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1 |  INTRODUCTION

It is well recognized that the behaviors people engage in 
over the whole 24- h cycle (sedentary behavior, activity, 
and sleep) have health consequences. Sedentary behavior, 

defined as any waking behavior characterized by an energy 
expenditure ≤1.5 metabolic equivalents (MET), while in a 
sitting, reclining or lying posture,1 is negatively associated 
with several physical and mental health outcomes (eg, car-
diovascular diseases, diabetes, cancer, or depression).2 In 
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Physical behavior (ie, physical activity, sedentary behavior, and sleep) is a crucial 
lifestyle factor for preventing and managing diseases across the lifespan. However, 
less is known about potential work- related psychological and cognitive outcomes 
such as productivity. The present study examined within- person associations be-
tween physical behavior and self- perceived work ability. To investigate the degree 
to which physical behavior parameters influence self- perceived work ability in eve-
ryday life, we conducted an Ambulatory Assessment study in 103 university students 
over 5 days. Physical behavior was assessed continuously via a multi- sensor system. 
Self- perceived work ability was assessed repeatedly up to six times per day on smart-
phones. We employed multilevel modeling to analyze the within- person effects of 
physical behavior on self- perceived work ability. Physical activity intensity (MET) 
(β = 0.15 ± 0.06, t = 2.59, p = 0.012) and sit- to- stand transitions (β = 0.07 ± 0.03, 
t  =  2.44, p  =  0.015) were positively associated with self- perceived work ability. 
Sedentary bouts (≥20 min) (β = −0.21 ± 0.08, t = −2.74, p = 0.006) and deviation 
from a recommended sleep duration (ie, 8 h) (β = −0.1 ± 0.04, t = −2.38, p = 0.018) 
were negatively associated with self- perceived work ability. Exploratory analyses 
supported the robustness of our findings by comparing various time frames. Total 
sedentary time and sleep quality were not associated with self- perceived work ability. 
Regular sleep durations, breaking up sedentary time through sit- to- stand transitions, 
and higher intensities of physical activity may be important for the regulation of self- 
perceived work ability in university students’ daily lives.
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contrast, physical activity has beneficial associations with 
health and mortality3 and sleep duration shows bi- directional 
associations with health, for example, short sleep duration 
has been associated with mortality.4 As these behaviors 
are mutually exclusive, there has been a call for movement 
studies to take into account all these components of activity 
within the 24- h cycle.5

Physical behaviors also have potential psychological 
and cognitive outcomes. For example, in office workplaces 
where high sedentary time has been particularly noted as 
an issue,6 researchers have been interested in how increas-
ing standing and movement at work impacts work- related 
variables. Findings indicate that replacing sitting with 
standing time through sit- to- stand workstations,7 reducing 
total sitting time,8 and increasing physical activity in sed-
entary workers 9 improves a broad range of work outcomes 
including productivity, absenteeism, work limitations, 
presenteeism, and cognitive function. Additionally, stud-
ies have indicated that higher physical activity intensity 
as well as sleep duration and quality might be associated 
with occupational outcomes such as productivity and pre-
senteeism.10 University students are another group prone 
to engaging in large quantities of sedentary behavior,11 
and there has been recent interest in how students’ physi-
cal behaviors affect cognitive abilities and productivity.12 
Physical activity has been positively associated with pro-
ductivity13 and academic performance.14 Likewise, sleep 
quality and duration has been related to academic perfor-
mance and productivity.15

One central concept within the range of productivity pa-
rameters of interest is work ability. According to Ilmarinen 
& Tuomi,16 work ability can be understood as "how good is 
the worker at present, in the near future, and how able is he/
she to do his/her work with respect to the work demands, 
health, and mental resources." In simple terms, work abil-
ity is the interaction of the workers’ resources and his/her 
work demands. From a theoretical perspective, the concept 
of work ability is embedded in a so- called "house of work 
ability" including an interrelationship between conditions 
inside (eg, functional capacity, professional competence, 
values) and outside (eg, society, family, social network) the 
work setting.16

Work ability is important as a measure of how workers 
can cope with the demands of the job and has been shown 
as a predictor for how long workers will remain at work.17 
Although work ability was originally conceptualized to in-
crease the longevity of an aging work force, it is a crucial 
concept throughout life, as it has shown associations with 
individual characteristics, lifestyle, demands at work, risk 
of sickness absence,18 long- term disability,19 and long- term 
unemployment even in young adults.20,21 Exploring the as-
sociation between lifestyle factors such as physical behav-
ior and work ability among university students may inform 

interventional and educational programs to prepare the next 
generation of workers concerning work demands.

