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ARTICLE INFO ABSTRACT
Keywords: This systematic review synthesized evidence from comparative studies examining the effects of morning versus
Exercise timing evening exercise on sleep, with a meta-analysis restricted to randomized controlled trials. Of the 1111 records

Wake after sleep onset
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Physical activity
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Exercise intensity

identified, 25 studies met the eligibility criteria, including five observational studies, two non-randomized
intervention studies, and 18 randomized controlled trials (RCTs), 16 of which were included in the meta-
analysis. At the group level, the available evidence does not indicate a clear overall advantage of morning
over evening/nighttime exercise for most sleep outcomes. Evening/nighttime exercise was associated with
higher wake after sleep onset (WASO) (SMD = —0.51, 95% CI [—0.89, —0.12]), indicating a modest effect on
sleep continuity. However, this finding should be interpreted with caution, as potential small-study effects were
identified. Subgroup analyses suggested that timing-related differences were more apparent at higher exercise
intensities. Overall, these findings support flexible exercise timing that prioritizes adherence and individual
constraints, while recognizing that effects vary with intensity, proximity to sleep, and recovery, and that evening
moderate-to-vigorous exercise may impair sleep continuity. Future research should identify the exercise-related
and individual-level factors that moderate sleep responses to exercise timing to inform more personalized
chrono-exercise strategies.

Registration: PROSPERO (CRD42021277708).

toward the temporal dimension of exercise, with growing evidence that
the time of day at which it is performed modulates its physiological
effects [7-9]. Optimizing exercise timing has therefore been proposed as
a strategy to complement therapeutic approaches in diverse clinical
contexts, including metabolic and cardiovascular disease management
[8]. This perspective, viewing health through the lens of biological
timing, is rooted in circadian biology, the body's internal clock that
regulates sleep-wake cycles, hormone secretion, metabolism, and im-
mune function. Just as circadian rhythms modulate the effects of phar-
macological treatments such as chemotherapy or antihypertensive drugs

1. Introduction

Chronomedicine has introduced a key concept: the effectiveness of
an intervention depends not only on its nature but also on the timing of
its administration [1-3]. Exercise is no exception [4,5]. Research on
exercise and health has long examined parameters such as intensity,
volume, and type (e.g., aerobic versus resistance training), which shape
physiological adaptations and influence cardiovascular, metabolic, and
psychological outcomes [6]. Recently, increasing attention has shifted
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Abbreviations

DLMO  Dim light melatonin onset
ESS Epworth Sleepiness Scale

HRpnax  Maximum heart rate

HRR Heart rate reserve

MCTQ  Munich Chronotype Questionnaire

MEQ Morningness-Eveningness Questionnaire

METs Metabolic equivalents

PICO Population, Intervention, Comparison, Outcomes

PRISMA 2020 Preferred Reporting Items for Systematic Reviews
and Meta-Analyses 2020

PROSPERO International Prospective Register of Systematic
Reviews

PSG Polysomnography

PSQI Pittsburgh Sleep Quality Index

RCT Randomized controlled trial

REM Rapid eye movement

RoB-2  Revised Cochrane Risk of Bias tool for randomized trials

SE Sleep efficiency

SMD Standardized mean difference

SOL: Sleep onset latency

TIB Time in bed

TST Total sleep time

VOypeak  Peak oxygen uptake

VT1 First ventilatory threshold

WASO  Wake after sleep onset

WHIIRS Women's Health Initiative Insomnia Rating Scale

AEXt Temporal separation between evening and morning
exercise sessions

[10-12], they have also been demonstrated to influence exercise re-
sponses [13].

Sleep disturbances are pervasive in modern societies [14,15],
contributing to heightened risks of obesity, diabetes, cardiovascular
disease, and cognitive decline [16-18]. These adverse health conse-
quences have intensified interest in exercise as a non-pharmacological
strategy to improve sleep. However, evidence from experimental and
epidemiological studies remains inconsistent [19-21]. Some in-
vestigations report beneficial effects [22], whereas others find negligible
or detrimental impact on sleep parameters [23,24]. These discrepancies
likely reflect limited understanding of underlying mechanisms, interin-
dividual variability, and differences in exercise characteristics (e.g.,
frequency, intensity, duration, timing). However, the specific role of
exercise timing in shaping sleep outcomes remains unclear, particularly
when morning and evening exercise are directly compared.

Traditionally, morning exercise has been regarded as more condu-
cive to restorative sleep, whereas evening exercise has raised concerns
about impaired sleep due to heightened physiological arousal at bedtime
[23,25,26]. Yet, accumulating evidence over the past two decades has

brought this notion into question, suggesting that evening exercise may
represent a viable option for sleep promotion rather than an inherent
risk [27,28]. In addition, the late afternoon and early evening are often
associated with more favorable neuromuscular and metabolic condi-
tions for exercise, leading some individuals to prefer this time window to
optimize training performance [29]. Beyond these considerations, the
relevance of exercise timing must also be understood in the context of
contemporary lifestyles. Long working hours, commuting demands, and
family obligations frequently restrict opportunities for daytime physical
activity, effectively limiting exercise to morning or evening windows
[30,31]. Under such constraints, time availability, rather than individ-
ual preference, often determines when exercise can be performed [30].
As a result, morning and evening represent the most realistic and
accessible periods for exercise, prompting increasing interest in whether
these time windows differentially influence sleep outcomes, an issue
that remains insufficiently clarified despite its practical relevance [31].

This systematic review and meta-analysis aimed to: (i) synthesize all
current original evidence from comparative studies on the effects of
morning versus evening exercise on sleep parameters, (ii) identify, based
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Fig. 1. PRISMA 2020 flow diagram of study selection.
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on data from randomized controlled trials (RCTs), moderators and
methodological limitations that may explain variability in timing ef-
fects, with the objective of identifying future research directions
required to move toward personalized exercise-timing recommenda-
tions for better sleep.

2. Methods
2.1. Design and registration

This systematic review was conducted in accordance with PRISMA
2020 guidelines [32] (see Supplementary file) and prospectively regis-
tered in PROSPERO (CRD42021277708).

2.2. Data sources and search strategy

The academic databases SPORTDiscus, Embase, PubMed, and APA
PsycNet were searched from 2000 to April 2024 to find peer-reviewed
English-language primary research on the impact of exercise timing on
sleep. Studies were identified by combining 3 sets of keywords linked to:
(1) exercise, (2) timing, and (3) sleep (See Table S1 for Database search
strategies). In addition, related citations were retrieved via Google
Scholar, and the authors' personal files were examined to identify studies
not captured by the initial search terms. To ensure the review remained
current, the search was updated in January 2026, allowing identifica-
tion, screening, and inclusion of studies published after April 2024.

2.3. Eligibility criteria/selection criteria

Eligibility was defined using PICO criteria: adults (>18 years), in-
terventions comparing at least two exercise timing conditions (morning
vs. evening/nighttime), and at least one post-intervention sleep outcome
(objective or self-reported). No restrictions were applied regarding study
design, methodological quality, or geographical location for the sys-
tematic review; however, only randomized controlled trials (RCTs) were
included in the meta-analysis. Exclusion criteria were non-primary
research (e.g., reviews, case reports, editorials, conference papers), an-
imal or cell studies, abstracts, and non-English articles.

2.4. Study selection

Records were imported into EndNote (Clarivate, London, UK) and
then into Cadima for systematic review management [33]. Study se-
lection is illustrated in Fig. 1. After duplicate removal, two reviewers (P.
P. and G.D.S.) performed a consistency check on 5% of studies
(x = 0.66), followed by independent screening of titles and abstracts.
Discrepancies were resolved by discussion or a third reviewer (O.S.).
Full texts were then assessed independently by two reviewers (P.P. and
0.S.) against the eligibility criteria. Additional studies identified after
April 2024 were screened using the same procedure.

