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ABSTRACT
The objective of the present study was to estimate whether physical activity (i.e.,
step  counts)  on  one  day  was  associated  with  both  sleep  quality  (i.e.,  sleep
efficiency) and quantity (i.e., total sleep time) the following night and to examine to
what extent sleep on one night was associated with physical activity the next day.
We collected data continuously with a Fitbit Charge 3 among 33 young adults with
overweight and obesity participating to a weight management program. A total of
7094  days  and  nights  were  analyzed  (215  days  on  average  per  participants).
Person-specific models (i.e., participants were not pooled together) were conducted
to test the bi-directional associations for each participant separately. Results from
linear  regressions  and  Generalized  Additive  Models  (GAMs)  were  compared  to
account for potential non-linearities in associations. Results suggest an absence of
association  between  steps  and  sleep  efficiency  in  the  two  directions  for  most
participants [i.e., these associations were not significant for 31 (94%) and 32 (97%)
of the participants]. More heterogeneous results were observed for the association
between steps and total sleep time, with 19 participants (58%) showing a negative
association between total sleep time and next day steps, and 9 (27%) showing a
negative association between steps and next day total sleep time (results of the
linear  regressions).  Taken together,  these results  suggest  a potential  conflicting
association between total sleep time and physical activity in the daily lives of young
adults with overweight and obesity.

INTRODUCTION
Along  with  eating  behaviors,  physical  activity  and  sleep  are  central  to  the
prevention and management of obesity (see for seminal studies, Brown et al., 2009;
Cappuccio  et  al.,  2008;  Fogelholm et  al.,  2007;  Lemmens  et  al.,  2008).  Higher
physical activity level is associated with weight reduction or maintenance over time
(Lee et al., 2010), and poor sleep quality and quantity is associated with increased
risks of future body weight and fat gain (Chaput et al., 2008). Although these two
behaviors  are  often  studied  separately,  research  has  indicated  that  they  might
interact with each other in everyday life (Geller et al., 2017). Physical activity has
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been  hypothesized  to  be  associated  with  improved  sleep  via  several  biological
pathways  (i.e.,  decreases  in  insulin  resistance  and  inflammation,  regulation  of
circadian rhythm, see Chennaoui et al., 2015). In return, sleep deprivation has been
hypothesized to alter physical performances and increase fatigue during physical
activity (Bromley et al., 2012). Given the central role of physical activity and sleep
behaviors  in  obesity  management,  it  is  crucial  to  better  understand  how these
behaviors interact in the daily lives of people who are overweight or obese. Previous
research has already explored how self-reported physical activity and sleep interact
in  6-month  intervals  during  a  weight  management  program  (see  Chevance,
Golaszewski, et al., 2020 for an absence of significant associations between sleep
and physical activity). However, the present study focuses on the daily associations
between  the  two  behaviors  (i.e.,  changes  from  day-to-day).  Gaining  a  better
understanding of the day-to-day temporal dynamics of these two behaviors may be
necessary to develop more effective and personalized behavioral interventions for
this population. For instance, this might help to leverage synergistic associations
between the two behaviors, or in contrast, prevent antagonistic ones. 

A  recent  systematic  review  and  meta-analysis  explored  the  question  of
whether physical activity on one day was associated with sleep the following night
and to what extent sleep on one night was associated with physical activity the
following day (Atoui et al., 2021). This review, which included 33 studies conducted
in various populations (but none among participants with weight concerns) did not
report any clear pattern of associations between several physical activity and sleep
outcomes (Atoui et al., 2021). Similarly, another study conducted among adults with
overweight or obesity showed no significant day-to-day associations between the
two behaviors (measured with an activity monitor) at the group-level (Liao et al.,
2020). This previous study reported that (i) total sleep time was not significantly
associated with next day minutes of moderate to vigorous physical activity and that
(ii) total sleep time was not associated with next day physical activity neither (Liao
et al., 2020).

