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Dose-response relationship between evening
exercise and sleep

Josh Leota 1 , David M. Presby2,3,4, Flora Le1, Mark É. Czeisler 5,
LuisMascaro 1, EmilyR.Capodilupo2, JoshuaF.Wiley1, SeanP.A.Drummond 1,
Shantha M. W. Rajaratnam1 & Elise R. Facer-Childs 1

Public health guidelines recommend exercise as a key lifestyle intervention for
promoting and maintaining healthy sleep function and reducing disease risk.
However, strenuous evening exercise may disrupt sleep due to heightened
sympathetic arousal. This study examines the association between strenuous
evening exercise and objective sleep, using data from 14,689 physically active
individuals who wore a biometric device during a one-year study interval
(4,084,354 person-nights). Here we show later exercise timing and higher
exercise strain are associated with delayed sleep onset, shorter sleep duration,
lower sleep quality, higher nocturnal resting heart rate, and lower nocturnal
heart rate variability. Regardless of strain, exercise bouts ending ≥4 hours
before sleep onset are not associated with changes in sleep. Our results sug-
gest evening exercise—particularly involving high exercise strain—may disrupt
subsequent sleep and nocturnal autonomic function. Individuals aiming to
improve sleep health may benefit from concluding exercise at least 4 hours
before sleep onset or electing lighter strain exercises within this window.

The relationshipbetween exercise and sleep is symbiotic and complex.
Theoretical models of healthy sleep function point to a number of
physiological and psychological processes implicated in the sleep-
promoting benefits of exercise, including the regulation of core body
temperature1, mood2, metabolic expenditure3, and the circadian
system4. However, acute strenuous exercise performed close to bed-
time may induce prolonged sympathetic activation, e.g., increased
heart and respiration rate, and therefore disrupt sleep5,6. As a result,
traditional and contemporary sleep guidelines have discouraged
strenuous exercise in the hours before bedtime7–9.

Recentmeta-analytical evidence contradicts the view that evening
exercise disrupts sleep. Engaging in evening exercise generally10 and
high-intensity evening exercise specifically11 was not associated with
decreases in sleep duration or quality. Although studies have exam-
ined the effects of evening exercise intensity or duration in isolation12,
no studies to our knowledge have examined the combination of

exercise intensity and duration (i.e., exercise strain). High intensity,
long duration (i.e., strenuous) evening exercise is metabolically
demanding and may result in an inadequate recovery window before
bedtime, limiting the brain and body’s ability to return to the psy-
chophysiological conditions compatible with sleep13. Indeed,
researchers who have systematically reviewed the evening exercise
literature have recommended future studies focus on the intensity by
duration interaction2,14, particularly given most past studies included
only lower levels of exercise strain10.

High exercise strain (i.e., cardiometabolic demand) is characterized
by increased sympathetic activity15, e.g., increased excess post-exercise
oxygen consumption16, core body temperature17, heart rate18, and cog-
nitive arousal19. Following exercise, the autonomic nervous system (ANS)
facilitates sympathetic withdrawal and parasympathetic re-activation20.
Importantly, high strain exercise significantly slows this autonomic pro-
cess towards resting homeostasis15,21. Swift parasympathetic re-activation
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at night is important as sleep is characterized by increasing para-
sympathetic (and declining sympathetic) activity22. This raises the ques-
tion whether strenuous exercise near sleep onset results in heightened
sympathetic activity and delayed parasympathetic re-activation, which
could delay or impair sleep23.

Here, in a large multi-national sample of physically active adults,
we examined the influence of exercise strain on the association
between exercise timing andobjectivelymeasured sleepandnocturnal
autonomic activity using a validated24 wrist-worn biometric device in
free-living conditions. We hypothesised the combination of later
exercise timing and higher exercise strain would be dose-dependently
associated with disruptions to sleep (e.g., delayed sleep onset, shorter
sleep duration, lower sleep quality) and nocturnal autonomic activity
(e.g., increased resting heart rate [RHR] and decreased heart rate
variability [HRV]).

Results
Demographics
The study population included 14,689 participants logging an average
of 122.98 exercises (SD = 53.74) across the 1-year study. Baseline
characteristics (Table S1) included age (M= 37.89, SD = 10.81), gender
(10,845 [73.83%] men), weight (M= 80.39 kilograms, SD = 15.10), and
height (1.76 meters, SD =0.94).

