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ABSTRACT
Background Physical activity, sedentary behaviour and 
sleep are potential risk factors of mental health disorders, 
but previous studies have not considered the dependency 
between these activity domains. Therefore, we examined 
the associations of reallocations of time among older 
adults’ physical activity, sedentary behaviour and 
sleep with depressive and anxiety symptoms using 
compositional isotemporal substitution analyses.
Methods We included 1943 participants (mean age 71 
years, SD: 9; 52% women) from the population- based 
Rotterdam Study. Between 2011 and 2016, we collected 
accelerometer data (mean duration 5.8 days, SD: 0.4) on 
physical activity, sedentary behaviour and sleep and self- 
reported data on depressive symptoms and anxiety.
Results A reallocation of 30 min more moderate- to- 
vigorous physical activity was associated with a −0.55 
(95% CI −1.04 to −0.06) points lower depressive 
symptoms score when replacing sleep and a −0.59 
(95% CI −1.06 to −0.12) points lower score when 
replacing sedentary behaviour, but not when replacing 
light physical activity (−0.70, 95% CI −1.63 to 0.24). No 
associations were found for anxiety.
Conclusion Replacing sedentary behaviour or sleep 
with more moderate- to- vigorous physical activity was 
associated with less depressive symptoms, suggesting 
that mainly intensive types of physical activity are 
important for middle- aged and older adults in relation to 
depressive symptoms.

BACKGROUND
Depressive and anxiety disorders are two of the 
most common mental health disorders worldwide.1 
These mental health disorders are associated with 
negative health outcomes such as reduced quality of 
life, more multimorbidity, higher risk of mortality2–4 
and high healthcare costs,5 emphasising the impor-
tance of identifying modifiable risk factors.

Physical activity, sedentary behaviour and sleep 
have all been suggested as modifiable risk factors of 
mental health problems. Systematic reviews suggest 
that being more physically active is associated with a 
reduced risk of depressive symptoms and anxiety.6 7 
Conversely, spending more time sedentary has been 
repeatedly associated with an increased risk of 
depressive symptoms and anxiety.8 9 Additionally, 
time spent sleeping has been shown to be associated 
with depression, with both short and long sleep 
duration associated with increased risk of depres-
sion,10 and its association with anxiety has also been 
proposed to be U- shaped.11 12

The durations of physical activity, sedentary 
behaviour and sleep are interrelated, as these dura-
tions sum up to the total 24 hours in a day. There-
fore, an increase in any behaviour will necessarily 
lead to a decrease in time spent in one or more 
other behaviours.13 So far, studies have only taken 
into consideration this dependence to a limited 
extent.6–13

Recently, compositional isotemporal substitution 
analyses have been proposed to provide accurate 
and correct estimates by investigating the effect of 
substituting time spent on one activity (eg, sedentary 
behaviour) with time spent on another activity (eg, 
sleep).14 Because the activity behaviours and sleep 
are studied as relative values within the 24- hour 
composition, these analyses allow for asymmetrical 
results when substituting two behaviours.14 So far, 
this method has not been used to investigate the 
associations of daily activity behaviours and sleep on 
older adults’ mental health, where all these domains 
have been deemed important. Therefore, it remains 
unclear whether, for example, an increase of seden-
tary time is harmful in itself, or that an association 
is to some extent due to a decrease in time spent 
physically active or asleep.

We investigated the associations between reallo-
cations of time among older adults’ daily movement 
behaviours—being light physical activity, moderate- 
to- vigorous physical activity, sedentary behaviour 
and sleep—and depressive and anxiety symptoms, 
using compositional isotemporal substitution anal-
yses. The associations were examined for the total 
population and stratified by sex, as moderation 
by sex has been suggested previously.15 We used 
24- hour accelerometry to objectively examine the 
durations of these activity domains, to prevent bias 
due to self- report.