Although  it  is  possible  that  physical  activity  and  sleep  behaviors  are  not
associated at the group and daily level, a previous review on this topic highlighted
that  studies  exploring  this  question  had  some  statistical  and  methodological
limitations that preclude drawing a definitive conclusion (see Atoui et al.,  2021).
First,  the  measurement  of  physical  activity  and  sleep  behaviors  should  last  for
longer  time periods  than  what  is  usually  observed  in  research  (e.g.,  7  days  of
accelerometry; e.g., Irish et al., 2014). This would enable the capture of variability
over longer time periods and throughout more diverse contexts. Second, a person-
specific approach (i.e., testing the associations among each participant separately,
instead of pooled together) would help to estimate inter-individual differences in
associations, or in other words, explore whether associations could differ from one
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person to another (Chevance, Perski, et al., 2020; Kwasnicka & Naughton, 2019).
For example, one study investigating the bi-directional associations between stress
and  physical  activity  found  positive  associations  between  stress  and  physical
activity  for  some  participants  while  others  presented  negative  associations,  no
associations, or associations in only one direction (e.g., stress influencing physical
activity  but  not  the  opposite;  see  Burg  et  al.,  2017).  Third,  linear  statistical
approaches  might  not  be  suitable  to  capture  potentially  complex  patterns  of
association between physical activity and sleep. Modeling non-linear associations
would help capture potential  relationships characterized by a “threshold effect”,
such as the absence of association between sleep and physical  activity up to a
particular sleep duration threshold (see for example Bernard et al., 2018). Fourth,
only one study so far investigated these associations in adults with overweight or
obesity  and  the  study  only  focused  on  sleep  quantity  (i.e.,  total  sleep  time),
whereas indicators of sleep quality (such as sleep efficiency) might also be relevant
to consider (Atoui et al., 2021; Liao et al., 2020). 

To build upon previous research, the objective of the present study was to
estimate  whether  physical  activity  on  one  day  was  associated  with  both  sleep
quality and quantity the following night, and to determine to what extent sleep on
one night  was associated  with  physical  activity  the next  day.  We expected the
associations  between  the  two  behaviors  to  be  highly  heterogeneous  across
participants in terms of direction (i.e., positive versus negative and unidirectional
versus bi-directional), strength (i.e., small versus large effect sizes) and form (i.e.,
linear versus non-linear).

METHOD

Design
Data were collected as part of an ongoing randomized controlled trial (RCT;

ClinicalTrials.gov  Identifier:  NCT03907462).  All  relevant  ethical  regulations  have
been followed and participants have completed informed consent. The RCT is a 24-
month  study  including  (i)  a  group  with  activity  monitors  and  connected  digital
scales, text messaging, and social media targeting weight loss through behavioral
changes, (ii) a group with the abovementioned intervention package and additional
phone-based  health  coaching  sessions  and  (iii)  a  control  group  with  activity
monitors and digital  scales alone. As the trial  is still  ongoing, group assignment
remained unknown for the present study and was not modelled in our analyses. 

Participants

Inclusion criteria for the RCT included being between 18 and 35 years of age,
being affiliated with a university or college in San Diego, CA as a student, faculty,
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staff member, or alumni and being overweight or obese (25 >= BMI < 40 kg/m2).
Psychiatric and/or medical conditions represented exclusion criteria for the RCT. No
participants had night-shift occupational activities. Participants were continuously
recruited from April 16th 2019 (i.e., the beginning of the trial) to March 1st 2020
(i.e.,  before Covid-19 lockdown measures expected to influence physical  activity
and sleep were introduced in San Diego, CA). All the data analyzed as part of this
study were collected before March 1st 2020. 
In the present study, the analytic sample comprises participants from this RCT who
consistently wore the activity monitor for at least 100 days and nights (~3 months)
with  less  than  5%  of  missing  observations  for  both  behaviors  (data  collection
occurred in the first months of the RCT). This cut-off ensures sufficient statistical
power at the individual level to test the person-specific associations (i.e., build a
statistical model for each participant separately; Ariens et al., 2020). 

Measures

Data on physical  activity  and sleep were collected with  a Fitbit  Charge 3
(Fitbit Inc, San Francisco, CA, USA). Participants were asked to wear the wrist-worn
device continuously during the trial according to manufacturer recommendations
(i.e., to wear the device on one’s non-dominant arm and up to three finger widths
above the wrist bone). Wear time was assessed in the present analyses using heart
rate signals at the minute level. Valid wear time was defined as 1400 minutes (i.e.,
23 hours and 20 minutes) of existing heart rate signals per day. This constitutes a
rather strict threshold, that is justified by the purpose of our study focusing on 24-hr
behaviors. 

Daily step counts were estimated from the Fitbit via triaxial accelerometry.
This indicator of physical activity (i.e., step counts) was preferred over other metrics
offered by the device (e.g., physical activity intensity) because the estimation of
steps from Fitbit sensors range from good to excellent in comparison with direct
observation (Feehan et al., 2018), while the validity of other metrics remains open
to investigation (O’Driscoll et al., 2018). 