Exercise timing relative to habitual sleep onset
Tables S2–6 present estimatedmarginal means (EMMs) and Tables S7-
11 present strain vs. no-exercise contrasts for all analyses.

Sleep onset
When exercise concluded ≥6-h before social jet lag- and seasonality-
adjusted habitual sleep onset (i.e., the average sleep onset corre-
sponding to weekdays or weekends, as appropriate, across the calen-
dar month), maximal exercise was associated with earlier sleep onset
compared to lower levels of strain and non-exercise days. When
exercise concluded 4- to 6-h before habitual sleep onset, sleep onset
following light or moderate exercise was similar to non-exercise days.
When exercise concluded 4-h before to 2-h after habitual sleep onset,
sleep onset became progressively later for all levels of strain and was
more pronounced when strain was higher. Engaging in maximal
exercise instead of light exercise is associated with a 36.0-minute later
sleep onset if the exercise ended 2-h before habitual sleep onset, and
an 80.0-minute later sleeponset if the exerciseended2-h after habitual
sleep onset (Fig. 1A; Table 1).

Sleep duration
When exercise concluded ≥6-h before habitual sleep onset, exercise
strain was positively correlated with sleep duration. In contrast, when
exercise concluded 6-h before to 2-h after habitual sleep onset, sleep
duration progressively reduced for all levels of strain and was more
pronounced when strain was higher. Engaging in maximal exercise
instead of light exercise is associated with a 5.4% (22.2minute) shorter
sleep duration if the exercise ended 2-h before habitual sleep onset,
and a 13.9% (42.6minute) shorter sleep duration if the exercise ended
2-h after habitual sleep onset (Fig. 1B; Table 2).

Sleep quality
When exercise concluded ≤8-h before habitual sleep onset, increased
strain was associated with decreased sleep quality. When exercise
concluded 2-h before to 2-h after habitual sleep onset, sleep quality
became progressively worse for all levels of strain and was more pro-
nouncedwhen strainwas higher. Engaging inmaximal exercise instead
of light exercise is associated with a 0.87 percentage point decrease in
sleep quality if the exercise ended 2-h before habitual sleep onset, and
a 5.6 percentage point decrease in sleep quality if the exercise ended
2-h after habitual sleep onset (Fig. 1C; Table 3).

Nocturnal RHR
Regardless of when exercise concluded, higher strain was associated
with higher RHR. All levels of exercise strain were associated with
higher RHR compared to non-exercise days. When exercise concluded
4-h before to 2-h after habitual sleep onset, RHR became progressively
higher for all levels of strain and was more pronounced when strain
was higher. Engaging in maximal exercise instead of light exercise is
associated with a 6.8% (3.9 beats/min) increase in RHR if the exercise
ended 2-h before habitual sleep onset, and a 15.0% (9.4 beats/min)
increase in RHR if the exercise ended 2-h after habitual sleep onset
(Fig. 1D; Table 4).

Nocturnal HRV
Regardless of when exercise concluded, higher strain was associated
with lower HRV. All levels of exercise strain were associated with lower
HRV compared to non-exercise days. When moderate, high, and
maximal exercise concluded 4-h before to 2-h after habitual sleep
onset, HRV became progressively lower and was more pronounced
when strain was higher. When light exercise concluded 2-h before to
2-h after habitual sleep onset, HRV became progressively lower.
Engaging in maximal exercise instead of light exercise is associated
with a 14.1% (8.3 unit) decrease in HRV if the exercise ended 2-h before
habitual sleep onset, and an 32.6% (14.6 unit) decrease in HRV if the
exercise ended 2-h after habitual sleep onset (Fig. 1E; Table 5).

Exercise timing relative to actual sleep onset
Secondary analyses examining exercise timing to actual sleep onset
were consistent with the primary analyses above. Specifically, the
combination of higher exercise strain and later exercise timing relative
to actual sleep onset that night was dose-dependently associated with
shorter sleep duration, lower sleep quality, higher nocturnal RHR, and
lower nocturnal HRV (Fig. 2A-D).