METHODS
Study design and population
This study was embedded within the Rotterdam 
Study, a prospective population- based cohort 
designed to study the occurrence and determinants 
of age- related diseases in the general population.16 
In total, the Rotterdam Study comprises 14 926 
participants aged 45 years and over. The overall 
response rate across the three study waves was 72%.

Between 2011 and 2016, 2778 unique partici-
pants were invited to wear a triaxial accelerometer 
for seven consecutive days and nights. A total of 
2338 participants agreed to participate (84%). Of 
those, 192 were excluded because of an insufficient 
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amount of data (at least 4 days with minimally 1200 min per day) 
and 122 because of technical errors. Finally, we excluded people 
whose sleep diary was lacking (n=79) and those without infor-
mation on any of the mental health outcomes (n=2), resulting in 
a total sample of 1943 participants.

Measurements
A 24-hour activity and sleep
Participants were asked to wear a triaxial accelerometer (Gene-
Activ; Activinsights, Kimbolton, Cambridgeshire, UK, http://
www. geneactiv. org/) on the non- dominant wrist for seven consec-
utive days and nights. Simultaneously, participants completed a 
sleep diary, which included questions about the times they went 
to bed at night and got out of bed in the morning. Accelerome-
ters were sampled at 50 Hz and acceleration was expressed rela-
tive to gravity (g units; 1 g=9.81 m/s2).17

To quantify movement acceleration, the high- pass filtered 
vector magnitude was computed, by applying a high- pass filter 
with a cut- off frequency of 0.2 Hertz to the acceleration signal, 
treating gravity as a low- frequency component that is filtered 
out.18 Accelerometer data were processed with the open access 
PAMPRO software, using Python (V.2.6.6).19 Non- wear time, 
defined as all time periods where the SD of acceleration in each 
of the three axes fell below 13 mg for over 1 hour,18 was excluded 
from analyses. Activity was categorised into total sedentary (<48 
mg), light (48<154 mg), moderate (154<389 mg) and vigorous 
physical activity (>389 mg), based on a validation study in 1695 
middle- aged adults.18 For this study, moderate and vigorous 
physical activity were combined into one category.

To compute night- time sleep duration, we used a validated 
algorithm.20 The algorithm uses the accelerometer data to esti-
mate nocturnal sleep within the sleep window as reported in 
the sleep diary (time from going to bed to time of final waking) 
by detecting the prolonged periods of inactivity, defined as the 
absence of change in arm angle greater than 5° for 5 min or more 
within the sleep window.20 Sleep duration was subtracted from 
total sedentary time to compute awake sedentary time.

Depressive symptoms
Depressive symptoms were assessed during the home inter-
view using the Dutch version of the Center for Epidemiological 
Studies Depression (CES- D) scale, which was designed to assess 
presence and severity of depressive symptoms in the general 
population.21 22 The sum score of the 20 questions of the CES- D 
ranges from 0 to 60, with higher scores indicating more depres-
sive symptoms. A score of 16 or higher is considered indicative 
for clinically relevant depressive symptoms.21 22

Anxiety symptoms
To assess anxiety symptoms, the Hospital Anxiety and Depres-
sion Scale (HADS) was completed during the home interview.23 24 
The subscale for anxiety was used, which consists of seven items 
resulting in a total score ranging from 0 to 21. A higher score 
reflects more symptoms of anxiety. Scores of 8 or higher were 
considered as clinically relevant symptoms of anxiety.25

Other variables
Information on covariates was collected during the home inter-
view or measured at the research centre. Self- report data were 
available for sex and age. Living situation was asked and cate-
gorised into ‘living alone’ and ‘living with partner’. Educa-
tional level was categorised into primary, lower, intermediate, 
and higher education according to the Unesco classification. 