Sleep outcomes were estimated via combined accelerometry, heart rate, and
heart rate variability signals via Fitbit’s proprietary algorithm (see de Zambotti et
al., 2018). A previous  study showed that the Fitbit Charge accurately discriminated
sleep-wake states against polysomnography (de Zambotti et al., 2018). Two sleep
outcomes were used: total sleep time and sleep efficiency. Total sleep time was
directly estimated by the device, whereas sleep efficiency was computed as follows:
[total sleep time / total time in bed (x 100)] (Reed & Sacco, 2016). Total time in bed
was estimated from Fitbit’s proprietary algorithm (to our knowledge, the algorithm
was updated in 2017, and should have remain the same during our data collection
period).

With  regards  to  descriptive  statistics,  weight  and  height  were  measured
objectively and used to compute participants’ BMI in kg/m2. Age and sex were self-
reported. 
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Variables  known  to  potentially  affect  the  association  between  physical
activity and sleep behaviors were controlled for (i.e.,  public holidays,  week-days
versus weekend-days, and seasons of the year; see for instance Matthews et al.,
2002; Mattingly et al., 2021). These indicators were created based on the internal
date recorded by the Fitbit. We also controlled for naps (see the statistical section
below). 

Statistical analyses

This  study adopted a person-specific (i.e.,  idiographic)  approach,  meaning
that each participant represented an analytical unit and was analyzed separately
from the  others.  In  other  words,  participants  were  not  pooled  together.  This  is
different from what it is usually done at the group-level (i.e., nomothetic research,
see Chevance, Perski, et al., 2020; Kwasnicka & Naughton, 2019). 
Linear regression models were used to fit to the data for each participant separately
(Vieira et  al.,  2017).  Four  models  were specified (see Table  1).  The first  model
included the daily number of steps as a dependent variable and total sleep time the
previous  night  as  the  independent  variable.  The  second  included  steps  as  a
dependent  variable  and  sleep  efficiency  the  previous  night  as  the  independent
variable. The third included total sleep time as a dependent variable and steps the
day before as the independent variable. The fourth included sleep efficiency as a
dependent variable and steps the day before as the independent. 

Each model included the following control variables: (i) both the dependent
and  independent  variables  at  the  previous  lag,  to  control  for  potential  auto-
correlations;  (ii)  the progressive number of days in the study,  to control  for  the
effect  of  time  on  the  associations;  (iii)  a  set  of  control  variables,  including  the
seasons  (4  binary  variables  for  each  season),  holidays  (a  binary  variable),  the
distinction between week-days and weekends (a binary variable), as well as naps
(binary outcome: 0 = no sleep records detected by the device during the day versus
1 = one or more sleep records detected by the device during the day). 

As our hypothesis also included the possibility of non-linear relationships, we
fitted Generalized Additive Models (GAMs; Hastie & Tibshirani, 1986) for each of the
four  above-mentioned  models.  GAMs  is  a  method  that  has  been  previously
recommended for analyzing person-specific time series (Shadish et al.,  2014).  It
allows the relationships between the independent and dependent variables to be
modelled by smooth curves, thus providing a tool to model potential non-linearity in
an additive structure. The four GAMs were conducted with a similar structure to the
linear models but included one-dimensional smoother terms (f) for the independent
variables to discover their functional forms (please see the R code in supplemental
materials for models’ specifications). 

Both  the  linear  and  generalized  additive  models  were  compared  using
Akaike’s  Information  Criterion  (AIC),  with  smaller  values  indicating  a  better  fit
(Vrieze, 2012). GAMs estimate non-linearity using the effective degrees of freedom
(edf) of the smoothing terms, with edf > 3 indicating form of non-linearity (Shadish
et al., 2014). 
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No imputations were applied because our inclusion criteria included less than
5% of missing data for steps and sleep behaviors (i.e., patterns of missing data
were visually inspected to ensure that they were distributed relatively consistently
across  the  time-series;  a  criterion  that  was  met).  Outlier  values  were  visually
inspected before running the models (no observations were removed). Given the
distribution of our dependent variables and after having checked potential trends in
the time-series, we decided not to perform any transformations before conducting
the analyses (see supplemental materials #1 and #5). 

The packages mgcv (Wood,  2017) and visreg (Breheny & Burchett,  2017)
from the statistical software R (R version 4.0.2; R Core Team, 2017) were used to
conduct and visualize the models. The data and code used for the main analyses, as
well  as  supplemental  materials  are  provided  on  the  Open  Science  Framework
repository platform (see https://osf.io/y7nxg/).