2.5. Data extraction

Data were independently extracted by two reviewers (P.P. and M.S.)
using a standardized form, with discrepancies resolved by discussion or
a third reviewer (0.S.). Extracted data included the country in which
each study was conducted, study characteristics, participant character-
istics, study design, exercise protocols (type, intensity, and timing),
sleep assessment methods, and main outcomes. For the meta-analysis,
when the required data were unavailable, the corresponding authors
were contacted. If the requested data could not be obtained and the
available data were insufficient to perform the meta-analysis, the study
was not included in the final analyses.
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2.6. Quality assessment

Two reviewers (M.SA. and M.J.S.) performed quality assessments
independently, with disagreements resolved by a third reviewer (O.S.).
Risk of bias in included RCTs was assessed using the Cochrane Risk of
Bias 2 tool (RoB-2) [34]. The RoB-2 tool evaluates five domains:
randomization process, missing outcome data, deviations from intended
interventions, outcome measurement, and selection of reported results,
with judgments categorized as low risk, some concerns, or high risk.
Given the inclusion of both parallel and crossover designs, the RoB-2
tool was applied using the design-specific variants, with an additional
domain assessing potential period and carryover effects in crossover
trials. The Risk of Bias In Non-Randomized Studies of Interventions
(ROBINS-I) tool was used for non-randomized interventional studies
[35] and the Risk of Bias In Non-Randomized Studies of Exposure
(ROBINS-E) was used for observational studies [36]. In accordance with
the ROBINS-I and ROBINS-E instructions for use, assessment criteria and
ideal versions were predefined for each of the seven bias domains and
the individual assessment of each study and item was then carried out.
Quality of evidence was assessed using the Grading of Recommenda-
tions Assessment, Development, and Evaluation (GRADE) guidelines
[37]. These guidelines apply a set of predetermined domains that either
increase or decrease the level of confidence in the evidence. Domains
that reduce confidence in the evidence are risk of bias, inconsistency of
results, indirectness of evidence, imprecision, and publication bias. On
the other hand, a large magnitude of effect, confounding that increases
effect magnitude, and a dose-response gradient can increase confidence.
Two researchers (M.S. and M.J.S.) discussed the domains for each
outcome until consensus was reached. Publication bias was assessed
using funnel plots and Egger's test when >10 effect sizes were available
[38].

2.7. Statistical analysis

Meta-analyses were conducted in R (version 4.3.2; R Core Team),
with results displayed using forest plots. Meta-analyses were conducted
only for outcomes supported by at least five independent comparisons
(k > 5, with k referring to the number of independent comparisons, not
the number of studies), where this threshold was not met, pooled esti-
mates were calculated for descriptive purposes only and interpreted
with caution. Statistical significance was set at p < 0.05 for all analyses.
Standardized mean differences (Hedges' g) with 95% confidence in-
tervals were calculated to quantify differences between exercise timing
conditions. Effect sizes were interpreted as trivial (<0.10), small (0.20),
medium (0.50), or large (0.80). Because several primary studies
contributed multiple comparisons (e.g., multiple time points or intensity
conditions), effect sizes within the same study are statistically depen-
dent. To account for this clustering, three-level random-effects models
were used, with comparisons (level 2) nested within studies (level 3)
[39]. This approach partitions total variance into within-study and
between-study components, avoiding the underestimation of uncer-
tainty that arises when dependent effect sizes are treated as indepen-
dent. Variance components were estimated using restricted maximum
likelihood (REML). The proportion of total variance attributable to each
level was quantified using the I? statistic adapted for multilevel models
[40], computed as the ratio of total between-study variance to total
variance plus typical within-study sampling variance. Subgroup ana-
lyses examined health status, participants' physical activity level, exer-
cise intensity, exercise exposure and sleep assessment method. Each
subgroup was modelled using the same three-level structure; where the
number of studies within a subgroup precluded multilevel estimation, a
standard random-effects model with Knapp-Hartung adjustment was
used as a fallback [39]. Meta-regression assessed the influence of AEXt
(temporal separation between morning and evening/nighttime exercise
sessions). Heterogeneity was evaluated using Cochran's Q (p < 0.10) and
12 statistics [41,42]. Sensitivity analyses included leave-one-out
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Table 1
Characteristics of studies included in the systematic review and meta-analysis.

Study Participants Design Study Exercise Intensity Timing (morning Sleep assessment Main findings

timeframe characteristics Vs evening)

Alley et al., 24 healthy adults RCT, cross- Acute Single resistance ~ Moderate 4 conditions: EEG e Morning: 1 SOL vs
2015 18-25 years over exercise session o Control afternoon/evening; |
United Chronotype: NR 3x10 at 65% o7 am. awakenings vs
States 10RM (9 e1pm. control

exercises) e 7 p.m. e Evening: | WASO; |
AEXr=12h awakenings

e Morning vs
evening: Evening
exercise — better
sleep continuity; no
effect on sleep

architecture
Azharuddin 20 adults with RCT, parallel Acute Single exercise High 2 groups: PSG e Morning: 1 sleep
etal., 2022  poor sleep groups session e 7 am. (n=10) Questionnaire efficiency; 1
India 18-30 years Knee extension e 7 p.m. (n = 10) (SMHSQ) subjective sleep
Chronotype: NR (4x7 at 70% AEXpr=12h quality
1RM) + 10 min e Evening: 1 REM
cycling at 90% sleep; marginal 1
HRmax sleep efficiency

e Morning vs
evening: Greater
improvement in
sleep efficiency and
subjective sleep

quality after morning
exercise

Fairbrother 20 RCT, cross- Acute Single aerobic Moderate 3 conditions: EEG Morning vs evening:
etal., 2014  prehypertensive over session e7am. Morning exercise — |
United adults 30 min treadmill e1lpm. SOL; 1 deep sleep; |
States 30-60 years at 65% HR at e 7 p.m. awakenings; |

Chronotype: NR VOgpeak AEXr=12h WASO; no effect on
TST

Goldberg 13 recreational RCT, cross- Acute Single run Moderate Conditions: EEG; e Morning &
et al., 2024 runners over 45-60 min at e Control Questionnaire evening: 1 NREM
France 27.7 + 7.2 years 70% maximal e Morning (30 (Spiegel Sleep (N2)

Chronotype: aerobic velocity min-2 h post- Inventory) o No timing effect on
Intermediate wake) TST, SOL, WASO, SE
(MEQ) e Evening (2

h-30 min pre-

sleep)

AEX1: NR

Ramos- 14 ultra- RCT, cross- Acute Moderate and Moderate/ 10 a.m. vs 8 p.m. Accelerometer; e Morning vs
Campo endurance over vigorous High AEXy=10h Karolinska; diary evening: Morning
etal., 2019  runners running sessions training consistently
Spain 27.6 + 7.4 years associated with 1

Chronotype: objective sleep

Intermediate quality across
intensities. Overall,
exercise intensity
appeared to have a
stronger impact on
sleep than time of
day, with moderate
morning exercise
showing the most
favorable sleep
profile.

Vitale et al., 23 collegiate RCT, cross- Acute HIIT running High 8 a.m. vs 8 p.m. Accelerometer o Evening high-
2017 soccer players over (4 x 4 min at AEXr=12h intensity exercise
Italy 21.7 + 2.72 years 90-95% impaired objective

Chronotype: MEQ HRmax) sleep quality
selectively in
morning-type
athletes, whereas
morning HIIT had no
detrimental effect
regardless of
chronotype.

Morita et al., 43 older adults Non- Acute Single aerobic Moderate Conditions: 9:30 a. PSG; PGI-C e Morning vs
2017 (DIS/EMA/ randomized session m. vs 5:30 p.m. evening: Morning
Japan controls) Cross-over 4 x 10 min step exercise benefited

55-65 years at 59% HRR nocturnal sleep

Chronotype: NR stability (late-night;

(continued on next page)
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Table 1 (continued)
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Study Participants Design Study Exercise Intensity Timing (morning Sleep assessment Main findings
timeframe characteristics vs evening)
sleep-onset
difficulty); evening
exercise showed no
clear benefit.