Employment status was asked and dichotomised into ‘currently 
employed’ or ‘currently not employed’, based on paid employ-
ment. Body mass index (BMI) was assessed by measuring height 
and weight on validated scales. History of cancer, coronary 
heart disease, stroke and diabetes was assessed by both self- 
report and continuous monitoring of medical records through 
digitised linkage of files from general practitioners with the 
study database. All events were adjudicated by a panel of study 
physicians.16 Continuous linkage with dispensing records from 
pharmacies in the study area provided drug prescription infor-
mation for all study participants. For this study, psycholeptics 
and psychoanaleptics (Anatomical Therapeutic Chemical (ATC) 
classification code: N05 and N06) were examined. Smoking 
status was assessed during the interview and categorised into 
current, former and never smoker. Frequency and quantity of 
alcohol use was also asked during the interview and defined as 
the average amount of standard units per day. Finally, partici-
pants were asked during the interview whether they needed any 
type of walking aid to move forward.

Statistical analysis
The study population was characterised using descriptive statis-
tics. Missing information on covariates (<2%) was imputed 
using multiple imputation (m=5) using the mice package in R.26

A daily time- use composition was constructed by using the 
average daily duration of four activity domains: light phys-
ical activity, moderate- to- vigorous physical activity, sedentary 
behaviour and sleep. This compositional variable was constructed 
by using the ‘Compositions’ package in R.27 For the construction 
of this variable, these activity compositions were expressed as 
isometric log ratio coordinates, which can be translated to the 
proportions spent in each activity a day.28 If a participant had 
enough valid data (at least 4 days with minimally 1200 min of 
data each day) but not for the full 1440 min a day, these propor-
tions were adjusted in order to sum up to 1440 min (100%).

Multiple linear regression models were performed for both 
outcomes (depressive symptoms and anxiety), using the compo-
sitional variable as independent variable. These compositional 
isotemporal substitution models were used to predict the differ-
ence in the outcome variable when a fixed duration of time spent 
in one behaviour (eg, sedentary behaviour) was reallocated to 
another behaviour (eg, sleep), while the other behaviours were 
kept constant.29 For each of the compositions, the estimated 
outcome was calculated. Associations are presented as the esti-
mated differences in the outcome between the mean composi-
tion of our study population and all possible reallocations of 
30 min. We also used logistic regression models to assess the 
associations of the compositions with dichotomised outcomes 
indicating clinically relevant depressive symptoms and clinically 
relevant symptoms of anxiety.

We assessed these associations in a age and sex- adjusted model 
and a model additionally adjusted for living situation, educa-
tional level, employment, BMI, history of cancer, coronary heart 
disease, stroke and diabetes, use of psycholeptics and psychoana-
leptics, smoking status and alcohol intake. We assessed these asso-
ciations for the total population and then stratified by sex. For 
sensitivity analyses, we performed the analyses excluding those 
who used any type of walking aid to move forward in order to 
assess whether the associations with mental health were poten-
tially affected by participants that were less able to be physically 
active. Ad hoc, we examined for statistically significant asso-
ciations whether the duration of the activity behaviours in the 
mean composition affected the results. Hereto, we performed 
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the reallocations relative to different mean compositions (ie, 
different activity durations) with the duration set to the 25th 
and 75th percentile. Data were handled and analysed using SPSS 
Statistics V.24.0.0.1 (IBM) and R, V.3.6.0 (The R Foundation for 
Statistical Computing, Vienna, Austria).

RESULTS
Characteristics of the total study population and separated for 
men and women are presented in table 1. A total of 52% of the 
participants were women and the mean age was 71 years (SD: 
9 years). On average, men were sedentary 31 more minutes per 
day than women, while women spent more time sleeping than 
men and were also more physically active (table 1).

Depressive symptoms
Replacing other activities with more moderate- to- vigorous 
physical activity was associated with less depressive symptoms 
(table 2). In the adjusted model, a reallocation of 30 min more 
moderate- to- vigorous physical activity was associated with a 
−0.55 (95% CI −1.04 to −0.06) points lower depressive symp-
toms score when replacing sleep and a −0.59 (95% CI −1.06 to 
−0.12) lower score when replacing sedentary behaviour, but not 
when replacing light physical activity (−0.70, 95% CI −1.63 to 
0.24). Reallocations were not symmetrical; reallocations of 30 
min from moderate- to- vigorous physical activity to more sleep 

and sedentary behaviour were associated with more depressive 
symptoms, but the effect sizes were larger (table 2). Results of 
logistic regression analyses showed similar patterns but were not 
statistically significant (online supplemental appendix table A).