Exploratory analyses: gender, age, and BMI status
The associations of interest between exercise timing and strain, and
sleep and nocturnal autonomic activity did not differ across gender
(Figs. S1 and S2), age (Figs. S3 and S4), or BMI status (Figs. S5 and S6).

Discussion
This large-cohort, multi-national study examined whether exercise
strain and exercise timing would demonstrate dose-response rela-
tionshipswithobjective sleep andnocturnal autonomic activity in free-
living conditions. Results showed the combination of higher exercise
strain and later exercise timing was dose-dependently associated with
delayed sleep onset, shorter sleep duration, lower sleep quality, higher
RHR, and lower HRV. Evening exercise—particularly involving high
levels of cardiovascular strain—may disrupt subsequent sleep and
nocturnal autonomic function, thereby impairing a critical stage of the
recovery process25.

Our findings are consistent with research on physiological
recovery after exercise. The dynamic recovery duration (i.e., time-
course of parasympathetic re-activation) is proportionate to the level
of homeostatic stress of the exercise session15. We found higher levels
of exercise strain were associated with increased nocturnal RHR and
decreased nocturnal HRV several hours after exercise cessation. The
initiation and maintenance of healthy sleep function is characterized
by parasympathetic activity (e.g., declines in RHR and core body
temperature, increases in HRV)22,26. Therefore, when parasympathetic
re-activation is disrupted due to increased exercise strain or later
exercise timing, sleep may be both delayed in timing and impaired in
quality. To minimise disruptions to sleep, individuals should allow for
adequate recovery timeproportionate to the level of strain achieved in
an evening exercise session.

When exercise concluded 6–10 hours before habitual sleep onset,
nocturnal HRV was slightly lower compared to non-exercise days.
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Fig. 1 | Relative exercise timing and strain associations with sleep and noc-
turnal autonomic activity. GAMMs demonstrating the relationship between
exercise timing relative to habitual sleep onset and A sleep onset, B sleep
duration (in hours), C sleep quality, D nocturnal RHR, and E nocturnal HRV at
different levels of exercise strain. Exercise group lines (measure of centre)

represent GAMM estimates. Shaded area surrounding each exercise strain
group line represents 95% confidence intervals. Horizontal grey dashed line
indicates the mean outcome variable on no exercise days. Vertical black
dotted line indicates habitual sleep onset. Source data are provided as a
Source Data file.
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Thesedifferenceswere strain-dependent andminimal (e.g., a 1.56–4.52
unit decrease in HRV), suggesting healthy nocturnal autonomic func-
tioning under these conditions. Nonetheless, this finding aligns with
prior research demonstrating that the time required for complete
autonomic recovery from a single exercise session can exceed
24 hours, especially following strenuous exercise27. Future research
should examine how continuous measures of HRV recovery following
exercise relate to subsequent sleep, and whether this relationship is
moderated by successive days of high strain exercise. Strenuous eve-
ning exercise may also be associated with behavioural consequences
that can impair sleep. Pre- and post-exercise dietary intake, including
caffeine-containing beverages, carbohydrate-rich foods, and alcohol
can negatively impact sleep28–30. Evening exercise may also occur in
environments that expose individuals to bright light (e.g., 24-h gyms,

elite sport competitions), which delays the timing of the circadian
clock and suppresses release of the sleep-promoting hormone
melatonin.

When light or moderate strain exercise ended more than ~2-h
before habitual sleep onset, sleep onset and sleep quality were similar
to non-exercise nights. These findings are consistent with recentmeta-
analyses that reported null effects of evening exercise on sleep10,11.
Importantly, 82%of the studiesmeta-analysedwould be categorized as
light or moderate strain. We extend on this prior work by demon-
strating higher strain evening exercisemay be detrimental to sleep and
autonomic functioning.