Lee et al., 241 older adults Observational 1-week Unrestricted NR Groups: Accelerometer; e Morning: Less
2018 (+insomnia) monitoring exercise No Exercise Questionnaires favorable subjective
South Korea  61.2 years modalities Morning (PSQI; ESS) sleep

Chronotype: NR Afternoon o Afternoon/
Evening evening: | PSQI
e Outdoor afternoon
EX — best sleep
quality

Chahine 92 healthy RCT, parallel Short-term 4 consecutive Moderate 3 groups: Spiegel Sleep e Morning EX: 1 sleep
etal., 2022  sedentary groups exercise sessions o Control Inventory quality; 1 melatonin;
Lebanon students 1 h stretching + e 8am. | evening cortisol

19.3 £ 1.2 years aerobics e 8 p.m. o Evening EX:
Chronotype: NR AEXy=12h Limited
improvement
o Timing: Morning
superior

Thomas 52 sedentary RCT, parallel Short-term Exercise sessions  High Groups: Relative Accelerometer e Morning: Circadian
etal., 2020  adults groups 5 30 min at 70% to DLMO phase advance
United 18-45 years consecutive VO,peak AEXt=10h o Sleep quality/
States Chronotype: MEQ days) duration: <

Yamanaka 22 healthy young RCT, parallel Short-term 2-h intermittent Moderate Conditions: PSG; e Morning EX: <
etal., 2015 males groups (4 cycling Control (no EX); Accelerometer sleep architecture;
Japan 22.0 £ 1.8 years consecutive 4 consecutive Morning EX <TST

Chronotype: NR days) days (ZT3-ZT5, ~3-5h e Evening EX: | REM;
post-wake); 1 nocturnal HR;
Evening EX attenuated CBT
(ZT10-ZT12, decline
~10-12 h post-
wake)

Carrillo 18 adults with RCT, cross- Medium- Chronic aerobic Moderate Conditions: Wrist o Sleep duration &
etal., 2024  type 2 diabetes over term (6 exercise eMorning accelerometry architecture: <
United 61 + 8.2 years weeks) 30 min walking (07:00-10:00) (Garmin o Timing: No effect
Kingdom Chronotype: NR every other day eEvening Vivosmart 4);

(16:00-19:00) MCTQ
AEXt~89h

Seol et al., 60 healthy older RCT, parallel Medium- Low-intensity Low Groups: Morning Accelerometer; e Evening EX: | SOL;
2021 adults groups term (8 aerobic exercise vs Evening PSQI; Sleep diaries 1 satisfaction
Japan 71.0 + 3.9 years weeks) 30 min/day AEXt: NR e Morning EX: No

Chronotype: NR step-up significant change

Saidi et al., 28 sedentary RCT, parallel Medium- Combined Moderate 2 groups: Accelerometer; o Sleep quality: 1;
2021 overweight/obese  groups term (12 aerobic + e 9am. PSQI; ESS Duration: <; Timing:
France adults weeks) resistance © 6:30 p.m. advance (morning),

30-65 years training AEXr=9.5h delay (evening)
Chronotype: MEQ

Brooker 97 inactive adults RCT, parallel Medium- 250 min/week Moderate 3 groups: MARCA e Morning: 1 sleep
etal., 2023  with overweight/ groups term (12 moderate-to- e Control duration (~+36
Australia obesity weeks) vigorous e 6am. min/day)

39 £ 11 years exercise e 4 p.m. o Evening: 1 sleep
Chronotype: NR AEXt=10h duration (~+20
min/day)
o Timing: No
differential effects

Creasy et al., 33 adults with RCT, parallel Medium- Exercise training ~ High 2 groups: Accelerometer e Morning: Slight |
2022 overweight/ groups term (15 4 x 54 min/ e 6a.m. sleep duration
United obesity weeks) week at 70-80% e 3 p.m. o Evening: 1 sleep
States 18-56 years HRmax AEXT=9h duration (~+25-30

Chronotype: NR min/day)
o Timing: Divergent
effects

Teo et al., 40 overweight/ RCT, parallel Medium- Combined High 2 groups: Accelerometer; e Both timings: 1
2021 obese adults groups term (12 aerobic + e8am. PSQI; ESS sleep quantity
Australia 51 + 13 years weeks) resistance e 5p.m. e Timing: No

Chronotype: NR training AEXr=9h difference

Shen et al., 58 sedentary RCT, parallel Medium- Chronic aerobic Moderate Groups: Morning MCTQ; PSQI e Morning &

2025 males groups term (12 exercise vs Evening vs evening: | sleep
China 18-28 years weeks) >150 min/week Control latency; 1 sleep
Chronotype: NR AEXr=12h quality

e Morning only:
Circadian phase
advance

(continued on next page)
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Table 1 (continued)
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Study Participants Design Study Exercise Intensity Timing (morning Sleep assessment Main findings
timeframe characteristics vs evening)
Passos et al., 19 sedentary RCT, parallel Long-term (6  Exercise training =~ Moderate 2 groups: PSG; Sleep diary e Morning &
2011 adults with groups months) 3 x 50 min/ e 10 a.m. evening: | SOL; |
Brazil chronic primary week treadmill e 6 p.m. WASO; 1 SE
insomnia running at VT1 AEXt=8h e Timing: No
45.0 + 1.9 years meaningful
Chronotype: NR difference; slight
subjective advantage
for morning exercise.
Tworoger 173 RCT, parallel Long-term (1 ~ Aerobic + Moderate Timing groups: WHIIRS e Morning high-
et al., 2003 postmenopausal groups year) resistance Morning vs volume EX: | SOL
United overweight/obese exercise Evening e Evening high-
States women volume EX: 1 SOL
50-75 years
Chronotype: NR
Kiitismaa- 52 healthy adults Non- Long-term Combined High 3 groups: PSQI o Sleep duration
Schildt 32,4+ ~5.5years  randomized (24 weeks) aerobic + o Control stable (7-8 h)
etal., 2019 cohort study resistance e Morning (6-10 a. e Timing: No effect
Finland training m.)
e Evening (4-8
pm)
AEX1: NR
Marchesano 17 dancers Non- Long-term (1 ~ Habitual NR Conditions: MCTQ o Timing shift: <
et al., 2023 18-27 years randomized year) training eMorning (8:30 a. sleep duration
Uruguay cross-over schedule shift m.)
eEvening (8:00 p.
m.)
AEX1: NR
Buman et al., 1000 adults Cross-sectional Habitual Habitual free Self- e Morning (>8 h Self-reported sleep e Morning EX: 1 sleep
2014 41.95 + 11.1 survey living physical reported before bedtime) quality; TST; SOL; quality; | waking
United years Chronotype: activity light/ e Evening (<4 h Waking unrefreshed
States NR moderate/ before bedtime) unrefreshed e Evening EX (<4 h):
vigorous AEXrt: Categorized Not associated with
exercise relative to bedtime poorer sleep
e Timing: No effect
on SOL
Mecenas 2050 adults Observational Habitual Self-reported Moderate- Morning Self-reported sleep e Physical exercisers
et al., 2023 18-65 years study physical to-vigorous (5:00-12:00) duration — better sleep
Brazil Chronotype: exercise (self- Afternoon Sleep latency parameters
Early/ Frequency & reported) (12:00-18:00) Nocturnal * Morning exercise —
Intermediate/Late weekly duration Evening (>18:00) awakenings shorter sleep latency
(MSFsc) assessed Sleep quality e Chronotype
Insomnia interaction:
diagnosis — Early types:
Evening exercise — 1
awakenings & 1
insomnia
- Late types: Morning
exercise — | sleep
latency
o Timing effects
depended on
chronotype
Bailey et al., 24 healthy adults Observational 1-week Unrestricted NR 6 post-evaluation MOS Sleep Scale; e Morning: < self-
2023 18-25 years study monitoring exercise groups: Sleep Quality reported sleep
United Chronotype: NR modalities e No EX Score; Ultra-Short e Evening: < self-
States e Varied EX times Munich reported sleep
e Early morning Chronotype e Timing: No
e Late morning Questionnaire association with

o Afternoon
o Evening/night
AEX7: NR

sleep outcomes

Abbreviations: AEXT, temporal separation between morning and evening exercise sessions; DIS, difficulty initiating sleep; DLMO, dim light melatonin onset; EEG,
electroencephalography; EMA, early morning awakening; ESS, Epworth Sleepiness Scale; EX, exercise; HIIT, high-intensity interval training; HRmax, maximal heart
rate; HRR, heart rate reserve; HRV, heart rate variability; IPAQ, International Physical Activity Questionnaire; MARCA, Multimedia Activity Recall for Children and
Adolescents; MCTQ, Munich Chronotype Questionnaire; ME, morning exercise; MEQ, Morningness-Eveningness Questionnaire; NREM, non-rapid eye movement
sleep; NR, not reported; PGI-C, Patient Global Impression of Change; PSG, polysomnography; PSQI, Pittsburgh Sleep Quality Index; RCT, randomized controlled trial;
REM, rapid eye movement sleep; RM, repetition maximum; SE, sleep efficiency; SOL, sleep onset latency; SMHSQ, St. Mary's Hospital Sleep Questionnaire; TIB, time in
bed; TST, total sleep time; VO,max/VOspeak, maximal/peak oxygen uptake; VT1, first ventilatory threshold; WASO, wake after sleep onset; WHIIRS, Women's Health
Initiative Insomnia Rating Scale; ZT, Zeitgeber time.