Effect sizes were larger in men compared with women (online 
supplemental appendix table B). In men, a reallocation of 30 min 
more moderate- to- vigorous physical activity was associated with 
a −0.61 (95% CI −1.19 to −0.02) points lower depressive symp-
toms score when replacing sleep and a −0.66 (95% CI −1.21 to 
−0.11) lower score when replacing sedentary behaviour, but not 
when replacing light physical activity (−0.84, 95% CI −1.93 
to 0.25). In comparison, in women these estimates were respec-
tively −0.47 (95% CI −1.26 to 0.32), –0.45 (95% CI −1.22 to 
0.32) and −0.50 (95% CI −2.03 to 1.03), and no associations 
were statistically significant. Similar to what we observed in the 
total study population, opposite reallocations, from moderate- 
to- vigorous physical activity to sleep, sedentary behaviour and 
light physical activity, showed larger effect sizes.

Anxiety symptoms
Reallocations of physical activity domains were not associated 
with anxiety symptoms (table 3). When dichotomised, compo-
sitions were significantly associated with clinically relevant 
symptoms of anxiety in the age and sex- adjusted model, but 
these did not hold after further confounder adjustment (online 

Table 1 Study sample characteristics

Total (N=1943) Men (N=940) Women (N=1003)

Age 70.91 (9.26) 70.94 (9.10) 70.88 (9.42)

Educational level

  Primary 117 (6.0%) 46 (4.9%) 71 (7.1%)

  Lower 714 (36.7%) 224 (23.8%) 490 (48.9%)

  Further/intermediate 594 (30.6%) 342 (36.4%) 252 (25.1%)

  Higher 494 (25.4%) 318 (33.8%) 176 (17.5%)

Marital status

  Living with partner 1401 (72.1%) 797 (84.8%) 604 (60.2%)

  Living alone 542 (27.9%) 143 (15.2%) 399 (39.8%)

Occupation

  Yes 378 (19.5%) 207 (22.0%) 171 (17.0%)

Body mass index, m/kg2 27.59 (4.28) 27.42 (3.65) 27.75 (4.78)

History of cancer 231 (11.9%) 133 (14.1%) 98 (9.8%)

History of coronary heart disease 177 (9.1%) 140 (14.9%) 37 (3.7%)

History of stroke 69 (3.6%) 38 (4.0%) 31 (3.1%)

History of diabetes 346 (17.8%) 187 (19.9%) 159 (15.9%)

Alcohol (glass/day), median (IQR) 0.64 (0.05–0.86) 0.86 (0.16–1.50) 0.38 (0.05–0.86)

Smoking

  Current smoker 171 (8.8%) 73 (7.8%) 98 (9.8%)

  Former smoker 1141 (58.7%) 633 (67.3%) 508 (50.6%)

  Never smoker 631 (32.5%) 234 (24.9%) 397 (39.6%)

Depressive symptoms (CES- D), median (IQR) 3.00 (1.00–7.00) 2.00 (0.00–5.00) 4.00 (1.00–9.00)

Anxiety (HADS), median (IQR) 2.60 (0.00–4.00) 1.00 (0.00–3.00) 2.00 (1.00–5.00)

Nocturnal sleep 6 hours 26 min (62 min) 6 hours 20 min (63 min) 6 hours 31 min (61 min)

Sedentary behaviour 13 hours 32 min (79 min) 13 hours 49 min (78 min) 13 hours 18 min (76 min)

Light physical activity 2 hours 28 min (32 min) 2 hours 24 min (31 min) 2 hours 32 min (31 min)

Moderate- to- vigorous physical activity 1 hour 23 min (29 min) 1 hour 21 min (28 min) 1 hour 25 min (29 min)

Data are presented as mean(SD) or N(%) unless otherwise indicated, and shown for non- imputed data. Missing data were low (<2%).
Time spent in nocturnal sleep, sedentary behaviour, light and moderate- to- vigorous physical activity does not necessarily add up to 24 hours, as not all participants wore the accelerometer 
for the full 24 hours per day (participants were included when they used the accelerometer for at least 4 days with minimally 1200 min each day).
CES- D, Center for Epidemiologic Studies Depression; HADS, Hospital Anxiety and Depression scale.
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supplemental appendix table C). Results for men and women 
were largely similar (online supplemental appendix table D).

