer. Most of these factors were assessed

via a participant completed Health & Lifestyle Questionnaire[31]. BMI was calculated based

on weight and height measurements taken by trained research nurses following standard oper-

ating procedures.

Statistical analysis

All analyses were conducted using STATA 15.0 (StataCorp, TX, USA) in June 2019. Although

this study has a cross-sectional study design (i.e. the sedentary time, sociodemographic, and

comorbid data were collected at a single health check), our analyses examined longitudinal

changes in sedentary behaviour over the week that each individual wore the accelerometer.

We examined associations between temporally adjacent values of total daily sedentary time

(i.e. association between an individual’s sedentary time on an initial day (day d) and their sed-

entary time on the following day (day d+1)). We also examined associations between tempo-

rally adjacent values of time in sedentary bouts�30 minutes (i.e. associations between an

individual’s prolonged sedentary bouts on an initial day (day d) and their time in these bouts

on the following day (day d+1)).

As data were collected for seven consecutive days, each adult provided a maximum of six

data points for analysis (e.g. data points for day 1 (d) compared with day 2 (d+1), day 2 com-

pared with day 3, day 3 compared to day 4 etc.). Given that each individual contributed up to

seven days of sedentary time, we used mixed multi-level modelling to allow for non-indepen-

dence of sedentary time between days for each individual. We utilised the xtmixed procedure

which is an appropriate technique for multilevel (random coefficients) linear models [32].

Similar methods (generalised linear latent and mixed models, or GLLAMMs) have previously

been used to estimate associations between temporally adjacent values, such as pairs of days of

sedentary time [12,33]. All models were adjusted for person-level, age, sex and wear-time. We

also adjusted models for initial day day-type (weekend vs weekday) and change in day-type

(no change, change from weekday to weekend day, change from weekend day to weekday).

The effect estimates (b) from the model represented how sedentary time on an initial day

was associated with sedentary time on the subsequent day. This meant that every 60 minutes

spent sedentary on an initial day (day d) was associated with b number of minutes less/more

time spent sedentary the following day (day d+1). The b output from the original model was

for an association per one minute on the initial day. However we reported b per 60 minutes on

the initial day as the magnitude of values were easier to interpret.

A common misinterpretation of positive correlations between adjacent days (if every addi-

tional minute spent in sedentary on day d was associated with b minutes more time spent sed-

entary on day d+1) is that sedentary time would be perpetually higher and higher as time went

on. This is not necessarily the case, and depends on the value of the random intercept and

whether b is greater than one. In order to allow easier interpretation of the models and pre-

empt this possibility, we produced line graphs of the model relationships using Microsoft

Excel 2010.

Day-to-day associations in sedentary time
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We then investigated if these day-to-day associations varied by sociodemographic and

comorbid factors specified a priori. These factors included age, sex, smoking status, BMI, social

class, retirement status, education level, history of stroke, diabetes, myocardial infarction and

cancer. We examined this by adding multiplicative interaction terms into the models one at a

time and extracting the b coefficients for the interaction, 95% confidence intervals and p values

to determine whether any of these variables were significant moderators.

Analyses were done to test whether there were any sociodemographic differences between

those that were excluded and those that were included. We also conducted sensitivity analyses

to test for differences if we included participants with�4 days of valid wear-time versus�3

days of valid wear-time, and if we included individual-days with�480 minutes/day of valid

wear versus�600 minutes/day.

Results

A total of 3459 participants aged�60 years were included in our study (Table 1). Of those

invited to participate, 18 declined, 16 were excluded due to technical errors with the monitor,

52 were excluded due to insufficient valid monitor wear-time and 194 were excluded due to

missing sociodemographic or comorbid data. Of individuals that were included, the mean

number of valid accelerometer wear days was 6.71 (SD = 0.68, Range = 3–7). There were no

important sociodemographic differences between included and excluded participants.

Descriptive characteristics

On average, participants were 70.3 years old (SD = 6.8) and were sedentary for 540 mins/day

(SD = 80.1, range = 278–846). Mean accelerometer wear time was 834 mins/day (SD = 59.3,

range = 611–1014). Participants spent a mean time of 217.1 minutes in light PA (SD = 55.5,

range = 16.8–415.1) and a median of 70.5 minutes in MVPA (IQR = 60.4).

Sedentary time was accumulated in bouts of�30 minutes for a mean time of 183 mins/day

(SD = 87.1, range = 0–641). The total number of “day d to day d+1” comparisons was 19,105.