Studies included in the meta-analysis are indicated in bold.
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a
Morning
TIB MD SD n
Creasy et al., 2022 532.90 58.70 18
Passos et al., 2011 426.00 75.60 10
Ramos-Campo etal.,2019a 438.60 115.20 14
Ramos-Campo etal., 2019b  409.80 87.60 14
Saidi etal., 2021a 480.60 85.90 16
Saidi etal., 2021b 495.00 82.70 16
Saidi etal., 2021c 488.80 78.30 16
Teo etal., 2021 475.80 73.20 20
Overall 124
Prediction interval
Heterogeneity: /* = 0%, X =1.51 (p = 0.98)
Test for overall effect: t; =-0.93 (p =0.35)
b
Morning
TST MD SD n
Azharuddin etal., 2022 360.35 53.19 10
Brooker et al., 2022a 474.30 78.06 39
Brooker et al., 2022b 502.80 78.06 39
Creasy etal., 2022 450.70 4250 18
Goldberg et al., 2024 475.30 62.10 13
Passos etal., 2011a 355.30 34.79 10
Passos etal., 2011b 372.00 132.82 10
Pefa-Carrillo et al., 2024 474.00 18.00 15
Ramos-Campo etal.,2019a  410.90 114.00 14
Ramos-Campo etal.,2019b  374.90 89.10 14
Saidi etal., 2021a 421.50 80.40 16
Saidi etal., 2021b 428.86 76.30 16
Saidi et al., 2021¢c 431.00 71.40 16
Seol etal., 2021a 407.40 41.60 30
Seol etal., 2021b 416.80 53.00 30
Seol etal., 2021¢c 383.20 43.30 30
Seol etal., 2021d 386.90 54.30 30
Teo etal., 2021 389.90 78.90 20
Thomas et al., 2020 421.20 61.20 26
Yamanaka etal., 2015 445.00 23.00 6
Overall 402
Prediction interval
Heterogeneity: /%= 0%, X, = 10.33 (p =0.94)
Test for overall effect: t,g=-0.31 (p =0.76)
(o
Morning
SE MD SD n
Azharuddin et al., 2022 7883 1423 10
Goldberg et al., 2024 93.90 3.80 13
Passos etal., 2011a 89.60 6.64 10
Passos et al., 2011b 86.30 26.88 10
Ramos-Campo etal.,2019b  91.20 5.20 14
Saidi etal., 2021a 85.30 450 16
Saidi etal., 2021b 86.90 3.20 16
Saidi etal., 2021¢c 87.20 5.00 16
Seol etal., 2021a 88.60 450 30
Seol etal., 2021b 89.20 4.40 30
Seol etal., 2021c 83.00 1040 30
Seol etal., 2021d 76.50 31.70 30
Teo etal., 2021 83.60 6.90 20
Yamanaka etal., 2015 98.20 1.70 6
Overall 251
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Fig. 2. Effects of exercise timing (morning vs evening/nighttime) on sleep outcomes.

procedures, in which each comparison was systematically removed and
the three-level model re-estimated on the remaining data (see Table S7)
[43]. This confirmed the stability of pooled estimates across all out-
comes. Outliers were identified using externally standardized residuals
(threshold: |z| > 1.96) and excluded from final models; results are re-
ported both with and without the identified outliers (see Table S8).

3. Results

3.1. Study selection

Higher values following
morning

The study selection process is outlined in Fig. 1. Database searches

identified 1108 records (PubMed n

= 527; SPORTDiscus n = 297;
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d Morning Evening
SOL MD SD n MD SD
Fairbrother et al., 2014 1120 10.73 20 2130 1342
Goldberg etal., 2024 12.80 13.00 13 11.20 9.20
Passos etal., 2011a 10.50 6.01 10 6.70 5.40
Passos etal., 2011b 2590 5597 10 39.60 45.90
Saidi etal., 2021a 9.10 7.20 16 6.70 3.40
Saidi etal., 2021b 7.20 4.50 16 1112 16.60
Saidi etal., 2021c 6.30 5.10 16 4.10 3.50
Seol etal., 2021a 8.20 4.20 30 8.00 2.00
Seol etal., 2021b 8.60 4.40 30 7.80 1.90
Seol etal., 2021¢c 19.50 10.90 30 2330 18.90
Seol etal., 2021d 2230 14.00 30 2110 17.30
Shen etal., 2025 6.70 10.73 20 457 5.80
Yamanaka et al., 2015 27.00 24.00 6 20.00 6.00
Overall 247
Prediction interval
Heterogeneity: /> = 1492%, Xj, = 14.55 (p =0.27)

Test for overall effect: t,, = 0.40 (p = 0.69)
e

Morning Evening
WASO MD SD n MD sD
Fairbrother et al., 2014 1580 2236 20 2460 2192
Goldberg et al., 2024 17.10 9.70 13 18.50 12.50
Passos etal., 2011 30.70 24.67 10 5050 31.50
Pefa-Carrillo et al., 2024 9.00 4.00 15 12.00 6.00
Ramos-Campo etal.,2019a 2640 16.10 14 5390 18.80
Ramos-Campo etal.,2019b  34.10  18.60 14 6390 2230
Saidi etal., 2021a 5320 21.90 16 7710 47.70
Saidi etal., 2021b 51.80 16.90 16 77.00 5250
Saidi etal., 2021¢c 4650 23.50 16 7120 44.00
Seol etal., 2021a 4510  20.90 30 46.10 27.60
Seol etal., 2021b 4270 21.90 30 39.10 28.10
Seol etal., 2021c 2250 26.90 30 16.10 17.30
Seol etal., 2021d 2120 20.80 30 16.80 17.70
Yamanaka etal., 2015 8.00 8.00 6 21.00 34.00
Overall 260
Prediction interval
Heterogeneity: /% = 6304%, X, = 38.69 (p <0.01)
Test for overall effect: t;3 =-2.55 (p =0.01)

f
Morning Evening

Subjective sleep quality MD SD n MD SD
Chahine et al., 2022 2184 12.06 28 1882 1271
Goldberg etal., 2024 19.10 2.40 13  18.30 3.40
Saidi et al., 2021 5.90 3.10 16 7.60 4.40
Seol etal., 2021a 6.30 2.60 30 6.60 2.40
Seol etal., 2021b 6.50 2.70 30 6.20 2.60
Teo etal., 2021 3.40 1.84 20 4.20 2.80
Overall 137

Prediction interval
Heterogeneity: /* = 0%, X2 =4.12 (p = 0.53)
Test for overall effect: t; =-0.12 (p = 0.90)
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Fig. 2. (continued).

Embase n = 131; APA PsycNet n = 153). After duplicate removal and
title/abstract screening, 35 articles underwent full-text assessment.
Thirteen were excluded (two for missing sleep outcomes, ten for irrel-
evant interventions, and one non-English). Two studies published after
April 2024 and one identified through other sources were added. The
review included 25 studies (2003-2025), comprising 4233 participants
(range: 13-2050). Eighteen were RCTs, with the remainder including
non-randomized interventions (n = 2) [44,45] and observational studies
(n = 5) [46-49]. Sixteen RCTs (n = 611) were included in the
meta-analysis; two were excluded due to unavailable outcome data
despite author contact [50,51].

3.2. Characteristics of the included studies

Study characteristics and main findings are summarized in Table 1.

Of the included studies, 15 examined healthy populations [45-48,50,
52-61], whereas 10 focused on clinical populations [22,31,44,49,51,
62-66], primarily individuals with obesity (n = 6) or sleep disorders
(n = 3). Participant ages ranged from 18 to 79 years. Samples were
mixed but predominantly male, with some single-sex studies (e.g.,
all-male athletes or post-menopausal women).