Sensitivity analysis
After exclusion of participants unable to move forward without 
any type of walking aid, results were similar for both outcomes 
(online supplemental appendix tables E and F).

To assess the effect of the mean composition on the associ-
ation of moderate- to- vigorous physical activity replacements 
with mental health, moderate- to- vigorous physical activity was 
also analysed with the mean composition set to the 25th and 
75th percentile level of the population with the other activity 
domains proportionally distributed. The reallocations which 
included moderate- to- vigorous physical activity showed larger 
estimated differences for depressive symptoms when the level of 
moderate- to- vigorous physical activity in the composition was 
low (25th percentile). Accordingly, smaller estimated differences 
were found when the duration of moderate- to- vigorous physical 
activity in the composition was high (75th percentile) (online 
supplemental appendix table G). Similar patterns were seen for 
anxiety symptoms (online supplemental appendix table H).

DISCUSSION
Our study demonstrated differential patterns of reallocations 
of daily activity behaviours with symptoms of depression and 
anxiety. Reallocations that involved moderate- to- vigorous phys-
ical activity related to depressive symptoms, while no consistent 
associations with anxiety were found. When clinically relevant 
depressive and anxiety symptoms were assessed as dichotomous 
outcomes, effect sizes showed similar patterns but were not 
significant.

More moderate- to- vigorous physical activity was associated 
with less depressive symptoms, in particular when it replaced 
sleep or sedentary behaviour. This is in line with previous work 
from the same cohort, concluding moderate- to- vigorous physical 
activities to be important factors in relation to quality of life.30 
Earlier studies investigated the relationship between physical 
activity and depressive symptoms using traditional isotemporal 
substitution analysis,31 based on a similar concept but employing 
a different estimation procedure not taking into account the rela-
tive nature of the data, in contrast to the methods we used.13 29 
Even though the employed analyses differed, our findings are 
in line with those of Mekary et al, who concluded that the 

Table 2 Age and sex- adjusted and confounder- adjusted results of isotemporal substitution analyses for depressive symptoms

30 min more…

Sleep Sedentary behaviour Light PA Moderate- to- vigorous PA

Age and sex- adjusted model

  Replacing… Sleep 0.08 −0.05 to 0.21 0.08 −0.36 to 0.51 −0.73 −1.24 to –0.22

Sedentary behaviour −0.08 −0.20 to 0.05 0.00 −0.44 to 0.43 −0.81 −1.30 to –0.32

Light PA −0.09 −0.62 to 0.43 −0.02 −0.55 to 0.51 −0.83 −1.80 to 0.15

Moderate- to- vigorous PA 1.09 0.34 to 1.83 1.17 0.44 to 1.89 1.17 0.05 to 2.28

Confounder- adjusted model

  Sleep 0.03 −0.09 to 0.16 0.12 −0.30 to 0.53 −0.55 −1.04 to –0.06

Replacing… Sedentary behaviour −0.04 −0.16 to 0.08 0.08 −0.33 to 0.50 −0.59 −1.06 to –0.12

  Light PA −0.15 −0.65 to 0.35 −0.11 −0.62 to 0.39 −0.70 −1.63 to 0.24

  Moderate- to- vigorous PA 0.81 0.09 to 1.53 0.85 0.15 to 1.55 0.93 −0.14 to 2.00

Values represent the estimated differences in the outcome between the mean composition of the study population and a new composition, for example, in which 30 min more times were 
spent in sleep and 30 min less in sedentary behaviour (while light and moderate- to- vigorous physical activity were unchanged). The confounder- adjusted model was adjusted for age, sex, 
living situation, educational level, employment, body mass index, history of cancer, coronary heart disease, stroke and diabetes, use of psycholeptics and psychoanaleptics, smoking status and 
alcohol use. Bold indicates a significant association (p<0.05).
PA, physical activity.