There was a mean difference in total sedentary time between consecutive days of 5.4 minutes

(SD = 103). Within-subject standard deviation had a mean of 103 (SD 43.5). There was a mean

difference in sedentary time in bouts�30 minutes between consecutive days of 1.4 minutes

(SD = 114).

Total sedentary time

Sedentary time on an initial day was associated with sedentary time on the subsequent day

(b = 9.9 95% CI 9.0, 10.2, p<0.001). On any given day, every 60 minutes spent in sedentary

time was associated with 9.9 minutes more time spent sedentary the following day.

This association was greater in non-retired compared to retired participants (2.57 extra

mins for non-retired versus retired, p = 0.024) and in current smokers compared to former

and never-smokers (5.26 extra mins for current versus former, 5.52 extra mins for current ver-

sus never, p = 0.023 and 0.017, respectively) (Table 2, Fig 1). It was also greater for those with-

out history of cancer compared with those with a history of cancer (4.57 extra minutes for no

history of cancer versus history of cancer, 95% CI 1.94, 7.19). There was no evidence of differ-

ential associations for other sociodemographic or comorbid factors.

Prolonged sedentary bouts

Time spent in prolonged sedentary bouts (�30 minutes) on an initial day was positively associated

with time spent in these bouts on the subsequent day (b = 7.8, 95% CI 7.2, 8.4, p<0.001). On any
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given day, every 60 minutes spent in prolonged sedentary bouts was associated with 7.8 minutes

more time spent in these bouts the following day. This association was greater in older individuals

(0.18 extra mins per year of age, 95% CI 0.061, 0.29), and in retired compared to non-retired par-

ticipants (2.74 extra mins for retired compared to non-retired, 95% CI 0.21, 5.74) (Fig 2). There

was no evidence of differential associations for other sociodemographic or comorbid factors.

Sensitivity analyses

There were no significant differences if we included participants with�4 days of valid wear-

time versus�3 days of valid wear-time, and no differences if we included individual-days with

Table 1. Descriptive characteristics of study population stratified by low, medium, and high sedentary time. Sedentary time = ST.

Characteristic Low ST (�507 minutes/day)

n = 1152
Medium ST (508–573 minutes/

day)

n = 1148

High ST (�574 minutes/day)

n = 1157

Frequency Percent (%) Frequency Percent (%) Frequency Percent (%)

Sex Female 771 66.9 604 52.6 484 41.8

Male 381 33.1 544 47.4 673 58.2

Age 60–65 431 37.4 305 26.6 230 19.9

65–70 319 27.7 292 25.4 238 20.6

70–75 247 21.4 269 23.4 246 21.3

75–80 111 9.7 181 15.8 236 20.4

80–85 35 3.0 81 7.1 154 13.3

>85 9 0.8 20 1.7 53 4.5

Social class I 88 7.6 99 8.6 124 10.7

II 459 39.9 477 41.6 496 42.9

IIIa 180 15.6 188 16.4 178 15.4

IIIb 244 21.2 247 21.5 218 18.8

IV 157 13.6 117 10.2 118 10.2

V 24 2.1 20 1.7 23 2.0

Retired Yes 968 84.0 994 86.6 1021 88.2

No 184 16.0 154 13.4 136 11.8

Further education after age 16 Yes 513 44.5 490 42.7 530 45.8

No 639 55.5 658 57.3 627 54.2

Smoking status Current 40 3.5 36 3.1 34 2.9

Former 489 42.5 526 45.8 600 51.9

Never 623 54.0 586 51.1 523 45.2

History of stroke No 1140 99.0 1122 97.7 1120 96.8

Yes 12 1.0 26 2.3 37 3.2

History of myocardial infarction No 1124 97.6 1102 96.0 1093 94.5

Yes 28 2.4 46 4.0 64 5.5

History of diabetes No 1127 97.9 1108 96.5 1095 94.6

Yes 25 2.1 40 3.5 62 5.4

History of cancer No 1025 89.0 1015 88.4 1011 87.4

Yes 127 11.0 133 11.6 146 12.6

Body Mass Index, kg/m2) <18.5 13 1.0 6 0.5 5 0.4

18.5–25 495 43.0 368 32.1 304 26.4

25–30 487 42.3 562 49.0 563 48.9

30–35 132 11.5 162 14.1 217 18.8

>35 25 2.2 49 4.3 63 5.5

https://doi.org/10.1371/journal.pone.0224225.t001
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Table 2. Estimated moderation effects of sociodemographic factors on day-to-day associations of sedentary timea.