Table 1. Models specifications

Models Dependent variable
(time t + 1)

Independent variable 
(time t)

Control variables
(previous lags for each variable)

Additional control variables

Model 1 Steps Total sleep time - Steps
- Total sleep time

- Progressive day
- Season of the year
- Holiday
- Weekend
- Nap occurrence

Model 2 Steps Sleep efficiency - Steps
- Sleep efficiency

Model 3 Total sleep time Steps - Total sleep time
- Steps

Model 4 Sleep efficiency Steps - Sleep efficiency
- Steps

Results
Participants and descriptive statistics 
A  total  of  33  participants  and  7094  days  and  nights  were  analyzed

[participants’ characteristics: 61% female; mean age = 26 years (range = 19-36),
mean BMI at baseline = 30 kg/m2 (range = 25-36)]. Participants were mostly white
or Caucasian (56%; 41% indicated an Hispanic or Latino origin), incomes over the
last 12-months were fairly distributed between 16,000 and 75,000 USD, and most
participants  reported some college or  associate  degree as their  highest level  of
education. 

On average, participants wore their device for 215 days (range = 106 to 304;
note  that  the  recruitment  for  this  trial  started  on  April  16th,  2019  and  is  still
ongoing.  Given that  we only  selected pre-pandemic  data,  this  gives  a  potential
time-series length comprised of between 100 and 320 days corresponding to the
beginning of the trial). The average number of daily steps across the 33 participants
was 9,848 steps per day (range = 4,370 to 16,092), average total sleep time was
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408 minutes per night (~roughly 7 hours; range = 328 to 488) and average sleep
efficiency was 87% (range = 84 to 90). Descriptive information for each participant
is provided as supplemental  material  (see supplemental  material  #2).  These 33
participants  were  selected  out  of  345  participants  with  at  least  100  days  of
observation during the period considered.  These 33 participants  did not visually
differ from the excluded participant in regards of each outcomes of interest (see
supplemental  material  #6).  The time series  below provide an illustration  of  the
three outcomes over time for two participants (#310, left panel and #246, right
panel).

Figure 1. Illustration of the three study outcomes for 2 participants

Testing potential non-linearities

Overall, AIC were comparable between participants for the linear and GAMs,
meaning that the addition of the smoothed (i.e., non-linear) term did not drastically
improve model fit, nor did it deteriorate model fit (see supplemental material #3 for
each participant model’s outcome). The effective degrees of freedom (edf) of the
smoothing term were often around 1.0 and rarely above 3.0 (i.e., 28 times over 132
tested models; ~20%), indicating an overall linear trend between steps, total sleep
time and sleep efficiency.  Although, some edfs values were above 3, for 5 to 9
participants depending on the specific associations, visual inspections of the plots
revealed  that  the  apparent  non-linearities  were  mainly  driven  by  artifacts  (see
supplemental material #4 for the plots of each participants’ GAMs). Given the non-
superiority of the GAMs over the linear models, only the linear ones are presented in
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the following section. 

We decided to present the outcomes of the linear models (i.e., estimate of
each association with their 95% confidence intervals) with forest plots, in line with
person-specific/idiographic  analyses reporting practices  (Burg et  al.,  2017).  Each
line  of  the  forest  plot  represents  one  participant’s  estimate  with  its  respective
confidence  intervals.  To  ease  the  interpretation  of  the  results,  forest  plots  are
displayed separately for the participants presenting respectively an average sleep
time  lower  and  higher  than  7  hours  per  night  (7  hours  of  sleep  being  usually
considered  as  the  optimal  sleep  duration  at  the  population  level,  thus  being
potentially  important  to  control  for  when interpreting our results;  Chaput et  al.,
2020). 

Associations between total sleep time on one night and steps the
following day (model 1)

Figure 2 shows the forest plots of the person-specific associations between
total sleep time on one night and steps the next day. The forest plots highlight that
total sleep time was significantly (based on the confidence intervals) and negatively
associated with the number of steps the following day for 19 participants out of 33
(58%), and not significantly associated with steps for the remaining 14 participants.
Visually,  this  pattern  of  results  was  relatively  similar  between  the  participants
sleeping more (upper panel)  or less  (lower panel)  than 7 hours on average per
night. 

To  illustrate,  for  the  participant  with  the  strongest  negative  association
between total sleep time and steps (participant #1099, last line of the forest plot),
sleeping longer  on  one night  was  associated  with  a  lower number of  steps the
following day. Specifically, sleeping one more minute on one day was associated
with a mean decrease of 20 steps the following day.
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Figure 2. Associations between total sleep time on one night and steps the next
day

Note. IV  = independent  variable;  DV = dependent  variable;  X-  axis  represents
changes in daily  steps.  The dashed red line represents  the average  association
across participants.