This study has important implications for exercise timing and
sleep health recommendations. Our findings suggest that to optimize
sleep timing, duration, and quality, when possible, individuals should

Table 2 | Sleep duration dose-response contrasts at different levels of exercise timing (habitual) and strain

Exercise timing relative to habitual sleep onset

Contrast −10 h −8 h −6 h −4 h −2 h 0 +2h

Light – None 0.38 (0.43) 1.07 (0.22) 0.92 (0.20) −1.00 (0.18) −8.35 (0.27) −38.42 (0.71) −109.37 (3.57)

Mod. – Light −0.03 (0.64) 0.53 (0.31) −0.71 (0.29) −2.34 (0.26) −6.68 (0.42) −21.16 (1.10) −18.90 (5.09)

High – Mod. 3.16 (0.84) 1.64 (0.40) 0.48 (0.41) −1.40 (0.37) −5.66 (0.55) −7.60 (1.38) −13.95 (5.85)

Maximal – High 4.98 (1.53) 2.18 (0.74) −0.42 (0.86) −5.68 (1.00) −9.93 (1.43) −12.02 (3.06) −9.40 (9.77)

Values represent sleep duration difference (minutes); Bolded values represent a significant change in the outcome variable from the previous strain level (p < 0.005). Standard errors are in
parentheses. Statistical test used was generalized additive mixedmodels and contrast of estimatedmarginal means. Multivariate t-distribution adjustment methodwas used to adjust for multiple
comparisons. Two-sided tests were used.

Table 1 | Sleep onset dose-response contrasts at different levels of exercise timing (habitual) and strain

Exercise timing relative to habitual sleep onset

Contrast −10 h −8 h −6 h −4 h −2 h 0 +2h

Light – None 2.45 (0.43) 0.89 (0.22) −2.24 (0.2) −5.68 (0.19) 3.99 (0.27) 59.00 (0.73) 212.39 (3.74)

Mod. – Light −0.09 (0.64) 0.42 (0.31) 1.44 (0.29) 3.65 (0.26) 11.15 (0.42) 32.83 (1.14) 8.58 (5.36)

High – Mod. −5.97 (0.84) −2.90 (0.40) 0.15 (0.41) 5.54 (0.37) 10.22 (0.55) 6.67 (1.44) 15.43 (6.30)

Maximal – High −5.50 (1.58) −4.31 (0.76) −2.19 (0.89) 8.63 (1.06) 14.63 (1.53) 24.46 (3.51) 46.51 (11.80)

Values represent sleep onset difference (minutes); Bolded values represent a significant change in the outcome variable from the previous strain level (p < 0.005). Standard errors are in
parentheses. Statistical test used was generalized additive mixedmodels and contrast of estimatedmarginal means. Multivariate t-distribution adjustment methodwas used to adjust for multiple
comparisons. Two-sided tests were used.

Table 3 | Sleep quality dose-response contrasts at different levels of exercise timing (habitual) and strain

Exercise timing relative to habitual sleep onset

Contrast −10 h −8 h −6 h −4 h −2 h 0 +2h

Light – None −0.04 (0.02) −0.03 (0.01) 0.03 (0.01) 0.11 (0.01) 0.17 (0.01) 0.18 (0.03) 0.16 (0.08)

Mod. – Light −0.05 (0.04) −0.03 (0.02) −0.06 (0.02) −0.09 (0.02) −0.09 (0.02) −0.35 (0.06) −0.96 (0.18)

High – Mod. −0.06 (0.06) −0.09 (0.03) −0.18 (0.03) −0.13 (0.02) −0.18 (0.04) −0.39 (0.08) −1.90 (0.33)

Maximal – High −0.01 (0.11) −0.24 (0.05) −0.32 (0.06) −0.39 (0.07) −0.61 (0.10) −0.81 (0.23) −2.74 (0.73)

Values represent sleep quality difference (%); Bolded values represent a significant change in the outcome variable from the previous strain level (p < 0.005). Standard errors are in parentheses.
Statistical test usedwas generalized additivemixedmodels and contrast of estimatedmarginal means. Multivariate t-distribution adjustmentmethodwas used to adjust formultiple comparisons.
Two-sided tests were used.