Engaging in physical activity either during leisure time 
or in the work setting has shown a beneficial effect on work 
ability. A scoping review, published by Lusa and colleagues,9 
of randomized control trials (N  =  25) aimed at increasing 
physical activity or decreasing sedentary time, showed ben-
eficial effects on work ability. However, none of these stud-
ies focused on potential within- person associations between 
physical behavior and work ability. The relationship between 
physical behaviors and work engagement is likely to be com-
plex. Employers have expressed concern that workers spend-
ing less time sitting and more time active at work may take 
time away from work tasks thereby reducing work ability.22 
However, the positive aspects of breaking up sitting time 
and being more physically active on cognitive function by 
increasing cerebral blood flow and regulating hormonal fluc-
tuations counter that argument.23 Furthermore, sleep parame-
ters (ie, duration and quality) have been associated with work 
ability.10 However, there is only sparse evidence on the as-
sociation between sedentary behavior and work ability. One 
study found a slight decrease in work ability in the control 
group but not in the intervention group who reduced seden-
tary workplace time.24 Further research is warranted, taking 
all daily physical behaviors (comprising sleep, sedentary be-
havior, and physical activity) into account.5

Thus far, the literature has focused on the association 
between physical behavior and work ability aggregated at 
the person or group level. To the best of our knowledge, 
there are currently no studies that have examined a possible 
within- person association. Studies on work ability in rela-
tion to physical behavior typically do not account for the 
fact that work ability and productivity— as well as the pos-
ture and level of activity people engage in— are not static 
and enduring qualities, but vary across the day and within 
individuals.25 To overcome this limitation and to investi-
gate whether physical behavior in everyday life increases 
or decreases self- perceived work ability, we conducted an 
ambulatory assessment (AA) study. AA is currently the 
state- of- the- art methodology for examining the within- 
person associations between physical behavior and psycho-
logical parameters.26 AA has several advantages, namely 
assessment in everyday life, in real- time, with device- based 
methods and repeated measurements with a high sampling 
frequency, which enables researchers to track dynamic re-
lationships. In our study, we used three accelerometers as 
a multi- sensor system to assess all components of physical 
behavior. In addition, we assessed self- perceived work abil-
ity repeatedly (approximately 30 times) to enable dynamic 
within- person analyses.

Based on previous intervention and cross- sectional studies 
of occupational outcomes,6– 10 we hypothesized that higher 
sleep quality [1a] would positively predict self- perceived 
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work ability and a deviation of a recommended sleep dura-
tion (ie, sleep duration of 8 h) [1b] would negatively predict 
self- perceived work ability. Furthermore, we expected that 
sedentary time [2a] and sedentary bouts [2b] would nega-
tively influence self- perceived work ability. Finally, we ex-
pected that increased intensity of physical activity [3a] and 
an increased number of sit- to- stand transitions [3b] would 
positively influence self- perceived work ability. Moreover, 
we conducted explorative analyses on the time course of the 
effects.

2 |  MATERIALS AND METHODS

2.1 | Participants

One hundred and three university students from various 
courses of study were recruited between September 2019 
and March 2020. Only participants without restrictions to 
performing their daily activities (ie, those without diseases 
or injury) were included in the study. Five participants were 
excluded from the analyses due to compliance reasons, that 
is, either <30% responses to the e- diary prompts27 and/or 
<3  valid days of minimum ≥10  h per day accelerometer 
wear time.28 Thus, the final sample consisted of 98 partici-
pants (55.1% female), with a mean age of 22.1 ± 2.8 years 
and a mean body mass index (BMI) of 22.3  ±  2.1  kg/m2 
(for details see Table 1). All eligible participants received 
oral and written information regarding the study procedures 
before written informed consent was obtained. Participants 
were free to withdraw from the study at any time. The Ethics 
Committee of the Karlsruhe Institute of Technology (KIT) 
approved this study.