Table 3 Age and sex- adjusted and confounder- adjusted results of isotemporal substitution analyses for anxiety symptoms

30 min more…

Sleep Sedentary behaviour Light PA Moderate- to- vigorous PA

Age and sex- adjusted model

  Replacing… Sleep 0.00 −0.06 to 0.06 0.14 −0.06 to 0.34 −0.19 −0.42 to 0.05

Sedentary behaviour 0.00 −0.06 to 0.06 0.14 −0.06 to 0.34 −0.18 −0.41 to 0.04

Light PA −0.17 −0.41 to 0.07 −0.17 −0.41 to 0.07 −0.35 −0.80 to 0.09

Moderate- to- vigorous PA 0.28 −0.07 to 0.62 0.27 −0.06 to 0.61 0.41 −0.10 to 0.93

Confounder- adjusted model

  Sleep −0.01 −0.07 to 0.05 0.16 −0.04 to 0.35 −0.13 −0.36 to 0.10

Replacing… Sedentary behaviour 0.01 −0.05 to 0.07 0.17 −0.03 to 0.36 −0.12 −0.34 to 0.10

  Light PA −0.19 −0.43 to 0.04 −0.20 −0.44 to 0.04 −0.32 −0.76 to 0.12

  Moderate- to- vigorous PA 0.19 −0.14 to 0.53 0.18 −0.15 to 0.51 0.35 −0.15 to 0.86

Values represent the estimated differences in the outcome between the mean composition of the study population and a new composition, for example, in which 30 min more times were 
spent in sleep and 30 min less in sedentary behaviour (while light and moderate- to- vigorous physical activity were unchanged). The confounder- adjusted model was adjusted for age, sex, 
living situation, educational level, employment, body mass index, history of cancer, coronary heart disease, stroke and diabetes, use of psycholeptics and psychoanaleptics, smoking status and 
alcohol use.
PA, physical activity.
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intensity of activity is important, as self- reported brisk walking 
was associated with lower depression risk while walking at an 
average pace was not.32 However, another study using objective 
accelerometer data and traditional substitution models found no 
association between any activity domain and depressive symp-
toms.33 Yet overall, our results, which are the first based on the 
compositional isotemporal substitution model, together with 
previous work employing different models, suggest the impor-
tance of moderate- to- vigorous physical activity as it is associ-
ated with less depressive symptoms. Logistic regression results 
for clinically relevant symptoms were similar but not significant, 
probably due to less power in these analyses.

Another advantage of the compositional isotemporal model 
is that one can assess whether opposite reallocations show a 
symmetrical (inverse) association.29 In our findings the oppo-
site reallocations of moderate- to- vigorous physical activity and 
depressive symptoms differed to some extent, that is, effect sizes 
were slightly smaller for substitutions including more moderate- 
to- vigorous physical activity compared with the opposite real-
locations including less moderate- to- vigorous physical activity. 
We might, therefore, speculate that it might be more essential 
for older adults to maintain their physical activity levels in order 
to prevent them from experiencing more depressive symptoms, 
than to increase their physical activity. This might be particu-
larly relevant as some older adults will physically not be able to 
increase their moderate- to- vigorous physical activity. However, 
as our study design is cross- sectional, we cannot determine the 
temporality of the associations.