Participant Characteristic Total Sedentary Timeb (minutes/day) Prolonged Sedentary Time (minutes/day)c

b coefficient 95% CI p value b coefficient 95% CI p value

Sex Female (vs. male) 0.064 -0.66–1.58 1.92 -0.97 -2.61, 0.67 0.25

Age (per year) 0.023 -0.097, 0.14 0.70 0.18 0.061, 0.29 0.003

Retired No (vs. yes) 2.57 0.34, 4.80 0.024 -2.74 -5.74, -0.21 0.034

Further education after age 16 No (vs. yes) 0.29 -1.01, 1.58 0.98 1.77 0.13, 3.41 0.034

Smoking status Former (vs. current) -5.26 -9.78, -0.71 0.022 -0.96 -5.70, 3.77 0.69

Never (vs. current) -5.52 -10.1, -0.98 0.017 -2.86 -7.60, 1.88 0.24

Body Mass Index (per kg/m2) 0.021 -0.18, 0.22 0.84 -0.033 -0.22, 0.16 0.74

Social Class II (vs. I) -1.77 -4.77, 1.22 0.25 -3.94 -6.84, -1.03 0.008

IIIa (vs. I) -1.72 -5.12, 1.69 0.34 -2.43 -5.75, 0.89 0.15

IIIb (vs. I) -2.72 -5.97, 0.53 0.12 -3.07 -6.26, 0.125 0.060

IV (vs. I) 0.21 -3.45, 3.87 0.91 -0.081 -4.37, 2.75 0.66

V (vs. I) 5.66 -0.87, 12.2 0.089 -0.62 -6.86, 5.61 0.85

Stroke Yes (vs. no) 2.15 -3.65, 9.98 0.47 4.24 -0.72, 9.18 0.094

Myocardial infarction Yes (vs. no) 2.51 -1.81, 6.82 0.25 -2.83 -6.83, 1.18 0.17

Diabetes Yes (vs. no) 3.02 -1.40, 7.44 0.18 0.44 -3.64, 4.52 0.83

Cancer Yes (vs. no) -4.57 -7.19, -1.94 0.0010 1.41 -4.00, 1.18 0.29

a Estimated moderation effects (b coefficients) represent the differences in sedentary time between categories for every additional 60 minutes spent in sedentary on an

initial day compared to the subsequent day.

All models adjusted for age, sex and wear-time. Boldface is used for significant interactions.
b Every additional 60 minutes spent in sedentary on an initial day was associated with b minutes less/more time spent sedentary on the subsequent day for the category

compared to the reference (in brackets).
c Every additional 60 minutes spent in prolonged sedentary bouts on an initial day was associated with b minutes less/more time spent in these bouts on the subsequent

day for the categories compared to the reference.

https://doi.org/10.1371/journal.pone.0224225.t002

Fig 1. Association between initial day and subsequent day sedentary time stratified by retirement status (Panel A) and

smoking status (Panel B). Each interaction term was tested in the model separately with all models adjusted for age, sex and

wear-time. Values of total daily sedentary time for initial and subsequent day are constrained to the range demonstrated in the

dataset (81–919 minutes/day). Panel A: Variation by retirement status. Panel A is for 65 year old male. Panel B: Variation by

smoking status. Panel B is for a 65 year old male.

https://doi.org/10.1371/journal.pone.0224225.g001
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�480 minutes/day of valid wear versus�600 minutes/day. There was no material difference in

terms of direction, size and statistical significance to our findings after adjustment for initial

day day-type and change in day-type.

Discussion

Here we report that the amount of time spent sedentary on an initial day is related to the time

spent sedentary on a subsequent day among a cohort of older UK adults. This means that the

more time an individual spends being sedentary on an initial day, the greater the subsequent

day’s sedentary time is. Importantly, this positive effect is small. An individual’s daily sedentary

time therefore appears to be made up of a large, reasonably stable component (demonstrated

by the constant in the model, which is the intersept of the Y-axis in Figs 1 and 2) and a small

component positively dependent on the previous day’s behaviour. We found a similar result

for prolonged sedentary bouts.

These findings might be explained in the context of the social-psychological model of dual

processing theory[34]. Spending time being sedentary is preceded by a decision to be seden-

tary. In the model of dual processing, the decision to be sedentary may be reached through a

habitual, ‘automatic response’ (fast decision with minimal thought required), or an ‘intentional

response’ (a rational and slower decision). Habitual responses are defined as those generated

“though automatic responses to contextual cues acquired through repetition of behaviour in

the presence of these cues”[35,36]. Given that individuals demonstrate a large stable compo-

nent, one explanation is that older adults may be demonstrating that they are largely habitual

in their sedentary behaviour with a small capacity for variation though intentional responses

[37].