2.2 | Study design and measures

Participants took part in an AA study over five consecutive 
days (Wednesday to Sunday). During this time frame, par-
ticipants were instructed to wear accelerometers at distinct 
positions (ie, attached at wrist, hip, and thigh) continuously 
for 24 h per day and answer e- diaries on a provided phone. 
The Move 4 accelerometer (movisens GmbH, Karlsruhe, 
Germany, movisens.com) captured physical behavior with a 
range of ±16 g and a sampling frequency of 64 Hz. Raw ac-
celeration data were stored on an internal memory card and 
were processed by a band- pass filter (0.25– 11 Hz) to elimi-
nate artifacts. Previous studies have shown that the Move 
accelerometer is appropriate to assess all aspects of physi-
cal behavior.29– 31 To parameterize physical behavior, we 
calculated various parameters (eg, steps, energy expenditure, 
sleep/wake time, sedentariness) in 1- minute interval by using 
the proprietary software DataAnalyzer (version 1.13.7; mo-
visens.com). Based on these parameters and following the 
terminology of the Sedentary Behavior Research Network 
(SBRN),1 each minute of the data file was classified as ei-
ther sleep, sedentary behavior, or physical activity. In our 
analyses, we included the following parameters obtained 
from the activity monitor and e- diary data: (ii) sleep qual-
ity: participants rated each morning their self- perceived sleep 
quality [scale 0– 100] via e- diary assessment; (ii) deviation of 
a recommended sleep duration (ie, 8 h): sleep duration of the 
previous night in h; (iii) sedentary behavior: aggregated sed-
entary minutes within the time frame of 30 min prior to each 
e- diary prompt; (iv) sedentary bouts: period of uninterrupted 
sedentary time (≥ 20 min of uninterrupted sedentary time vs. 
bouts with at least one sedentary break); (v) physical activity 
intensity: aggregated metabolic equivalents (MET's) within 

Variable
n, 
Mean ± SD1 Minimum Maximum

Female [%] n = 54; 55.1% – – 

Age [yrs.] 22.12 ± 2.76 17 32

BMI [kg/m2] 22.25 ± 2.15 16.33 27.14

Answered e- diary Assessments [per day]a 4.8 ± 1.0 1.8 6.2

Self- perceived work ability [0– 10]a 6.36 ± 1.4 3.12 9.39

Wear Time Accelerometer [h/day]b 22.86 ± 2.05 12.55 24

Sedentary time [h/day]b 9.7 ± 2.2 2.58 14.99

Sedentary bouts (≥20 min) [per day]b 8.24 ± 2.7 0 12.8

Sit- Stand transitions [per day]b 32.27 ± 9.3 2.2 51

Physical activity duration [h/day]b 6.25 ± 2.42 1.53 14.87

Physical activity intensity (MET) [per day]b 2.29 ± 0.36 1.64 4.01

Sleep quality [0– 100]b 69.71 ±13.77 17.5 100

Sleep duration [h/day]b 7.74 ± 0.85 5.69 10.70
1standard deviation.
aassessed via e- diary, aggregated within participants.
baggregated within participants and days.

T A B L E  1  Participants characteristics 
(n = 98)
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the time frame of 30 min prior to each e- diary prompt; and 
(vi) sit- to- stand transitions: aggregated number of transitions 
within the time frame of 30 min prior to each e- diary prompt.

Participants were loaned a study smartphone (Nokia 6, 
Nokia Corporation, Espoo, Finland, nokia.com). The smart-
phone prompted the participants to complete e- diaries up to 
six times per day via an acoustic, visual, and vibration signal 
on workdays between 8.00 am and 9.30 pm and on weekend 
days between 9.30 am and 10 pm. The participants had the 
opportunity to postpone an e- diary prompt for a maximum of 
15 minutes.