Associations between sleep efficiency on one night and steps the
following day (model 2)

Figure 3 shows the forest plots of the person-specific associations between
sleep efficiency on one night and steps the next day. The forest plots highlighted
that,  for  a  majority  of  participants  (n  =  31;  95%),  sleep  efficiency  was  not
significantly associated with the number of steps the following day. This association
was  positive  and  significant  for  one  participant  (#246),  indicating  that,  for  this
person  specifically,  higher  sleep  efficiency  on  one  night  was  associated  with  a
higher number of steps the following day. On the contrary,  sleep efficiency was
significantly  and negatively  associated  with steps for  the participant  #742.  This
pattern of results was similar between the participants sleeping more or less than 7

DOI: 10.31236/osf.io/nfjqv SportRxiv is free to access, but not to run. Please 
consider donating at 
www.storkinesiology.org/annual                         10



hours on average per night.
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Figure 3. Associations between sleep efficiency on one night and steps the next
day

Note.  IV  = independent  variable;  DV = dependent  variable;  X-  axis  represents
changes in daily  steps.  The dashed red line represents  the average  association
across participants.

Associations  between steps  on one day  and  total  sleep  time the
following night (models 3)

Figure 4 shows the forest plots of the person-specific associations between
steps  on  one  day  and  total  sleep  time  the  following  night.  The  forest  plots
highlighted that the number of steps on one day was significantly and negatively
associated with total  sleep time the following night for 9 participants  out  of  33
(27%),  not-significantly  associated  for  23  participants  (70%),  and  positively
associated  for  one  participant.  The  pattern  of  results  was  similar  between  the
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participants sleeping more or less than 7 hours on average per night.
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Figure 4. Associations between steps on one day and total sleep time the following
night

Note.  IV  =  independent  variable;  DV = dependent  variable;  X-  axis  represents
changes in total sleep time. The dashed red line represents the average association
across participants.

Associations  between  steps  on  one  day  and  sleep  efficiency  the
following night (models 4)

Figure 5 shows the forest plots of the person-specific associations between
steps on one day and sleep efficiency the following night. The forest plots highlight
that the number of steps on one day was not associated with sleep efficiency the
following night for all but one participant. For this participant (#678), more steps
than  the  mean  level  on  one  day  was  associated  with  higher  than  usual  sleep
efficiency.  Again,  the  pattern  of  results  appeared  relatively  similar  between the
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participants sleeping more or less than 7 hours on average per night.
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Figure 5. Associations between steps on one day and sleep efficiency the following 
night

Note.  IV  =  independent  variable;  DV = dependent  variable;  X-  axis  represents
changes in sleep efficiency. The dashed red line represents the average association
across participants. 

Summary of the results and bi-directionality

Results from the four models are summarized in Table 2. Taken together,
results suggest an absence of association between steps and sleep efficiency in the
two directions for most participants (i.e., these associations were not significant for
94%  and  97%  of  the  participants).  Slightly  more  heterogeneous  results  were
observed for the association between steps and total sleep time, with 58% of our
participants showing a negative association between total sleep time and next day
steps, and 27% showing a negative association between steps and next day total
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sleep time. 

The association between steps and total sleep time was significant in both
directions for 5 participants, thus indicating bi-directional associations. Participants
#536, 515, 344, and 621 presented a significant and negative association between
steps and total sleep time in the two directions. For these participants, doing more
steps on one day was associated with shorter sleep duration the following night,
and  shorter  sleep  duration  on  one  night  was  associated  with  more  steps  the
following  day.  One  participant  (#246)  presented  a  singular  pattern  of  results:
different from the other participants, more steps on one day was associated with
longer sleep duration the following night, but, as for the other participants, shorter
sleep duration on one night was associated with more steps the following day.

Table 2. Summary of the results

TST -> Steps (model 1) SE -> Steps (model 2)

Direction of the association positive negative n.s positive negative n.s

Frequency (N = 33) Percentage 0

(0%)

19 (58%) 14 (42%) 1

(3%)

1

(3%)

31

(94%)

Steps -> TST (models 3) Steps -> SE (models 4)

Direction of the association positive negative n.s positive negative n.s

Frequency (N = 33) Percentage 1

(2.5%)

9

(27%)

23

(70%)

1

(3%)

0

(0%)

32

(97%)

Ancillary analyses

In order to explore the impact of 7-day lags on associations, we conducted
four  models  (see Table  1)  with  the independent  variables  included up to  7-day
(instead  of  the  2-day  lags  considered  in  the  initial  analyses).  To  ease  the
interpretation, results are presented with heat maps in supplemental material; see
“heat maps” at https://osf.io/y7nxg/). 