Among all studies, protocols included acute (single bout; n = 8) and
repeated exercise interventions (>5 days; n = 17), spanning 5 days to 12
months. Exercise modality was predominantly aerobic (n = 13), with
fewer studies using combined training, resistance training, or high-
intensity interval training, limiting modality-specific analyses. Among
included RCTs, exercise intensity, classified according to American
College of Sports Medicine guidelines [67], was low (n = 1), moderate
(n = 8), high (n = 6), or mixed (n = 1), and prescribed using hetero-
geneous metrics (e.g., maximum heart rate [HRmax], heart rate reserve
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Table 2
Subgroup analyses of exercise timing (morning vs evening) effects on sleep outcomes.
Outcome Moderator (subgroup) Subgroup level k SMD [95%CI] Test of subgroup difference Magnitude 12
TIB Health status Healthy 2 —0.24 [-0.28; —0.20] ¥ =0.24,p = 0.625 Small 0%
Clinical 6 —0.09 [-0.38; 0.21] Trivial 0%
Activity status Active 2 —0.24 [-0.28; —0.20] Xz =0.24,p = 0.625 Small 0%
Sedentary 6 —0.09 [-0.38; 0.21] Trivial 0%
Exercise intensity High 3 —0.11 [-0.50; 0.29] ¥* = 0.01, p = 0.905 Small 0%
Moderate 5 —0.14 [-0.48; 0.21] Small 0%
Exercise exposure Acute 2 —0.24 [-0.28; —0.20] xz = 0.24, p = 0.625 Small 0%
Repeated 6 —0.09 [-0.38; 0.21] Trivial 0%
Method Objective 7 —0.14 [-0.41; 0.13] %% =0.20, p = 0.651 Small 0%
Subjective 1 0.08 [-0.83; 0.98] Trivial 0%
TST Health status Healthy 10 0.00 [-0.22; 0.23] ¥? = 0.47,p = 0.493 Trivial 9.3%
Clinical 10 —-0.07 [-0.27; 0.13] Trivial 0%
Activity status Active 4 0.12 [-0.28; 0.52] Xz = 0.57,p = 0.451 Small 0%
Sedentary 16 —0.05 [-0.21; 0.11] Trivial 4.5%
Exercise intensity High 5 —0.26 [-0.56; 0.04] ¥* = 6.22, p = 0.045 Small 0%
Moderate 11 —0.01 [-0.21; 0.19] Trivial 0%
Low 4 0.13 [-0.05; 0.30] Small 0%
Exercise exposure Acute 5 0.01 [-0.35; 0.38] ¥* = 0.05, p = 0.830 Trivial 0%
Repeated 15 —0.03 [-0.19; 0.12] Trivial 2%
Method Objective 15 —0.06 [-0.23; 0.12] xz = 0.37,p = 0.540 Trivial 0%
Subjective 5 0.03 [-0.19; 0.26] Trivial 0%
SE Health status Healthy 8 0.26 [-0.22; 0.74] ¥*=0.13,p = 0.722 Small 61%
Clinical 6 0.13 [-0.42; 0.68] Small 50%
Activity status Active 3 0.57 [-0.19; 1.33] %> = 2.07 p = 0.150 Medium 56%
Sedentary 11 0.08 [-0.20; 0.35] Trivial 24%
Exercise intensity High 3 0.15 [-0.91; 1.21] x> =0.29,p = 0.863 Small 83%
Moderate 7 0.33 [0.02; 0.65] Medium 0%
Low 4 0.05 [-0.26; 0.37] Trivial 0%
Exercise exposure Acute 3 0.02 [-0.49; 0.63] Xz =0.32,p =0.571 Trivial 0%
Repeated 11 0.28 [-0.19; 0.75] Small 66%
Method Objective 11 0.20 [-0.15, 0.56] ¥* = 0.02, p = 0.887 Small 50%
Subjective 3 0.13 [-0.22, 0.47] Small 6%
SOL Health status Healthy 8 —0.03 [-0.41; 0.34] Xz = 0.66, p = 0.417 Trivial 49%
Clinical 5 0.18 [-0.21; 0.56] Small 12%
Activity status Active 2 0.23 [-0.40; 0.85] ¥* = 0.35, p = 0.554 Small 0%
Sedentary 11 0.02 [-0.20; 0.24] Trivial 24%
Exercise intensity Moderate 9 0.06 [-0.27; 0.40] %% = 0.00, p = 0.993 Trivial 40%
Low 4 0.03 [-0.28; 0.35] Trivial 0%
Exercise exposure Acute 3 —0.16 [-0.92; 0.59] ¥*=2.24,p=0.135 Small 62%
Repeated 10 0.10 [-0.10; 0.29] Small 0%
Method Objective 9 0.09 [-0.21, 0.38] x> = 0.22, p = 0.637 Trivial 37%
Subjective 4 —0.02 [-0.31, 0.27] Trivial 0%
WASO Health status Healthy 9 —0.44 [-1.04; 0.16] Xz = 0.25,p = 0.616 Small 77%
Clinical 5 —0.65 [-1.01; —0.30] Medium 0%
Activity status Active 4 —0.73 [-1.60; 0.14] ¥*=0.89,p = 0.346 Large 68%
Sedentary 10 —0.36 [-0.76; 0.04] Small 54%
Exercise intensity High 1 —1.41 [-2.24; —0.58] ¥* = 24.69, p < 0.001 Large -
Moderate 9 —0.62 [-0.88; —0.36] Medium 0%
Low 4 0.15 [-0.07; 0.37] Small 0%
Exercise exposure Acute 5 —0.65 [-1.22; —0.01] xz = 0.46, p = 0.496 Large 61%
Repeated 9 —0.37 [-0.85; 0.12] Small 62%
Method Objective 12 —0.53 [-0.90, —0.16] ¥*=1.44,p = 0.230 Medium 55%
Subjective 2 0.25 [-0.09, 0.60] Small 0%
Self-reported sleep quality Health status Healthy 4 0.10 [-0.17; 0.37] x> = 2.88, p = 0.090 Small 0%
Clinical 2 —0.38 [-0.86; 0.10] Small 0%
Activity status Active 1 0.26 [-0.51; 1.04] Xz = 0.55, p = 0.459 Small -
Sedentary 5 —0.04 [-0.29; 0.21] Trivial 0%
Exercise intensity High 1 —0.33 [-0.95; 0.29] ¥? =1.02, p = 0.601 Small -
Moderate 3 0.07 [-0.33; 0.48] Trivial 14%
Low 2 0.00 [-1.46; 1.46] Trivial 0%
Exercise exposure Acute 2 0.25 [0.17; 0.68] > =217,p =0.140 Small 0%
Repeated 4 —0.14 [-0.51; 0.24] Small 0%
Method Objective 5 —0.09 [-0.36, 0.18] x? =1.27,p = 0.259 Trivial 0%
Subjective 1 0.24 [-0.26, 0.74] Small -

Note. k indicates the number of independent comparisons. SMDs are expressed such that negative values indicate higher sleep parameter values following evening
exercise, whereas positive values indicate higher values following morning exercise. Subgroup differences were evaluated using x tests under random-effects models;
heterogeneity is presented as I (%). Subgroup analyses were conducted at the study level and should be interpreted cautiously. Several subgroup categories were
partially overlapping across studies and should not be considered independent. Subgroups with k < 3 are reported for descriptive purposes only. Effect magnitude
classifications should be interpreted cautiously, particularly when confidence intervals are wide or include zero.

TIB: Time in bed; TST: Total sleep time; SE: Sleep efficiency; SOL: Sleep onset latency; WASO: Wake after sleep onset; SMD: Standardized mean difference; I%: Het-
erogeneity statistic.
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[HRR], peak oxygen uptake [VOypeak], metabolic equivalents [METs],
or one-repetition maximum [1RM]). In studies included in the
meta-analysis, morning sessions occurred between 06:00 and 12:00
(08:14 + 01:16 h) and evening/nighttime sessions between 16:00 and
23:00 (18:22 + 01:19 h). This corresponded to a AEXy of 7-12 h
(typically >9 h). Habitual bedtime was reported in fewer than one-third
of studies, limiting quantification of exercise-sleep proximity. More-
over, some studies defined timing relative to wake time or dim light
melatonin onset (DLMO), limiting comparability. Sleep outcomes were
assessed using polysomnography (n = 5), electroencephalography
(n = 3), accelerometry (n = 7), or self-reported measures (n = 10).
Chronotype was reported in only four of the 16 meta-analyzed studies,
typically using the Morningness-Eveningness Questionnaire [68] or
Munich Chronotype Questionnaire [69], with extreme chronotypes
often excluded, precluding subgroup analyses. Only five studies moni-
tored physical activity outside prescribed exercise, with the remaining
studies relying on self-report or no control, introducing potential re-
sidual confounding in the interpretation of timing effects.

3.3. Methodological quality and risk of bias

Risk of bias assessments are detailed in Table S2 for parallel-group
RCTs, Table S3 for crossover RCTs, and Table S4 and Table S5 for
non-randomized studies. In parallel-group RCTs, none were rated as
having an overall low risk of bias. Most studies (n = 10, 91%) were
judged as presenting some concerns, while one study (9%) was classified
as having a high risk of bias. In crossover RCTs, all studies (n = 5, 100%)
were rated as presenting some concerns, with no study classified as low
or high risk of bias. Across both designs, risk of bias was most frequently
driven by concerns related to deviations from intended interventions,
missing outcome data, and selection of the reported results, whereas the
randomization process and outcome measurement were generally
judged as low risk.