To optimize the assessment between physical behavior and 
momentary experiences, we implemented a mixed- sampling 
strategy using software movisensXS (version 0.7.47574; 
xs.movisens.com). In particular, we used accelerometer trig-
gered e- diaries, that is, the thigh sensor analyzed and trans-
ferred data on body position and movement acceleration via 
Bluetooth Low Energy (BLE) to the smartphone in real- time. 
We implemented both a sedentary triggered algorithm,32 that is, 
30 consecutive minutes in a sitting/lying body position, as well 
as an activity algorithm,33 that is, participants were triggered if 
ten consecutive minutes of 0.22 g movement acceleration in-
tensity were detected. Additionally, to maximize variance, we 
implemented random prompts at various time points through-
out the day. Each trigger condition (sedentary, physical activity, 
and random) was triggered until two were answered, resulting 
in a maximum of six e- diary assessments per day. To mini-
mize participant's burden, we implemented so- called time- out 
phases of 50 min, that is, after an e- diary assessment, there will 
be no further e- diary assessment for the next 50 min.

To assess momentary self- perceived work ability, we used 
the following single item from the Work Ability Index (WAI): 
"Assume that your work ability at its best has a value of 10 
points. How many points would you give your current work 
ability? (0 means that you cannot currently work at all)." This 
item was presented on electronic smartphone diaries on a vi-
sual analog scale (0– 10) in German translation.34 Earlier stud-
ies revealed high convergent validity between the used item and 
the whole WAI.35,36 To minimize retrospective distortions, we 
assessed self- perceived work ability multiple times per day in 
daily life with a cutting- edge approach. Prior to the AA study, 
participants received an extensive briefing on the use of the de-
vices and completed a paper- pencil survey (including the long 
version of the WAI [0– 49] and basic demographic questions).

2.3 | Data preprocessing and 
statistical analyses

We merged the physical behavior data with momentary ex-
periences by using DataMerger (version 1.8.0; movisens.
com). To analyze within- person effects of physical behav-
ior on momentary self- perceived work ability, we conducted 

multilevel analyses.37 We set up a two- level model with 
repeated measurements (level 1) nested within participants 
(level 2). First, we estimated the intraclass correlation co-
efficient (ICC) of the outcome (ie, self- perceived momen-
tary work ability) to indicate the amount of variance on 
the within-  vs. between- person level by calculating uncon-
ditional (null- ) models. Second, we added the time- variant 
and time- invariant predictors time [h], time- squared [h2], 
age [years], sex [female vs. male], day [weekend day vs. 
weekday], and WAI [0– 49] as between- level parameter to 
our model as covariates. The predictor time of day (squared) 
was included in the main model to control for potential non-
linear (quadratic) time effects. We centered the time- variant 
level- 1 predictors on a personal level. Third, to avoid issues 
such as multicollinearity or shared variance, we calculated 
a separate model for each physical behavior parameter (ie, 
six models adding sleep quality [0– 100], sleep duration [de-
viation of 8 h], sedentary time [0– 30 min], sedentary bouts 
[≥ 20  min], physical activity [MET], and sit- stand transi-
tions [numbers], respectively). Forth, we selected significant 
predictors from the previous six models to analyze the in-
dependence between the main predictors. We specified our 
models by using restricted maximum likelihood (REML) as 
the model estimator and unstructured as covariance structure. 
The equation of the models is presented in the supplementary 
materials (S1). Model assumptions were checked for mul-
ticollinearity and whether the residuals of the models were 
normally distributed. To compare each predictor's effects, 
we calculated standardized beta coefficients (stand. β) fol-
lowing established procedures.38 To compare the model fit, 
we used the −2ΔLL likelihood ratio test. To calculate the 
proportion of explained total outcome variance, we used the 
predicted outcome's squared correlation (R2) with the fixed 
effects and actual values.37 Finally, we conducted explora-
tory analyses of the time courses of the effects of sedentary 
time, physical activity intensity, and sit- to- stand transitions 
on self- perceived work ability. For this purpose, we entered 
varying predictors of different cumulative time frames/ag-
gregation levels (5, 10, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 
and 100 mins) prior to each e- diary entry. All analyses were 
conducted using SPSS (version 26, IBM). We set the α level 
to 0.05 for all analyses.