Table 4 | Nocturnal RHR dose-response contrasts at different levels of exercise timing (habitual) and strain

Exercise timing relative to habitual sleep onset

Contrast −10 h −8 h −6 h −4 h −2 h 0 +2h

Light – None 0.49 (0.03) 0.47 (0.01) 0.40 (0.01) 0.33 (0.01) 0.45 (0.02) 2.02 (0.05) 6.50 (0.23)

Mod. – Light 0.37 (0.04) 0.48 (0.02) 0.54 (0.02) 0.74 (0.02) 1.32 (0.03) 2.39 (0.07) 3.69 (0.33)

High – Mod. 0.18 (0.05) 0.46 (0.03) 0.64 (0.03) 0.80 (0.02) 1.14 (0.04) 1.18 (0.09) 1.49 (0.39)

Maximal – High 0.88 (0.10) 1.09 (0.05) 1.24 (0.06) 1.34 (0.07) 1.43 (0.10) 1.80 (0.22) 4.25 (0.75)

Values represent nocturnal RHR difference (beats/min); Bolded values represent a significant change in the outcome variable from the previous strain level (p <0.005). Standard errors are in
parentheses. Statistical test used was generalized additive mixedmodels and contrast of estimatedmarginal means. Multivariate t-distribution adjustment methodwas used to adjust for multiple
comparisons. Two-sided tests were used.
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stop exercising four or more hours before their habitual—or actual—
sleep onset. When evening exercise is unavoidable, individuals could
select lighter stain exercises tomitigate sleep disruption. Based on our
data, opting for light strain exercise instead of maximal strain exercise
ending 2-h before habitual sleep onset is associatedwith a 36.0-minute
earlier sleep onset, 5.4% increase in sleep duration, 6.8% decrease in
nocturnal RHR, and 14.1% increase in nocturnal HRV. Interestingly,
prior research has demonstrated high intensity exercise can mitigate
some of the adverse effects of sleep loss, such as impaired glucose

tolerance31 and insulin resistance32. These findings highlight the com-
plex relationship between sleep, exercise, and health and suggest
future investigations require nuanced interpretation.

Contrary to previous sleep health guidelines that discourage
exercise at night, recent guidelines are less conservative, suggesting,
for example, that moderate-intensity exercise ending at least 90-
minutes before bedtime will not delay or disrupt sleep33. However,
theseguidelines donotmention thedurationofpermissiblemoderate-
intensity evening exercise; a critical consideration when quantifying

Table 5 | Nocturnal HRV dose-response contrasts at different levels of exercise timing (habitual) and strain

Exercise timing relative to habitual sleep onset

Contrast −10 h −8 h −6 h −4 h −2 h 0 +2h

Light – None −1.56 (0.09) −1.54 (0.04) −1.18 (0.04) −0.84 (0.04) −1.18 (0.05) −4.55 (0.14) −15.25 (0.71)

Mod. – Light −1.20 (0.13) −1.14 (0.06) −1.26 (0.06) −1.64 (0.05) −2.63 (0.08) −5.32 (0.22) −9.08 (1.03)

High – Mod. 0.07 (0.17) −0.96 (0.08) −1.36 (0.08) −1.66 (0.07) −2.60 (0.11) −2.44 (0.28) 0.98 (1.17)

Maximal – High −1.84 (0.31) −1.95 (0.15) −1.96 (0.17) −2.77 (0.20) −3.07 (0.29) −4.26 (0.63) −6.56 (2.03)

Values represent nocturnal HRV difference (RMSSD). Bolded values represent a significant change in the outcome variable from the previous strain level (p < 0.005). Standard errors are in
parentheses. Statistical test used was generalized additive mixed models and contrast of estimated marginal means. Multivariate t-distribution adjustment method was used to adjust for multiple
comparisons. Two-sided tests were used.
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Fig. 2 | Actual exercise timing and strain associations with sleep and nocturnal
autonomic activity. GAMMs demonstrating the relationship between exercise
timing relative to actual sleep onset andA sleep duration (in hours),B sleep quality,
CnocturnalRHR, andDnocturnal HRV atdifferent levels of exercise strain. Exercise

group lines (measure of centre) represent GAMM estimates. Shaded area sur-
rounding each exercise strain group line represents 95% confidence intervals.
Horizontal grey dashed line indicates the mean outcome variable on no exercise
days. Source data are provided as a Source Data file.
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exercise strain. Although short duration, moderate-intensity (i.e., light
strain) evening exercise may not affect sleep34, our findings suggest
that longer duration, moderate-intensity evening exercise that
achieves sufficiently high levels of strain may be detrimental to sleep.
Importantly, exercise of any strain, but particularly higher strain,
occurring after habitual sleep onset was associated with stark disrup-
tions to sleep and autonomic activity. This finding has important
implications for elite and professional athletes, as many competitions
that require high and maximal levels of strain are scheduled in the
evening due to broadcasting rights. These evening competitions may
be jeopardizing athlete sleep and recovery on nights it is neededmost.