In non-randomized studies, none were rated as having an overall low
risk of bias. Risk-of-bias assessment indicated some concerns for all
ROBINS-E studies (n = 5, 100%) and moderate risk for all ROBINS-I
studies (n = 2, 100%). Across the observational studies, the main con-
cerns were related to confounding, exposure measurement, outcome
measurement, participant selection, and selection of the reported result.
In the intervention studies, exercise timing and intervention classifica-
tion were clearly defined, and deviations from intended interventions
were judged to be low risk. However, the overall judgement remained
moderate because of residual concerns related to confounding, outcome
measurement, missing data in one study, and selection of the reported
result. No included study was rated as serious or critical risk of bias.

3.4. Meta-analysis

3.4.1. Effect of exercise timing on sleep outcomes

The overall effects of exercise timing (morning vs evening/night-
time) on sleep outcomes are presented in Fig. 2. Pooled effects were
small across most sleep outcomes, indicating that morning versus eve-
ning/nighttime exercise results in limited differences in sleep. Time in
bed (TIB) showed no clear difference between conditions
(Fig. 2a-Table S6; N = 232, k = 8, SMD = —0.12, 95% CI [—0.38, 0.14],
p = 0.351; I> = 0%; GRADE = Very low), although estimates slightly
favored longer TIB following evening/nighttime exercise. Total sleep
time (TST) did not differ between conditions (Fig. 2b-Table S6; k = 20,
SMD = —0.02, 95% CI [-0.16, 0.12], p = 0.757; I* = 0%;
GRADE = Low). Sleep efficiency (SE) showed a small, non-significant
effect favoring morning exercise (Fig. 2c-Table S6; k = 14,
SMD = 0.20, 95% CI [-0.12, 0.52], p = 0.223; 1> = 46%;
GRADE = Low), suggesting differences in sleep continuity rather than
sleep initiation. For TST, funnel plot (Fig. S1) revealed no publication
bias, confirmed by Egger's test (t = 0, p = 1.000), while SE demonstrated
moderate funnel plot asymmetry with a non-significant Egger's test
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(t=1.563, p = 0.144).

Sleep onset latency (SOL) showed no timing-related effect (Fig. 2d,
Table S6; k = 13, SMD = 0.04, 95% CI [-0.16; 0.24], p = 0.351;
12 = 14%; GRADE = Low) with no evidence of publication bias (Fig. S1;
Egger's test: t = 0.681, p = 0.510), whereas wake after sleep onset
(WASO) was the only outcome showing a statistically significant timing
effect, with higher WASO following evening/nighttime exercise
(Fig. 2e-Table S6; k = 14, SMD = —0.51, 95% CI [-0.89, —0.12],
p = 0.011; I? = 63%; GRADE = Very low). However, Egger's test indi-
cated potential small-study effects for WASO (Fig. S1; t = —4.55,
p < 0.001), suggesting that this effect may be influenced by asymmetry
in the evidence base and should therefore be interpreted with caution.
Self-reported sleep quality did not differ according to exercise timing
(Fig. 2f; Table S6; N = 276, k = 6, SMD = —0.01, 95% CI [-0.25, 0.22],
p = 0.900; I? = 0%; GRADE = Very low), although the limited number of
studies warrants cautious interpretation. Quantitative synthesis of sleep
architecture outcomes (e.g., sleep stages) and daytime sleepiness was
not performed, as fewer than five independent comparisons were
available for each outcome, precluding meta-analysis based on our
predefined criteria (k > 5).

3.4.2. Subgroup analyses and meta-regression

Subgroup analyses were performed only for sleep outcomes with
k > 5 independent comparisons (Table 2). As this criterion was not met
for self-reported sleepiness, moderator analyses for this outcome were
not conducted.

e Exercise intensity

Effects of exercise timing on several sleep outcomes differed across
exercise intensity subgroups (Table 2). No evidence of intensity-related
effect was observed for TIB between the high and moderate-intensity
conditions (y? = 0.01, p = 0.905), however low-intensity exercise was
not represented in the TIB subgroup analyses. In contrast, TST showed
significant moderation by exercise intensity (Fig. S2; ¥ = 10.06,
p = 0.045), with directionally inconsistent effects: high-intensity exer-
cise tended to favor longer TST following evening/nighttime exercise
(SMD [95%CI] = —0.26 [—0.56; 0.04]), whereas low-intensity exercise
showed the opposite pattern (SMD [95%CI] = 0.13 [—0.05; 0.30]), with
higher TST following morning exercise; no meaningful timing-related
difference was observed at moderate intensity. WASO showed statisti-
cally significant differences across exercise intensity subgroups (Fig. S3;
X2 = 39.82, p < 0.001), with a consistent pattern at moderate intensity
(SMD [95%CI] = —0.62 [—0.88; —0.36]) indicating higher WASO
following evening/nighttime exercise, whereas only a small timing-
related differences were observed at low intensity (SMD [95%
CI] = 0.15 [-0.07; 0.37]) in the opposite direction. Although a larger
effect was observed at high intensity (SMD [95%CI] = —1.41 [—2.24;
—0.58]), this estimate was based on a single study and should therefore
be interpreted with caution. SE did not show significant differences
across exercise intensity subgroups (x? = 0.29, p = 0.863), with a small
pooled effect favoring morning exercise at moderate intensity (SMD
[95%CI] = 0.33 [0.02; 0.65]) no clear differences at low intensity (SMD
[95%CI] = 0.05 [—0.26; 0.37]), and heterogeneous estimates at high
intensity (SMD [95%CI] = 0.15 [—0.91; 1.21], = 83%), largely driven
by a single study conducted in athletes [54].

e Exercise exposure

Exercise exposure (acute vs repeated) shows no significant timing-
related differences with repeated interventions compared with single-
day protocols (Table 2). For TIB, no subgroup differences were
observed (x? = 0.24, p = 0.625), with single-day interventions showing
slightly longer TIB following evening/nighttime exercise, whereas
repeated interventions showed no meaningful timing-related differ-
ences. TST showed no evidence of subgroup differences (x> = 0.05,
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p = 0.830), with trivial effects. Similarly, SOL was not moderated by
exercise exposure (Xz = 2.24, p = 0.135), indicating comparable timing
effects on sleep initiation. For WASO, no statistically significant sub-
group differences were detected, but slightly higher WASO following
evening/nighttime exercise was observed in single-day interventions
compared with repeated protocols (x2 = 0.46, p = 0.496). SE showed a
small, non-significant effect favoring morning exercise in repeated
compared with single-day interventions (% = 0.32, p = 0.571).

e Individual characteristics

Subgroup analyses by health status (healthy vs clinical) and physical
activity status (active vs sedentary) did not show meaningful differences
in the effects of exercise timing on sleep (Table 2). Across TIB, TST, and
SOL, effects were small and largely overlapping between subgroups.
Sleep efficiency showed small effects favoring morning exercise, but
without significant subgroup differences. Larger WASO estimates were
observed in some subgroups, particularly clinical samples, although
these findings were based on limited data and should be interpreted
cautiously.

e Sleep assessment method

Subgroup analyses by sleep assessment method (objective vs sub-
jective) did not show meaningful differences in the effects of exercise
timing on sleep (Table 2). Across TIB, TST, SE, SOL, WASO and self-
reported sleep quality, between-subgroup differences were trivial to
small.

e Temporal separation between morning and evening/nighttime exer-
cise (AEXT)

Although timing-related differences were observed for some sleep
outcomes, meta-regression did not indicate that AEXy (temporal sepa-
ration between sessions) explained variability in timing effects across
sleep outcomes (Fig. S4). No significant associations were observed for
objective (TIB, TST, SE, SOL, WASO). These findings should be inter-
preted with caution, as the range of AEXy across studies was relatively
constrained, which may have limited the ability to detect moderating
effects.

4. Discussion

This systematic review and meta-analysis examined whether exer-
cise timing meaningfully influences sleep when morning and evening/
nighttime sessions are directly compared. Overall, the findings suggest
that exercise timing exerts modest and outcome-specific effects on sleep.
No clear differences were observed for sleep duration, whereas small but
more consistent effects emerged for sleep continuity, with higher WASO
following evening/nighttime exercise. These results indicate that exer-
cise timing is likely a conditional factor whose effects depend on indi-
vidual and exercise characteristics. The present results align with recent
systematic reviews and meta-analyses indicating that evening/night-
time exercise does not meaningfully impair sleep in most individuals and
may warrant reconsideration of traditional sleep hygiene recommen-
dations [27,70,71]. Across these reviews, evening/nighttime exercise
was generally associated with minimal adverse effects compared with
no-exercise control conditions and, in some cases, modest improvements
in sleep, particularly when not performed close to bedtime. The current
findings extend prior work and raise the hypothesis that timing-related
differences are unlikely to have meaningful practical implications at the
population level, while providing no evidence of a systematic advantage
of morning over evening exercise for sleep.