3 |  RESULTS

The 98 participants were prompted 3,435 times (ie, 6.3 ± 2 
prompts/participant/day on average; Range: 1.8– 9.4) across 
the study period of 5  days. Overall, 67.3% (n=2,311) of 
all prompts were answered, ranging from 30% to 96.9% 
answered prompts on a participant level. Approximately 
31.1% (n = 1068) of all prompts occurred at random time 
points, and 68.9% (n= 2,367) were triggered by real- time 
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algorithms (ie, either remaining in a sitting bout (≥ 30 min) 
or being active for 10 consecutive min). Participants re-
ported average work ability scores of 6.36  ±  1.4 [scale 
0– 10]. The aggregated momentary work ability scores 
significantly correlated with the total WAI (rs  =  0.459; 
p < 0.001) on a between- person level, indicating conver-
gent validity. The ICC revealed that 59% (ρI = 0.41) of the 
variance was due to within- person fluctuations. On average, 
accelerometers were worn for 22.86 ± 2.05 h/participant/
day. Of those times, participants spent on average 9.7  h/
day in sedentary behavior, 7.7  h/day while sleeping with 
self- reported quality of 69.71 [scale 0– 100], and 6.25 h/d 
while in an upright posture with an average movement in-
tensity of 2.29 MET. The categorization of sedentary time 
into bouts shows that 51.7% of all bouts were short bouts 
(≤5 min), 28.3% were short- to- moderate bouts (5– 19 min), 
11.1% were moderate- to- long bouts (20– 39 min), and 8.9% 
long bouts (≥40 min).

3.1 | Effects of physical behavior on self- 
perceived work ability

In the first model, we included only the covariates: sex, 
age, BMI, weekday, time, time- squared, and WAI. Across 
all eight models, we found stable significant effects for the 
predictors sex (stand. β = −0.15, t = −2.31, p = 0.023) and 
WAI (stand. β = 0.32, t = 5.3, P = <0.001). In comparison 
with males, females reported significantly less work ability 
by 0.62 units [scale 0– 10]. Further, one unit's increase of the 
WAI score [scale 0– 49] was significantly associated with 
higher momentary self- perceived work ability rating of 0.15 
units. The day of week was significantly associated with 
self- reported work ability in model 1 (stand. β  =  −0.04, 
t = 2.32, p = 0.02), that is, compared to weekday, partici-
pants reported less work ability on weekend days by 0.15 
units. However, the association was not significant across 
all models, thus indicating it was not a stable effect. We 
found that time (stand. β = 0.25, t = 3.65, p < 0.001) and 
time- squared (stand. β = −0.34, t = −5.38, p < 0.001) sig-
nificantly influenced work ability in both positive and nega-
tive directions. In practice, the reported level of work ability 
followed a reverse u- shaped trajectory, that is, an increasing 
level until approximately 1 pm, followed by a subsequent 
decrease until the end of the day. Moreover, time of the day 
showed significant random effects (p  <  0.001). In other 
words, the effects of time of day on self- perceived work 
ability varied significantly between participants, that is, 
participants showed different within- person effects of time 
of day on self- perceived work ability. None of the time- 
invariant predictors age (stand. β = −0.02, t = 0.25, p = 0.8) 
and BMI (stand. β = −0.06, t = −0.9, p = 0.37) influenced 
self- reported work ability.

Sleep. In models 2 and 3, we added the predictors of sleep 
quality and sleep duration to model 1, respectively. The model 
fit of the outcome self- perceived work ability improved by 
adding sleep quality −2ΔLL(4) = 1525.4; p < 0.001) but not 
by adding sleep duration −2ΔLL(1) = 1.4; p = 0.24). In con-
trast to our expectations, we found no significant associations 
between sleep quality and self- perceived work ability (stand. 
β = 0.01, t = 0.22, p = 0.82). However, the results revealed 
a significant random effect of sleep quality (p = 0.004). In 
other words, the effects of sleep quality on self- perceived 
work ability varied significantly between participants, that 
is, participants did show different within- person effects of 
sleep quality on self- perceived work ability. As hypothesized 
(hypothesis 1b), deviation from regular sleep duration of 8 h 
(stand. β = −0.04, t = −2.43, p = 0.015) negatively predicted 
self- perceived work ability. In practice, a deviation from rec-
ommended sleep duration (ie, sleep duration of 8 h) of ±1 h 
reduced self- reported work ability by 0.1 units. The effect 
was stable when adding further physical behavior predictors 
(model 8), thus indicating statistical independence.