The present study had limitations that should be considered. The
biometric device did not detect when sleep was first attempted;
therefore, we were unable to estimate the time participants began to
attempt sleep or calculate sleep onset latency. Future research could
collect self-reported timing of attempted sleep or use behavioural
devices that record conscious responses to stimuli to investigate
whether heightened sympathetic arousal associated with strenuous
evening exercise increases sleep onset latency. The summated-heart-
rate-zones score (SHRZS) method for quantifying exercise strain may
underestimate the relative metabolic strain of strength training that
involves very brief durations of high-effort movements. Future
research could examine the effects of different types of evening
strength training (e.g., Olympic lifting). We were unable to control for
potential confounds known to impact sleep, such as bright light
exposure. Although we can take some confidence in our results given
we observed a consistent dose-response relationship in the evening
and bright light exposure likely does not covary with exercise strain,
future research could measure and control for light exposure. Finally,
election of only physically active adults created a sample that is not
representative across the spectrum of physical activity levels. Future
research could explore the extent to which our findings apply to the
lower end of the physical activity spectrum. We predict the relation-
shipbetween strenuous evening exercise and sleep tobe even stronger
in this group, aspost-exercise autonomic recovery typically occurs less
rapidly in individuals who train less frequently21, have lower levels of
cardiovascular fitness27, and have lower resting vagal control35.

This study had several strengths. Previous studies on evening
exercise and sleephave relied on small sample sizes (M= 12 participants/
study)10 for brief periods, often in laboratory settings. This study
examined data from a large sample (14,689 physically active partici-
pants) across one year (4,084,354 person-nights) in a real-world setting.
These free-living conditions allowed participants to engage in exercises
that varied widely in exercise strain. The analyses controlled for
important individual differences in sleep and exercise strain. For
example, instead of using clock time, exercise timing was calculated
relative to each individual’s habitual sleep onset on a given day (thus
considering individual, seasonal, and weekday changes in sleep timing)
as well as each individual’s actual sleep onset on that night (Fig. 2).
Similarly, exercise strain was quantified from real (as opposed to plan-
ned) exercise relative to each individual’s cardiovascular fitness level.

This large cohort study of ~4-million-person-nights demonstrates
that exercise strain and exercise timing have dose-response relation-
ships with sleep and autonomic activity. To optimize sleep, individuals
should aim to complete bouts of exercise four or more hours before
their sleep onset to minimise potential adverse consequences to their
sleep. If exercising within a 4-h window of sleep onset, individuals
couldelect to engage in light strain exercises tomitigate sleep andANS
disruption. This study has significant implications for public health
messaging around timing, duration, and intensity of exercise and
presents a critical step towards improving population sleep health.

Methods
This large retrospective cohort study adhered to the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)

guidelines and was approved by Monash University Human Research
Ethics Committee (#32928).

Study design, population, and data collection
Data from 14,689 subscribers to the biometric device platform
WHOOP, Inc. (Boston, MA) were collected across a 1-year study (Sep 1,
2021 to Aug 31, 2022). During registration with WHOOP, participants
reported their age and gender and provided written informed consent
to allow the use of their deidentified data for research. Due to con-
fidentiality considerations, we did not have access to location data.
Participant characteristics are presented in Table S1. Eligibility criteria
requiredparticipants be ≥18 years of age,wear thebiometricdevice for
a minimum of 350 days (95.6% of total possible wear-time), and reg-
ister ≥50 exercise activities within the analysis window of 10-h before
to 2-h after habitual sleep onset to construct a sample of physically
active individuals (i.e., with an exercise frequency of approximately
one or more activities weekly) and to allow for within-person com-
parisons of different exercise timings and levels of exercise strain.
Exercises outside this window were excluded. The final dataset inclu-
ded 4,084,354 person-nights of data (Fig. 3 presents CONSORT flow
diagram). Table S12 includes demographic information for the inclu-
ded and excluded participants.