Taken  together,  the  heat  maps  clearly  suggest  that  the  strongest
associations occurred at lag-1, notably for the associations between steps and total
sleep time (i.e., model 1 and model 2). Although, significant associations were found
for each model after lag-1 and up to lag-7, no clear daily or weekly patterns can be
identified  from the  heat  maps  and some of  these  association  might  be  due  to
hazard  (type-1  error).  Interestingly,  two  participants  (#1099  and  #654;  those
presenting the strongest negative association between total sleep time and next
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day steps in the model 1) showed persistent significant associations for model 1 at
lag-2, lag-3 and up to lag-6. This suggests that these two participants are likely to
experience  a  “negative  accumulation  effect”  of  shorter  sleep  on  their  physical
activity several days after.
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Discussion
The study objective was  to estimate  the day-to-day associations  between

physical activity (i.e., steps) and sleep quantity (i.e., total sleep time) and quality
(i.e., sleep efficiency) over several months among young adults who are overweight
or obese. We hypothesized heterogeneous associations across participants in terms
of direction, strength, and form. This hypothesis was only partially supported by our
results.  Although we found some heterogeneity in the directions and strength of
these associations,  significant  results  were mostly  observed for  the associations
between steps and total sleep time. This association was mainly unidirectional with
sleep being associated with next day steps (model 1; 58% of the sample), more
than the opposite direction (model 3; 27% of the sample). No heterogeneity was
observed in the form of the associations, and our results highlighted linear instead
of non-linear associations between the two behaviors at the individual level. 

Importantly,  we observed a negative association between total  sleep time
and next day steps for a majority of the participants (58%; model 1). This is aligned
with results from previous research conducted over shorter-time periods of time
(i.e., a week) and at the group level (e.g., Baron et al., 2013; Bernard et al., 2016;
Fanning et al.,  2016;  Mead et al.,  2019).  Among 9 studies included in a recent
systematic review that tested this day-to-day association at the within-person level,
4 reported a non-significant association, 4 a negative association (i.e., the ones just
previously cited) and one a positive association. This result thus appears consistent
with previous studies. In the opposite direction, the association between steps and
sleep duration the following night was significant and negative for almost a third of
the sample (model 3). This means that for some participants, being more active on
one day can also be associated with less sleep the following night. To date, mostly
non-significant day-to-day associations between physical activity and sleep duration
the  following  night  have  been  reported  in  previous  studies  (11/14  studies  in  a
recent systematic  review; see Atoui  et al.,  2021). This relative discrepancy with
previous findings could be due to the nature of the idiographic analyses used in the
present study, which allow the detection of significant person-specific associations
that might not appear at the group level. 
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From a behavioral  perspective, these two negative associations (models 1
and  3)  could  be  interpreted  as  a  negative  spillover  between  steps  and  sleep
duration (Geller et al., 2017). Sleeping longer than usual might create a conflict with
physical activity for some participants, leaving less time to be active during the day.
Similarly,  being  more  active  on  one  day  might  trigger  shorter  sleep  duration
potentially because these participants have chosen to not adjust their daily routine
those days when they were more active than their usual level, thus leaving less
time to sleep the following night. This pattern of result is particularly interesting
because  it  underlines  the  complex,  potentially  conflicting,  nature  of  multiple
behavior  change  promotion.  For  example,  in  a  weight  management  program,
interventionists might want to help some individuals schedule their daily routine in
a way that supports both physical activity and sleep (i.e., avoids compromising one
behavior to the detriment of the other). Because circadian disruption is detrimental
for health (Vetter, 2020), we would recommend to not intervene on sleep habits
(e.g., asking participants to wake-up earlier or go to bed later to leave more time for
being active), at least for individuals like those included in the present study that do
not present with any known sleep disorders. Interventions designed to manage goal
conflicts  (Conner et  al.,  2016) or  leverage behavior  change techniques,  such as
action planning or time management (Knittle et al., 2020), might help participants
to schedule their daily routine in a way that support both behaviors (i.e., finding
time to be active without hindering sleep). 