Sedentary behavior. In models 4 and 5, we added the pre-
dictors of sedentary time and sedentary bouts to model 1, re-
spectively. The model fit of the outcome self- perceived work 
ability reduced significantly in model 4 (−2ΔLL(1) = 9.4; 
p  =  0.0022) and improved significantly in model 5 
(−2ΔLL(1) = 51.7; p < 0.001). Sedentary time during 30 min 
prior to the e- diary prompt did not significantly predict self- 
perceived work ability (stand. β = −0.01, t = 0.47, p = 0.64). 
Thus, hypothesis 2a was not verified. However, sedentary 
bouts (≥20 min) negatively influenced self- perceived work 
ability (stand. β = −0.04, t = −2.72, p = 0.007) compared 
with interrupted bouts, that is, being sedentary for 20 min or 
longer without interruption was associated with lower pro-
spective work ability. The negative effect of sedentary bouts 
was not stable when adding additional physical behavior 
parameters (model 8), indicating interrelatedness between 
sleep, physical activity, and sedentary behavior.

Physical activity. In models 6 and 7, we added the predic-
tors of physical activity intensity and numbers of sit- to- stand 
transitions to model 1, respectively. The model fit of the 
outcome self- perceived work ability improved significantly 
in both models (ie, model 6: −2ΔLL(4) =759.8; p < 0.001; 
model 5: −2ΔLL(1) =115.5; p < 0.001). As hypothesized 
(hypotheses 3a and 3b), physical activity intensity (stand. 
β = 0.06, t = 2.75, p = 0.008) and the number of sit- and- stand 
transitions (stand. β = 0.04, t = 2.37, p = 0.018) positively 
predicted self- perceived work ability. In practice, increasing 
intensity by 1  MET and increasing number of sit- to- stand 
transitions by 1 transition during 30 minutes prior to the e- 
diary improved work ability by 0.15 and 0.07 units. Moreover, 
physical activity intensity showed significant random effects 
(p = 0.025). In other words, the effects of physical activity 
intensity on self- perceived work ability vary significantly 
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between participants, that is, participants showed different 
within- person effects of physical activity intensity on self- 
perceived work ability. The positive effects of physical activ-
ity intensity and sit- to- stand transitions were not stable when 
adding additional physical behavior parameters (model 8), 
indicating interrelatedness between sleep, physical activity, 
and sedentary behavior. All predictors explained 12.43% of 
the total outcome variance cumulatively.

Physical behavior. In the final model 8, only the main pre-
dictor of deviation from a recommended sleep duration (ie, 
sleep duration of 8 h) (p = 0.008) and the covariates time- 
squared (p = 0.001), WAI (p < 0.001), and sex (p = 0.014) 
remained significant. According to Arend and Schäfer´s39 
rules of thumb for minimum detectable effect sizes, our data 
allow the detection of medium effects for within- person as-
sociations. Table 2

3.2 | Effects of physical behavior over time

To test or main hypotheses [2– 3], we used 30- min segments 
of physical activity and sedentary behavior prior to each e- 
diary assessment. Since empirical evidence is lacking on the 
potential temporal associations between physical behavior 
and work ability, we computed a series of additional explora-
tory multilevel models across the smaller (5, 10, 15, 20 min) 
and graded (40– 250 min) time frames.

Physical activity. Physical activity intensity prediction 
of self- perceived work ability (green line) was stable across 
distinct time frames. The standardized β's were positive and 
significant, ranging from 0.063 (time frame: 25 min) to 0.116 
(time frame: 200 min). Moreover, sit- to- stand transitions pre-
diction of self- perceived work ability (orange line) was stable 
in all models except the models with the shorter timeframes 
(ie, 5 10, and 25  min). The standardized β's were positive 
and significant, ranging from 0.032 (time frame: 15 min) to 
0.1 (time frame: 150 min). Interestingly, the positive effect 
of sit- to- stand transitions increased while focusing on graded 
time frames.