A multi-sensor wrist-worn biometric device (WHOOP versions 3.0
or 4.0; Boston, MA) that captures continuous heart rate, accel-
erometer, and three-axis gyroscope data was used to derive exercise,
cardiovascular, and sleep/wake metrics. This biometric device has
been validated against electrocardiography and polysomnography for
the assessment of heart rate (99% agreement) and 2-stage sleep cate-
gorisation (86–89% agreement), respectively24,36.

Exercise timing
Exercise timing was operationalised using two reference points. In the
primary analysis, exercise timing represented the conclusion of exer-
cise relative to the participant’s habitual sleep onset. Individuals dis-
play a high degree of heterogeneity in sleep/wake timing37. What
constitutes an evening exercise will depend on the typical sleep/wake
patterns of the individual. Further, an individual’s sleep/wake timing
can vary by season38 and by weekday/weekend37. Therefore, habitual
sleep onset was quantified as the participant’s mean sleep onset of the
corresponding calendar month and whether it was a weekday or
weekend to account for seasonal variation and social jet lag. In the
secondary analysis, exercise timing represented the conclusion of
exercise relative to the participant’s sleep onset on that night. This
methodprovides important context for how long it can take to recover
from varying levels of exercise strain before sleep.

Exercise strain
Exercise activities were logged manually on the WHOOP smartphone
app or detected automatically by the WHOOP analytics platform and
then confirmed by the participant. Multiple exercise activities logged
within 60-minutes of each other were treated as one activity. Activities
less than 1-minute in duration and relaxation exercises, including yoga,
stretching, meditation, and massage therapy were excluded from the
analysis. Continuous heart rate data during each exercise activity were
used to calculate durations spent in six heart rate zones (zones 0-5).
Heart rate zones were determined as a percentage of the participant’s
maximal heart rate (HRmax), where zone 0 = < 50% of HRmax, zone
1 = 50–60%, zone 2 = 60–70%, zone 3 = 70–80%, zone 4 = 80–90%, and
zone 5 = 90–100%. HRmax was determined using the non-linear for-
mula, 192–0.007 × age[239, or manually set by the participant, or auto-
matically set to the maximal recorded heart rate.

Exercise strain was quantified using summated-heart-rate-zones
scores (SHRZS)40. The duration (minutes) spent in eachheart rate zone
wasmultiplied by a corresponding factor for each zone (i.e., zone 1 = 1;
zone 2 = 2; etc.) and then summated. This method has an open-source
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formula that can be replicated in future studies using any device that
accurately records heart rate. SHRZS were then categorized into four
groups designed to reflect common groups of exercises that vary in
cardiometabolic load and that based on our hypothesis would be
expected to impact subsequent sleep differently: <116=light; 116 to
<214=moderate; 214 to 461=high; >461=maximal (Table 6).

Nocturnal autonomic activity markers and sleep metrics
Nocturnal RHR and HRV were calculated using a weighted average
over the sleep period (i.e., from sleep onset to sleep offset), giving
more weight to periods of slow wave sleep, as slow wave sleep is
typically characterized by parasympathetic dominance22. Slow wave
sleep was automatically detected using WHOOP’s analytics platform.
PPG-derived RHR was quantified as the mean number of heart beats/
minute. PPG-derived HRV was quantified as the resting root mean
square of successive beat to beat interval differences (RMSSD). Sleep
metrics were derived from biometric device data and automatically

detected usingWHOOP’s analytics platform and included sleep timing
(sleep onset), duration (total sleep time), and quality (sleep percen-
tage; [Sleep Period – wake after sleep onset]/Sleep Period).

Statistical analysis
Analyses were performed in R (v4.2.0)41. We fit generalized additive
mixed models (GAMMs) which use nonparametric smoothing func-
tions to examine the nonlinear (e.g., dose-response) relationship
between exercise timing and sleep at different levels of exercise
strain42.

Smoothing terms for exercise timing at each level of exercise
strain were included in the model. Exercise strain was included as an
ordered fixed factor with five levels (no exercise; low; moderate; high;
maximal). Covariates included weekday vs. weekend, prior night’s
outcome variable, participant general fitness (mean daily exercise
strain), gender, and a smoothing term for age as there are nonlinear
changes in sleep by age43. Results were averaged across all covariates.