Thus, it may be that most decisions to sit during the day are habitually cued by the environ-

ment (e.g. sitting in front of the television at home, entering the office and sitting at the desk),

and are favoured due to the ease and speed with which they can be performed compared to

alternatives. ‘Habitual’ sedentary time plausibly would take up a large, stable proportion of

Fig 2. Association between initial day and subsequent day time in prolonged sedentary bouts by retirement status (Panel A) and by age (Panel B).

Each interaction term was tested in the model separately with all models adjusted for age, sex and wear-time. Values of time spent in sedentary bouts

�30 minutes for the initial day are constrained to the range within the dataset (0–691 minutes/day). Panel A: Variation by retirement status. Panel A is

for a 65 year old male. Panel B: Variation by age. Panel B is for a male.

https://doi.org/10.1371/journal.pone.0224225.g002
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total daily sedentary time given that especially as we age contextual cues tend to be less varying

(e.g. same house, same shops).

Concurrently, it is intuitive that a much smaller proportion of decisions to sit might be con-

scious e.g sitting or standing on the bus when there are only a few seats available. These

thoughtful decisions may be a much smaller proportion of total sedentary time, may lead to var-

iation from day-to-day and may positively impact on the next day’s sedentary behaviour as part

of future habit formation. The dual process model suggests that there is a habit formation period

as behaviour is repeated in the same context and behaviour control gradually moves from being

directed by beliefs, attitudes, and intention to being triggered by contextual cues [38,39].

Thus, the small positive associations we observed occurring day-to-day may be a demon-

stration of the process of habit formation. Alternatively, it might be a consequence of the

nature of the micro-environment of consecutive days e.g. I didn’t go out the last two days

because it was colder so sat and watched TV more.

Our findings are important as habitual behaviours are settled or regular tendencies in asso-

ciated contexts, which often makes them hard to change and overrule counter-habitual inten-

tions [36,39,40].

Future interventions ought to consider how we might target changing habitual sedentari-

ness (automatic responses), and potentially replace it with another habit[39,41]. If we can tar-

get these automatic responses by, for example, a monitoring device alerting us to a prolonged

bout of sitting, we may be able to trigger an intentional response. As context is important in

driving habits, changing the context could be a target of future interventions by for example

either removing the person from the environment that cues unwanted habitual responses or

by modifying the context, e.g., placing reminders in the environment[35,42–44].

Our findings do not support the theory of day-to-day sedentary time compensation in

older adults. We cannot, however, rule out within-day compensation or compensation over a

longer period. Our findings means that individuals are capable of varying their time being sed-

entary by small amounts, and future interventions may be able to capitalise on this by encour-

aging initial change. Because a large proportion of total sedentary time is stable, this may

suggest that if we can create a shift in time spent sedentary with an intervention the habit may

help it perpetuate.

Day-to-day associations in total sedentary time were greatest in non-retired adults, in cur-

rent smokers, and in those without a history of cancer This suggests that these sub-groups dis-

play greater day-to-day variability in sedentary time and may therefore have less consolidated

habits and might be more amenable to behaviour change. If this is the case, they may represent

important targets for intervention. Conversely, these same groups may present the opposite

challenge for maintenance of new habits. Day-to-day variability seemed largely unaffected by

comorbid status.

It is intuitive that smokers demonstrate more variability in total sedentary time than their

non-smoking counterparts. Smoking may represent a non-sedentary activity and smokers

may vary in the number of cigarettes and timing of smoking from day-to-day due to changes

in location (e.g. moving from non-smoking public places to standing outside). Given that

smokers are likely to be having regular smoking breaks, replacing this behaviour with other

another type of break might be a good basis for a joint smoking/sedentary time intervention. It

is also intuitive that non-retired adults may have more variability, given that their routines

may look different from day-to-day depending on their job and whether it is a working or

non-working day. This bolsters the case for targeting the transition to retirement as a time to

modify sedentary behaviour[45].

We also found that the amount of time spent in prolonged sedentary bouts on an initial day

was related to the time spent in these bouts on a subsequent day and that day-to-day
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associations of time in prolonged sedentary bouts was greatest in older individuals and the

retired. Why this is the case is unclear. This finding suggests that the retired and older adults

might be less resistant to initial behaviour change in prolonged sedentary bouts.