Sedentary behavior. We found in eight of nine mod-
els a significant negative effect of sedentary bouts on self- 
perceived work ability (blue line) with standardized β's 
ranging from −0.044 (time frame: 10 min) to −0.033 (time 
frame: 90  min). Since the observed occasions of uninter-
rupted sedentary time ≥90 min was too low, we did not cal-
culate the graded (120– 250) time frame models. In contrast, 
sedentary time prediction of self- perceived work ability 
(gray line) showed significance in only one model, that is, 
the shortest time frame of 5 min (standardized β: −0.033). 
Therefore, our previously presented results (hypothesis 2– 3) 
are robust across different time frames and were not an arti-
fact of a selected time frame (eg, 30 min). Figure 1.

4 |  DISCUSSION

Using cutting- edge ambulatory assessment procedures, we 
here provide the first ecologically valid associations for posi-
tive within- person effects of physical activity intensity and 
sit- to- stand transitions, as well as adverse effects of sedentary 
bouts (≥30 min) and deviation from a recommended sleep du-
ration (ie, 8 h) on self- perceived work ability. Contrary to our 
hypotheses, we found no effects of total sedentary time and 
sleep quality on self- perceived work ability. These within- 
person findings are of tremendous value to guide future re-
search and, importantly, if replicated, to inform intervention 
approaches since they unravel momentary real- life drivers of 
work ability. Put simply, they inform changes workers can 
make in their everyday life to increase work ability in subse-
quent periods.

Our findings that higher intensities of physical activity 
and a higher number of sit- to- stand transitions were posi-
tively associated with self- perceived work ability are in line 
with previous intervention studies,7,8 which have shown that 
multi- component interventions (including organizational, en-
vironmental, and individual components) targeting increased 
activity and regular breaks in sedentary time result in produc-
tivity gain. Several psychophysiological mechanisms are rea-
sonable to explain the findings. Sit- to- stand transitions and 
physical activities with higher intensities (eg, walking instead 
of standing) can promote blood flow,40 which may lead to 
an increase of self- perceived work ability. Moreover, there 
is some evidence that regular physical activity through the 
workday (eg, using sit- to- stand workstations or integrating 
regular walking breaks) may reduce musculoskeletal pain41 
and thus lead to a long- term work ability gain. However, it 
is also likely that the effects of physical activity and seden-
tary behavior on work ability might be explained through 
components of well- being. The literature provides strong 
evidence that both waking behaviors (ie, sedentary behavior 
and physical activity) are associated with several psycholog-
ical constructs such as stress or mood.42 Our study revealed 
that prolonged sedentary bouts (≥20 min) were negatively re-
lated to self- perceived work ability. Since an earlier study has 
found that sedentary bouts were negatively associated with 
feelings of energy,26 it might be possible that a less energized 
state may also affect self- perceived work ability. Thus, fur-
ther studies are needed to gather more in- depth insights into 
potential mediation between sedentary behavior, energetic 
arousal, and work ability.

There is broad evidence that insufficient sleep is associ-
ated with adverse mental and physical health conditions.10 
We found that a deviation from a recommended sleep dura-
tion of 8  h43 was negatively associated with self- perceived 
work ability. In accordance with the present results, previous 
studies have shown that workers who sleep less than 6 h per 
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day reported higher productivity loss than workers who sleep 
between 7 and 9  h.44 Future studies are needed to explore 
the potential mechanisms between irregular sleep duration 
and self- perceived work ability. Contrary to expectations 
and existing findings,45 sleep quality was not associated with 
self- perceived work ability. One possible reason for this null 
finding might be the assessment item. We used a single item 
to assess sleep quality, which might not be sensitive enough 
to detect changes in such a complex construct. A solution 
for future AA studies might be to add further sleep quality 
questions, for example, sleep latency or awakenings during 
the night.5

One advantage of using ecological momentary assess-
ment measures in conjunction with 24- h monitoring is 
the ability to explore the time course of the relationship 
between variables. Our exploratory analyses on the time 
course of the effects of physical behaviors on work ability 
revealed some potential future applications. The findings 
suggest that physical activity intensity and more frequent 
sit- to- stand transitions may have longer- lasting benefits 
because the size of effect increased in graded time frame 
analyses. It should be noted that the level of activity the 
students displayed was largely at a level considered “light” 
(average 2.29 MET) in the activity continuum and such a 
level may be feasible to introduce into work and study en-
vironments. Moreover, we found that self- perceived work 
ability followed a u- shape trajectory in terms of fluctuating 
over the day. In particular, the level of self- perceived work 
ability increased until approximately 1 pm, followed by a 

subsequent decrease until the end of the day. This may in-
form future intervention studies to consider the potential di-
urnal effects as well as encouraging students to restructure 
their work in line with a diurnal trajectory. These findings 
need to be confirmed in other samples, such as workers and 
in interventional studies.