Initial sample
(n = 20,000; 7,106,256 nights)

Included after first clean
 (n = 18,739; 6,660,223 nights)

Excluded (n = 1,261; 446,033 nights)
• < 50 exercise days logged across 

1-year (n = 1,241; 438,942 nights)
• Missing or invalid data (n = 20, 

7,091 nights)

Excluded (n = 1,645,114)
• Exercise logged outside analysis 

window (-10 h to +2 h relative to 
habitual sleep onset) (1,418,619 
nights)

• Invalid exercise type (226,495 
nights)

Included before analysis
 (n = 18,739; 5,015,109 nights)

Excluded (n = 4,050; 930,755 
nights)
• < 50 exercise activities logged 

within analysis window (n = 
4,050; 930,755 nights)

Included in final analysis
 (n = 14,689; 4,084,354 nights)

Data collection

Data cleaning

Data analysis

Fig. 3 | CONSORT flowdiagram illustrating the criteria for inclusion in theprimary analysis. Procedure stage is represented in blue. n number of participants. h hours.

Table 6 | Exercise strain categories with examples of exercises and quantifications

Strain SHRZS range No. (%) Exercise examples Intensity and duration example

Light <116 834,363 (46.5%) Brisk walk; slow jog 30min at 65% (zone 2) of HRmax

Moderate 116 to 214 643,045 (35.8%) Gym class; 5-mile run 45min at 85% (zone 4) of HRmax

High 214 to 461 274,459 (15.3%) Hockey training; 10-mile run 90min at 85% (zone 4) of HRmax

Maximal > 461 43,437 (2.4%) Hockey match; half marathon 120min at 85% (zone 4) of HRmax

Summated-heart-rate-zone-score (SHRZS) ranges for each category of exercise strain. Intensity and duration examples represent just one ofmany possible quantifications of exercise strain for each
group, e.g.,moderate strain couldalsobeachieved from90minat 65% (zone 2) of HRmax. No. (%) represents thenumber of exercises in each strain groupandpercentageof total exercises loggedby
all participants. Note the exercise strain calculated in this study using SHRZS is different from the WHOOP Strain Score provided on the consumer smartphone app.
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A random intercept by participant identifier was included to account
for non-independence.

Smoothing functions were plotted and used for interpretation of
the GAMMs. Estimated marginal means (EMMs) at 2-h intervals were
compared using two contrast techniques. First, we used a consecutive
contrastmethod that allows for testing the dose-response relationship
between exercise strain and sleep/autonomic activity. This contrast
method compares 1.) no exercise to light strain; 2.) light strain to
moderate strain; 3.) moderate strain to high strain; and 4.) high strain
to maximal strain, at each 2-h interval of exercise timing. Second, a
treatment vs. control contrast method was used to compare exercise
strain levels to the no exercise reference mean. Contrast estimates
reflect estimated absolute differences, providing information about
real-world importance and effect size beyond statistical significance.
Multivariate t-distribution adjustment method was used to adjust for
multiple comparisons. Given the large sample size, a p-value of 0.005
was used to determine statistical significance44.

Exploratory analyses were also conducted to examine whether the
findings vary across demographic groups. The primary analyses were
repeated stratified across gender (Figs. S1 and S2), age (Figs. S3 and S4),
and BMI status (Figs. S5 and S6). Finally, we conducted a sensitivity
analysis excluding the week following the start and the week following
the end of daylight saving time, as prior research suggests catch-up
sleep occurs after clock transitions45. The results did not change.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The dataset associated with this study comprises regularly collected
physiological and healthcare data as well as demographic information
and is stored in a proprietary repository. Given its sensitive nature and
the potential for reidentification, access to the dataset is enforced
through an application process. For inquiries regarding data access,
please contact support@whoop.com. All data requests will be asses-
sed and addressed in accordance with policies designed to safeguard
participant and user confidentiality, as outlined in the terms and
conditions and informed consent documentation. The timeframe for
response to requests will be four weeks. Source data are providedwith
this paper.

Code availability
Data organization and analysis was performed in R (v4.2.0). The ana-
lysis code is available at https://doi.org/10.5281/zenodo.14933997.
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