An additional  consideration is that the type of physical  activity might also
explain  the  individual  differences  observed  in  the  magnitude  of  the  association
between physical activity and sleep duration. For instance, participants engaging in
structured  activities  (i.e.,  exercise)  might  be  more  vulnerable  to  longer  sleep
duration (because their planned exercise session might be missed when they have
longer sleep than usual) compared to participants that are used to accumulating
their physical activity throughout the day, via, for instance, active transportation.
Finally, it should be noted that total sleep time captured both (i) available time for
physical  activity  and (ii)  “pure” effects  of  sleep duration.  It  is  possible that  the
significant  associations  detected  between  total  sleep  time  and  steps  are
representative  of  time  constraints  more  than  an  effect  of  shorter/longer  sleep.
Future studies might explore this question by controlling for wake periods.
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In regard to the two other associations tested (models 2 and 4), we mostly
found non-significant relationships between steps and sleep efficiency in the two
directions (i.e., 94% and 97% of the participants; see Table 2). This is in accordance
with results from previous studies conducted across other populations that show
few significant associations between these two outcomes at the daily level (e.g.,
Bernard  et  al.,  2016;  Mead  et  al.,  2019).  Although,  physical  activity  and  sleep
quality are sometimes presented as positively influencing each other in the short-
term (Kredlow et al.,  2015; Tang & Sanborn, 2014), empirical  evidence of those
positive daily associations are missing in the literature. More research is needed to
understand  the  temporal  dynamic  of  these  two  behavioral  outcomes.  Future
research should be specifically conducted in individuals with weight concerns and
insomnia symptoms. Indeed, participants included in this study presented very good
sleep efficiency (90% on average). Other results could be expected in adults with
concomitant  overweight  or  obesity  and  sleep  quality  issues  [note  that  the  3
participants (#678, #246 and #742) presenting a significant association between
steps and sleep efficiency, did not present notable differences in their descriptive
statistics  in  comparison  to  the  group averages;  see  supplemental  material  #2].
Other indicators of sleep quality such as sleep onset latency (SOL), wake after sleep
onset (WASO) or subjective sleep quality might also be analyzed in future studies.
Finally, it is also possible that, on average, physical activity, notably step counts, is
not  a  strong  determinant  of  sleep  quality  and  vice-versa  comparing  to  other
variables [e.g., daylight exposure for sleep (Tamrat et al., 2014); health status, or
self-efficacy for physical activity (Bauman et al., 2012)]. 

In  terms  of  the  strength  of  the  associations,  our  person-specific  analyses
highlighted  that  physical  activity  and  sleep  mutually  interact  with  different
magnitudes from one participant to another. For example, for participant #1099
(model 1; Figure 2), sleep duration appears to be a clinically relevant determinant of
physical activity; sleeping one hour more was associated with an average decrease
of  1200  steps  the  following  day  (20  steps  for  each  minute  of  sleep),  which  is
equivalent to roughly 10% of the participants usual daily physical activity level (14k
steps per day on average).  While for participant #296 (model 1;  Figure 2),  this
effect, albeit significant, was half the size. Sleeping one hour more was associated
with an average decrease of around 600 steps the following day (10 steps/minute of
sleep), which is equivalent to roughly 5% of the usual daily physical activity level
(11k steps per day on average for that participant). 

These differences in the magnitude of  the results from one participant  to
another is relevant from a precision medicine perspective, because it suggests that
only  some  participants  might  truly  benefit  from  an  intervention  targeting  the
conflicting association between steps and sleep duration (i.e., participant #1099,
rather than #206, might benefit from such an intervention given the magnitude of
the  effects  for  the  first-mentioned).  Given  that  physical  activity  and  sleep  are
frequently monitored during weight loss programs, such information could directly
influence  the  real-time  tailoring  of  a  specific  behavioral  intervention  for  some
participants (Nahum-Shani et al., 2018). 
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Finally,  although  we  expected  some  heterogeneity  in  the  form  of  these
associations,  our  results  highlighted  linear  instead  of  non-linear  associations
between the two behaviors at the individual level (see supplemental material #4).
The absence of non-linearity might be due to a sampling-measurement issue (i.e.,
100 observations per participant is probably insufficient to model true non-linear
associations for these outcomes), or the fact that our physical activity and sleep
outcomes remained mostly unchanged during the data collection period (i.e., the
time  series  were  stationary).  A  greater  variance  at  the  individual  level  in  each
outcome  might  be  required  to  observe  some  form  of  non-linearity  in  those
associations. This hypothesis would need to be further explored in the future with a
larger  dataset,  both  in  terms  of  sample  size  and  number  of  observations  per
individual. 