The present findings are best interpreted within a conditional
perspective in which the effects of exercise timing arise from the inter-
action between physiological activation, recovery processes, and sleep
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regulation [72]. Exercise induces acute thermoregulatory, autonomic,
and metabolic responses that must resolve prior to sleep onset [57,73,
74]. When exercise is performed in the evening, incomplete down-
regulation of these processes may persist into the initial sleep period.
Residual elevations in core body temperature, sympathetic activity, and
metabolic rate may increase physiological arousal and contribute to
sleep fragmentation as shown in previous literature. The meta-analysis
by Stutz et al. reported that elevated bedtime core body temperature
following evening exercise was associated with lower sleep efficiency
and higher WASO [27]. Similarly, vigorous evening exercise may
attenuate parasympathetic activity at bedtime, reflecting delayed
autonomic recovery and promoting fragmented sleep [23]. This inter-
pretation is consistent with the higher WASO observed following eve-
ning exercise, suggesting that timing-related effects are more apparent
for sleep continuity than for sleep duration. At the same time, the
absence of meaningful differences in either total sleep time or time in
bed does not provide evidence of the compensatory sleep response
previously reported in the literature [75]. Individuals may extend sleep
window in response to perceived or actual sleep disruption [76,77].
Moreover, although no significant difference in TIB was observed,
scheduling constraints may still influence sleep opportunity, as morning
exercise often requires earlier wake times, thereby restricting sleep op-
portunity time. This pattern has been reported in athletic populations,
where early training schedules reduce total sleep time primarily through
curtailed time in bed [78-81]. Circadian factors may also contribute, as
exercise can act as a zeitgeber, and late-day exercise may delay circadian
phase. In contrast, morning exercise may better align with the circadian
system temporal organization and facilitate the accumulation of ho-
meostatic sleep pressure. Exercise timing has been shown to influence
circadian phase [57], and delay sleep timing following evening exercise
has been reported in previous studies [64]. However, sleep timing out-
comes (e.g., bedtime) were infrequently reported, and heterogeneity in
study settings, including fixed versus habitual sleep windows, limited
quantitative synthesis and interpretation. Taken together, these findings
are compatible with a dual-process account in which physiological
activation influences sleep continuity, while behavioral adjustments
influence sleep opportunity. These interpretations remain hypothetical
and should be viewed as consistent with, rather than directly demon-
strated by, the present data.

The modest average effects observed across studies likely reflect
substantial heterogeneity in the conditions under which exercise is
performed. Exercise intensity emerged as the most consistent moder-
ator. Timing-related differences were minimal at low-to-moderate in-
tensities but more apparent at higher intensities, particularly for sleep
continuity outcomes. This pattern is consistent with the notion that
higher-intensity exercise induces larger and more sustained perturba-
tions in thermoregulatory, autonomic, and neuroendocrine systems
[82-87]. When performed in the evening, these responses may extend
into the early sleep period, increasing vulnerability to sleep fragmen-
tation. In contrast, lower-intensity exercise is associated with transient
physiological responses that are more likely to resolve prior to sleep
onset, thereby limiting potential disruption. Recent large-scale obser-
vational data support this interpretation. Leota et al. (2025) reported a
dose-response relationship between evening physical activity strain, its
timing relative to sleep onset, and sleep outcomes, with later and more
intense physical activity associated with delayed sleep onset, reduced
sleep duration, lower sleep quality, elevated nocturnal heart rate, and
suppressed heart rate variability [24]. Importantly, exercise ending >4 h
before sleep onset was not associated with measurable disruption, sug-
gesting a critical recovery window. Similarly, a recent network
meta-analysis indicated that effects on WASO are intensity-dependent,
with low- and moderate-intensity exercise ranked more favorably than
high-intensity protocols [71]. Notably, these effects did not extend to
SOL. This dissociation suggests that increased sleep pressure following
strenuous exercise may facilitate sleep initiation despite heightened
physiological activation, while still compromising sleep continuity.
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Whether late exercise delays actual bedtime under free-living conditions
remains to be determined. By contrast, when high-intensity exercise is
performed in the morning, the longer recovery interval before bedtime
likely allows these physiological disturbances to resolve, thereby
attenuating their impact on sleep continuity.

Although evidence supporting a moderating effect of exercise
exposure remained limited, adaptive responses to regular training re-
ported in the literature, including enhanced autonomic recovery and
improved thermoregulation [84], provide a plausible biological basis for
an attenuation of the time-related effects of exercise on sleep. It is
possible that the limited number of studies, the uneven distribution
across exposure subgroups, and the heterogeneity of the included pop-
ulations reduced the ability to detect meaningful exposure-related dif-
ferences. Furthermore, the small effect favoring morning exercise in
repeated versus single-day interventions on SE is consistent with
emerging evidence suggesting that repeated morning exercise may
enhance circadian alignment through phase-advancing effects, improve
metabolic regulation, reduce cortisol concentrations after awakening,
and ultimately promote better overall sleep quality [59,88]. In contrast,
subgroup analyses based on health status and physical activity level
showed largely overlapping effects, suggesting that these factors play a
less prominent role than exercise characteristics in shaping
timing-related differences. Similarly, meta-regression analyses did not
support a role for temporal separation between exercise sessions (AEXr),
although the relatively narrow range of values limits firm conclusions.

4.1. Implications for exercise timing and sleep health

From a practical perspective, the present findings do not support
rigid recommendations regarding the optimal time of day to exercise for
sleep. Instead, they suggest that exercise timing can remain flexible for
most individuals, although this flexibility should be guided by exercise
intensity and proximity to bedtime, since evening exercise appears less
likely to impair sleep when performed at low-to-moderate intensity and
sufficiently before bedtime. Evening exercise does not appear to sys-
tematically impair sleep, particularly when performed at low-to-
moderate intensity and with sufficient time before bedtime. However,
high-intensity exercise performed close to sleep onset may increase the
likelihood of sleep fragmentation, indicating that recovery time is a
critical determinant of sleep responses. In this context, the interval be-
tween exercise cessation and sleep onset may be more relevant than
clock time alone. These findings align with a broader shift toward
individualized approaches to behavioral health. The emerging concept
of chrono-exercise emphasizes the alignment between exercise timing,
circadian phase, and individual constraints [9,56]. Within this
perspective, optimizing exercise timing involves balancing physiological
load, recovery processes, and feasibility, rather than adhering to fixed
temporal prescriptions.

4.2. Methodological considerations

The present findings should be interpreted considering several
methodological limitations. Although restricting the meta-analysis to
RCTs strengthens causal inference, it reduces statistical power for
several outcomes. Furthermore, some outcomes, including sleep archi-
tecture and subjective sleepiness, could not be meta-analyzed due to the
limited number of available studies. Accordingly, non-significant find-
ings should not be interpreted as evidence of absence of effect. Second,
substantial heterogeneity exists across studies in exercise protocols,
timing definitions, and sleep assessment methods. Exercise timing was
defined using both clock time and relative circadian markers, and sleep
window was not consistently standardized. Timing was often reported
using broad intervals, such as 6:00-10:00 a.m. and 3:00-7:00 p.m. [65],
“30 min to 2 h after waking” and “2 h to 30 min before sleep” [53], or
“between wake time and 12:00 p.m.” and “between 6:00 p.m. and
bedtime” [58]. This reporting heterogeneity prevented meaningful
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analyses of exercise proximity to sleep and limited our ability to deter-
mine whether narrower timing windows produce distinct sleep re-
sponses. In addition, early-morning sessions (e.g., 6:00-7:00 a.m.) may
carry sleep deprivation risk for individuals who are not extreme morning
chronotypes, an effect that studies scheduling exercise at 8:00 a.m. or
later would not share. Further, although some studies controlled sleep
windows, others, particularly ecological protocols, allowed participants
to adjust their sleep timing. Such variability may lead to uncontrolled
interactions between exercise timing and sleep opportunity, thereby
contributing to heterogeneity in observed effects. Third, sleep was
assessed using several methods including polysomnography, accel-
erometry, and self-reported measures. Although standardized mean
differences allow pooling across methods, differences in measurement
sensitivity may obscure outcome-specific effects. Fourth, key individual
characteristics were insufficiently assessed. Primarily, chronotype was
rarely reported, making it a major limitation, and extreme chronotypes
were often excluded, thereby limiting the evaluation of circadian
phenotype as a moderator. Previous work suggests that the effects of
exercise timing on sleep parameters are unlikely to follow a
one-size-fits-all pattern and may vary according to individual circadian
characteristics [76,89]. Morning-type, for instance, were reported to
experience poorer sleep-quality compared to evening-type after the
evening exercise, whereas no significant changes in the sleep quality of
the two chronotypes after the morning exercise was observed [50].
However, such interindividual variability could not be meaningfully
addressed in the present study given the available evidence base.
Moreover, exercise timing may influence circadian phase in a
chronotype-dependent manner [56,64]. While morning exercise gener-
ally induces phase advances, reflected by earlier bedtimes and mid-sleep
times, evening exercise tends to delay these markers; therefore, late
chronotypes, who are particularly prone to circadian misalignment, may
benefit from appropriately timed exercise, whereas evening exercise
may worsen circadian misalignment in early chronotypes. Taken
together, these observations support the potential value of
chronotype-dependent exercise timing prescriptions. Similarly,
sex-specific effects could not be examined. The absence of these vari-
ables, together with the heterogeneity of the included populations,
particularly the classification of athletes as a healthy population despite
well-documented alterations in their sleep [90], may partly explain the
small average effects observed, as pooling heterogeneous individuals
can obscure meaningful interindividual variability. Finally, only a mi-
nority of studies objectively monitored physical activity outside pre-
scribed exercise sessions, leaving residual confounding from daily
movement behaviors and environmental factors (e.g., light exposure).