A systematic review [11] in adults reported that in 11 out of 28 studies, including two stud-

ies in older adults, physical activity or energy expenditure compensation occurred after an

imposed exercise stimulus. In older adults, early evidence supports compensation for increased

physical activity after exercise intervention with reduced spontaneous physical activity

[15,46,47] and reduced or no change in energy expenditure[48–51] at a time weeks to months

later. In spite of this, sedentary time compensation has largely been unscrutinised even in the

general adult population. Donaldson et al. [52] (n = 293) reported that sedentary time appears

to be stable from day-to-day in a USA sample of adults (mean age = 55±14 years) although this

comparison was between days of the week rather than between consecutive days.

Our study is the first to examine whether day-to-day sedentary time compensation occurs

in older adults. Similar analyses examining day-to-day sedentary time compensation have so

far only been reported in children, showing support for within-day but not between-day com-

pensation [12,33]. Additionally, this is the first analysis to our knowledge, to report on day-to-

day time in prolonged sedentary bouts. Given that prolonged sedentary bouts are thought to

be particularly deleterious [6–9] and older adults accumulate significant proportions of seden-

tary time in prolonged bouts[53,54], it is important to understand day-to-day variability of

prolonged bouts so we can more successfully target it.

Strengths & limitations

Our study has several key strengths. EPIC-Norfolk is a well-characterised, large population-

based cohort with well-documented sampling methods and use of objective measures of sed-

entary time. However, EPIC-Norfolk participants represent a slightly healthier sample than

the general UK population with limited ethnic diversity [55] leading to the potential of healthy

volunteer bias. We had high levels of participation among those who were invited to wear

accelerometers and a high level of complete data.

Our accelerometry data processing decisions (<100cpm threshold with the use of 60-sec-

ond epochs) allow easy comparison with the existing literature. However, accelerometers have

several well documented limitations. They do not provide information on body posture and so

may misclassify standing still as being sedentary[56] and they primarily measure movement

when worn over the hip, and so miss upper body movement. The ActiGraph GT1M acceler-

ometer may overestimate sedentary breaks, and therefore underestimate sedentary bouts, in

comparison to the other accelerometers such as ActivPal (device worn on the thigh that uses

information about static and dynamic acceleration to distinguish body posture as sitting/lying

and standing and stepping)[28,57,58].

The wear protocol included instructions for participants to take off monitors for sleep and

water-based activities. Any such non-wear activities may be misclassified as sedentary time.

However, the non-wear algorithm defined a non-wear time threshold of�90 minutes. Evi-

dence supports the 90-minute threshold as a good estimate of non-wear bouts per day

[24,59,60]. Further, it has been suggested that people wearing accelerometers may demonstrate

Hawthorne-like effects (i.e. their behaviours may change as a result of being measured)

[61,62].

It is possible that compensation may be occurring such that a decrease in sedentary time on

an initial day may lead to compensatory effects on light physical activity or MVPA. Future

analyses examining cross-compensation with other behaviours may be warranted. Further, it

is possible that sedentary time compensation exists above a threshold, and therefore we did
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not observe such compensation. It will be important for future randomised control trials

undertaking sedentary behaviour interventions to examine whether they cross any such

threshold and illicit compensatory change.

We used an observational design to examine whether sedentary compensation could be

triggered by naturally occurring day-to-day fluctuations, but it will be important for future

studies to examine whether compensation occurs following planned experimental

intervention.

Conclusions

In this study on sedentary patterns, we found that all day-to-day associations were positive,

which is indicative of a habitual rather than a random pattern of behaviour. Day-to-day seden-

tary time variability may reflect individuals’ capability to change behaviour. There are notable

differences for total and prolonged sedentary behaviour patterns. Though non-retired individ-

uals display larger positive day-to-day associations for total sedentary time compared to retired

individuals, they display smaller day-to-day positive associations for prolonged bouts. If sub-

groups with greater day-to-day variability are more amenable to behaviour change, pre-retire-

ment interventions might be more effective if they target total sedentary time and post-

retirement interventions might be more effective if they target prolonged sedentary bouts. As

some sub-groups are more variable in their behaviours (i.e. their habits appear less consoli-

dated), we may be able to utilise this knowledge to tailor interventions and to target changes in

sedentary behaviours. We have added to this under-researched area by demonstrating that

older adults demonstrate positive habitual patterning in their sedentary behaviours but do not

exhibit day-to-day sedentary time compensation.
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