When the results for depressive symptoms were stratified by 
gender, statistically significant associations were only seen in 
men. Previously, a cross- sectional study concluded that men who 
used mental health services were significantly less active than 
men who did not use mental health services, while this associ-
ation was not found in women.34 However, in a study among 
older adults, more recreational physical activity was associ-
ated with better mental health, particularly among women.35 
Although results are inconsistent, our results might reflect the 
differences in depressive symptomatology in men and women 
that have been described previously. It has often been suggested 
that women tend to experience more of the core emotional 
symptoms like depressed mood and sadness, while men may 
experience more somatic symptoms and anger.36 We could 
speculate that physical activity is more directly related to the 
somatic symptoms of depression compared with the emotional 
symptoms, which might explain why we found the associations 
between moderate- to- vigorous physical activity and depressive 
symptoms in men but not in women.

In contrast to depressive symptoms, we did not find associa-
tions of replacements of activity domains with anxiety. Regarding 
sedentary behaviour, our results reflect the findings of Koolhaas 
et al, who also found no association with anxiety.37 However, 
based on traditional substitution models, Dillon et al concluded 
that a 30 min increase in light physical activity per day was 
associated with significantly lower anxiety symptoms.33 These 
contrasting findings may be due to differences in study popula-
tion, the latter sample was recruited from a primary care setting 
and on average younger of age, and the differences in statistical 
approach.29 In a meta- meta- analysis of randomised trials in non- 
clinical populations a small effect of physical activity interven-
tions on anxiety was concluded,6 yet effect of physical activity 
on anxiety symptoms is not consistently found in other, partly 
more recent, meta- analyses of clinical samples.38 39 As anxiety 
and depressive symptoms differ, it is also reasonable that daily 
activity behaviours and sleep are associated to a different extent.

Strengths of this study are the large sample size, and the 
application of objective accelerometer data and validated ques-
tionnaires. However, this study also has some limitations. First, 
as a result of the cross- sectional design, we could not establish 
any causality or temporality of the associations. Second, using 
accelerometer derived data has some limitations. For example, 
cycling and other sports with little activity of the arms can be 
underestimated, suggesting that not all physical activities can be 
measured accurately.40 As using these raw data from accelerom-
eter devices is relatively new, the cut- off points that are used 
to categorise into intensities are not consistent.40 41 Recently, 
it was proposed to use individual cut- off points to account for 
differences between individuals,41 but application in population- 
based cohort studies and its feasibility needs further investiga-
tion. Third, even though we used a validated algorithm to define 
sleep duration which was validated against the golden standard 
polysomnography, it is only an estimate of sleep, which might be 
hard to distinguish from sedentary behaviour. In addition, our 
study sample included only 28 participants with a sleep duration 
≥9 hours, and therefore, did not allow us to assess a poten-
tially U- shaped relationship between sleep duration and mental 
health. Finally, we were not able to investigate whether total 
duration of activities is most important itself, or that transitions 
or fragmentation over the day may have a more important role.

CONCLUSION
In this population- based study, more moderate- to- vigorous 
physical activity per day was associated with less depressive 
symptoms, particularly when replacing sedentary behaviour or 
sleep, suggesting that mainly intensive types of physical activity 
are related to depressive symptoms. The association pattern 
suggests that especially maintaining physical activity levels might 
be important for older adults, even when they are not increased. 
No associations were found between the 24- hour activity 
domains and anxiety symptoms. Longitudinal studies are needed 
to examine the temporality of these associations and potential 
underlying mechanisms.

What is already known on this subject

 ► Physical activity, sedentary behaviour and sleep have been 
proposed as potential modifiable risk factors of depressive 
and anxiety disorders.

 ► The durations of physical activity, sedentary behaviour and 
sleep are dependent on each other as they sum up to the 
total of 24 hours in a day, often this has not been taken into 
account.

 ► Compositional isotemporal substitution models can account 
for this dependency within the 24- hour day.

What this study adds

 ► More moderate- to- vigorous physical activity was associated 
with less depressive symptoms, particularly when replacing 
sedentary behaviour or sleep.

 ► No substitutions were associated with anxiety symptoms.
 ► This suggest that mainly intensive types of physical activity 
are related to depressive symptoms in a middle- aged and 
older population.
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