Study strengths and limitations

The strengths of the present study include (i) the length of the behavioral
time  series  collected  and  analyzed  (i.e.,  215  days  and  nights  on  average  per
participants), which is extensively higher than most previous studies analyzing the
associations  between physical  activity  and  sleep,  thus  increasing  the  ecological
validity of the present results; (ii) the inclusion of overweight or obese young adults
participating in a weight management program (to our knowledge this is only the
second study on this topic performed among this population); and (iii) our modelling
efforts,  including  the  test  of  person-specific  associations  and  non-linear
associations. 

Our modelling approach provides original and unique information about the
temporal dynamic of physical activity and sleep behaviors at the individual level
and  relevant  information  to  develop  future  just-in-time  adaptive  interventions
integrating the potential associations between sleep and physical activity in their
algorithm (Hekler et al., 2018; Nahum-Shani et al., 2018). 

The study also has limitations. First, because the Fitbit is accurate to detect
sleep-wake  states,  we  focused  on  two  derived  outcomes  of  sleep  quantity  and
quality: total sleep time and sleep efficiency. These two outcomes however cannot
provide a full understanding of sleep behavior and other results might be observed
with  complementary  sleep  outcomes  (i.e.,  SOL,  WASO).  Similarly,  we  did  not
measure daily subjective sleep quality as part of this study, whereas a previous
study  has  shown  significant  associations  between  subjective  sleep  quality  and
physical  activity  at  the daily  level  (Tang & Sanborn,  2014).  This  limitation  (i.e.,
having  multiple  indicators  of  physical  activity)  applies  less  to  physical  activity,
because step count is highly correlated with physical activity intensity (Tudor-Locke
et al., 2011) and an overall good indicator of physical activity behavior over other
metrics (Chomistek et al., 2017). However, in depth analyses of the type and nature
of physical activity (e.g., outdoor versus indoor) or proximity with bed time would
have allowed us to draw a different and probably more accurate  picture of  the
physical activity and sleep associations (Kredlow et al., 2015). Second, we mainly
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focused on the daily associations between the two behaviors at lag -1 (including lag
-2 as a control variable), or in other words, the associations between behaviors with
the previous night or day. However, more complex patterns of associations could
emerge with different time lags.  Indeed,  accumulation effect,  social  patterns,  or
hormonal  rhythms  occurring  in  different  time  scales  and  might  influence  the
associations  between  physical  activity  and  sleep  (Monk,  2010).  Although  our
ancillary analyses indicate that the strongest associations were observed at lag-1
(notably for model 1; total sleep time -> steps), two participants reported persistent
significative  associations  over  time  up  to  lag-6  (see  the  results  section).  This
suggest  that  some  participants  can  experience  cumulative  effects  over  time
(shorter sleep durations in this case) and that only analyzing these associations at
lag-1  might  impede  more  precise  interpretation  of  the  sleep-physical  activity
relationships  (see  on  that  topic,  Irish  et  al.,  2014).  New  visualization  and/or
statistical  methods  are  needed  to  better  understand  the  dynamic  patterns  of
association between sleep and physical activity at different lags (see Hasselman &
Bosman, 2020; Heino et al., 2021 for methods from the field of complexity). Third,
in regard to generalizability, results from this study are limited to our participants
characteristics,  i.e.,  young  adults  who  are  overweight  or  obese,  without
comorbidities,  participating in a weight management program who generally are
physically  active  and  have  good  sleep  efficiency  on  average,  as  well  as  a  low
sample size (i.e., N = 33; which is a limitation here in regards of the generalizability
of our results, but not in term of statistical power). It would be interesting to study
similar associations in adults who are overweight or obese and have concomitant
sleep  disorders  issues.  Further,  as  the  trial  is  still  ongoing,  group  assignment
remained unknown for the present study and was not modelled in our analyses,
which constitutes a limit given that results might differ by groups (albeit no specific
trends  in  the  time-series  for  each  outcome  were  detected;  see  supplemental
material #5).  
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Conclusion
Results  highlighted  significant  negative  and  linear  person-specific

associations  between total  sleep time and next  day steps for  a  majority  of  the
participants included in this study, as well as negative associations between steps
and total sleep time the following day for a third of the participants. Few significant
person-specific  associations  were  found  between  physical  activity  and  sleep
efficiency. Taken together these results suggest a potential conflicting association
between total  sleep time and physical  activity  in the daily lives of  some young
adults who are overweight or obese. 
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