After adding different physical behavior parameters in 
one single model, findings for most predictors lost signifi-
cance. Only the deviation from a recommended sleep dura-
tion of 8 h remained statistically significant. It is difficult to 
explain this result, but it is possible that compared to phys-
ical activity and sedentary behavior, sleep duration may 
have the most decisive impact on self- perceived work abil-
ity. However, other explanations might be possible. Given 
the natural co- dependency between those behaviors, shared 
variance may result in a null finding. In particular, time 
spent in physical activity, sedentary behavior, and sleep can 
be added up to a finite sum of, for example, 24 h, 1440 min, 
or 100%.5 This co- dependency lends itself to analyzing the 
interrelatedness of behaviors in a relative manner instead of 
individual entities. Over the last few years, compositional 
data analyses (CoDA) have become a popular statistical 
approach in occupational research.46 However, we are not 
aware that any published study has integrated the CoDA- 
approach in multilevel analyses. Thus, given the detected 
natural co- dependency between physical behaviors on the 
effect of self- perceived work ability, future research en-
deavors might explore using the CoDA- approach for within- 
person analyses.

F I G U R E  1  Effects of sedentary time, sedentary bouts, physical activity, and sit- stand transitions on self- perceived work ability averaged 
within different time frames. The x- axis depicts the temporal aggregation level of sedentary time, sedentary bouts, physical activity, and sit- stand 
transitions in minutes, intensity level, or numbers prior to each e- diary prompt. For example, the value "30" represents the average sedentary time 
and the average acceleration aggregated within the 30 min prior to each e- diary prompt. The Y- axis depicts the standardized βs from the multilevel 
models for sedentary time, physical activity intensity, and sit- to- stand transitions to predict self- perceived work ability
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Several limitations of our work merit further discussion. 
First, we included university students as our target group, 
and thus, our results may have limited generalization to other 
populations such as white-  or blue- collar workers. However, 
given the high variability of students’ work time and tasks 
as well as a high variability of performed physical behav-
iors, they might be of particular interest to explore possible 
within- person associations between physical behaviors and 
self- perceived work ability in terms of maximizing outcome 
and predictor variance. Second, we cannot exclude residual 
confounders (eg, everyday life factors that affect productiv-
ity, such as social or nutritional behaviors, or drug consump-
tion such as caffeine and alcohol). Third, we analyzed data 
from an observational study, which show an exact chrono-
logical order (eg, the sedentary time prior to an e- diary as-
sessment). However, chronology comprises only one aspect 
of causality.47 Thus, additional studies are needed to under-
pin a causal hypothesis, for example, to induce sit- to- stand 
transitions in daily life experimentally.48 Fourth, we used a 
single- item measure to capture within- person associations 
between self- perceived work ability and physical behaviors. 
Although our data, as well as the literature,35,36 provide evi-
dence for convergent validity on a between- person level, the 
within- person reliability remains unclear. Future research 
endeavors should test the within- person reliability of the 
momentary self- perceived work ability measure with at least 
three items.49 Fifth, we assessed work ability from a self- 
perceived perspective. In future studies, objective measures 
of work- related variables (eg, working memory) should be 
considered to confirm the relationships between physical be-
haviors and productivity more broadly.

4.1 | Perspective

Using an innovative study design, we found within- person 
associations between physical behaviors and self- perceived 
work ability among university students. In particular, physi-
cal activity intensity and the number of sit- to- stand transi-
tions were positively associated with self- perceived work 
ability, whereas sedentary bouts (≥30 min uninterrupted) and 
deviation from a recommended sleep duration (ie, 8 h) were 
negatively associated with self- perceived work ability. These 
findings may inform future studies to consider both within- 
person and between- person level data collection and analyses 
in occupational groups. They also suggest value in further 
examination of the time course of the beneficial and negative 
outcomes of various physical behaviors.
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