4.3. Future directions

Future research should move beyond simple comparisons of morning
versus evening exercise and instead examine how timing interacts with
exercise intensity, duration, and proximity to bedtime. A priority will be
the integration of circadian phenotype into study designs. Assessing
chronotype and circadian phase markers will allow evaluation of
whether alignment between exercise timing and individual biological
rhythms influences sleep responses. In addition, improved standardi-
zation of reporting is needed, including precise definitions of exercise
timing, explicit characterization of sleep opportunity, and consistent
reporting of the interval between exercise cessation and sleep onset.
Future studies should also incorporate both objective and subjective
sleep measures and monitor daily movement behaviors to better isolate
the specific effects of exercise timing. Importantly, while sleep duration,
continuity, efficiency, and quality were quantitatively extracted and
analyzed, the limited availability of data regarding sleep timing, regu-
larity, sleep architecture precluded meaningful synthesis of these out-
comes and limited broader characterization of the effects of exercise
timing on overall sleep health dimensions. Therefore, to better charac-
terize the effects of exercise timing on sleep health, future studies should



M. Souabni et al.

Sleep Medicine Reviews 90 (2026) 102358

Practice points

may compromise sleep continuity.

higher exercise intensities.

e Exercise timing can remain flexible, provided that regular exercise is maintained, although, evening/nighttime moderate-to-vigorous exercise
¢ Evening/nighttime exercise was associated with slightly higher WASO compared with morning exercise, with differences more apparent at

o The effects of exercise timing depend on exercise intensity, proximity to sleep, and recovery dynamics.

Research agenda

o Integrate circadian phenotype: Systematically assess chronotype.
influence on sleep.

and feeding patterns as additional assessments.

e Move beyond timing comparisons: Examine how exercise timing interacts with intensity, duration, circadian phase, and sleep context.
o Standardize key variables: Clearly define exercise timing, sleep opportunity, and the interval between exercise and sleep onset.

e Examine dose-timing interactions: Investigate combined effects of intensity, duration, and timing within unified models. Greater standard-
ization and precision in reporting exercise timing are also needed to enable robust analyses of exercise proximity to bedtime and its potential

e Prioritize longitudinal designs: Determine whether timing-related effects persist or attenuate with training adaptation.
e Improve measurement: Combine objective and subjective sleep assessments and monitor 24-h movement behaviors, including light exposure

adopt a multidimensional approach by assessing effects on sleep regu-
larity, sleep timing, sleep architecture, social jetlag, and daytime alert-
ness. For instance, young athletes have been shown to exhibit greater
night-to-night sleep variability than age-matched non-athletes. Howev-
er, whether this variability is primarily attributable to training sched-
ules, exercise timing, or other sport-related factors remains to be
determined [91]. Furthermore, sociocultural and lifestyle factors
represent another source of heterogeneity, as work schedules, social
obligations, and environmental influences are known to shape
sleep-wake patterns, sleep regularity, social jetlag, and overall sleep
health [92-95]; although direct evidence remains limited, these factors
may also plausibly moderate the relationship between exercise timing
and sleep [96], and should therefore be systematically considered in
future research. Finally, analytical approaches that capture interindi-
vidual variability, including individual participant data meta-analyses
and models of response heterogeneity, will be essential to identify
subgroups for whom exercise timing meaningfully influences sleep. Such
approaches may help move the field toward more personalized exercise
timing recommendations that account for individual differences in sleep
responses.

5. Conclusion

Exercise timing exerts modest effects on sleep that are contingent on
exercise and individuals’ characteristics. Morning exercise does not
appear systematically superior to evening/nighttime exercise for most
sleep outcomes. Rather, timing-related effects seem conditional and
more apparent under specific circumstances, particularly at higher ex-
ercise intensities. The observed increase in WASO following evening/
nighttime moderate-to-vigorous exercise suggests a potential impact on
sleep maintenance, though not sleep duration. These findings indicate
that exercise timing should not be considered in isolation, but as part of
a broader interaction between physiological activation, recovery pro-
cesses, and behavioral constraints. Given the broader benefits of regular
exercise for overall health [97], taken together, the current findings
suggest that recommendations should avoid being overly restrictive
regarding evening exercise. Rather, they should encourage regular
physical activity while considering individual preferences, exercise
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characteristics, and sufficient recovery time before sleep.

Contributions

OS conceived and designed the study and its methodology. GDS, PP,
and OS performed study screening. MSA, MJS, MS and OS conducted
data extraction and quality assessment. MS, OS, MG, and BMG drafted
the manuscript. DD and MPS critically reviewed the manuscript. OS
revised the manuscript. All authors approved the final version.

Funding
None.
Conflicts of interest/financial disclosures

The authors report no conflicts of interest or financial disclosures
relevant to this work.

Acknowledgements
None.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.smrv.2026.102358.

References
[1] Miinch M, Kramer A. Timing matters: new tools for personalized chronomedicine

and circadian health. Acta Physiol 2019;227.

Ruben MD, Smith DF, FitzGerald GA, Hogenesch JB. Dosing time matters. Science

2019;365:547-9.

Kramer A, Lange T, Spies C, Finger A-M, Berg D, Oster H. Foundations of circadian

medicine. PLoS Biol 2022;20:e3001567.

Ruiz JR, Sevilla-Lorente R, Amaro-Gahete FJ. Time for precision exercise

prescription: the same timing may not fit all. J Physiol 2024;602:6479-80. https://

doi.org/10.1113/JP285958.

[2]

[3]

[4]


https://doi.org/10.1016/j.smrv.2026.102358
https://doi.org/10.1016/j.smrv.2026.102358
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref1
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref1
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref2
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref2
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref3
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref3
https://doi.org/10.1113/JP285958
https://doi.org/10.1113/JP285958

M. Souabni et al.

[5]

[6]

[7

—

[8

—

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Shea SA, Scheer FAJL, Gumz ML, Eikenberry S, Qian J, Thosar SS, et al. Unlocking
the potential of circadian biology for cardiovascular health. Physiol Rev 2026.
https://doi.org/10.1152/physrev.00015.2025.

Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte MJ, Lee I-M, et al.
Quantity and quality of exercise for developing and maintaining cardiorespiratory,
musculoskeletal, and neuromotor fitness in apparently healthy adults: guidance for
prescribing exercise. 2011.

Martinez-Montoro JI, Benitez-Porres J, Tinahones FJ, Ortega-Gomez A, Murri M.
Effects of exercise timing on metabolic health. Obes Rev 2023;24:e13599. https://
doi.org/10.1111/0br.13599.

Gabriel BM, Zierath JR. Circadian rhythms and exercise — re-setting the clock in
metabolic disease. Nat Rev Endocrinol 2019;15:197-206. https://doi.org/
10.1038/541574-018-0150-x.

Kim H-K, Radak Z, Takahashi M, Inami T, Shibata S. Chrono-exercise: time-of-day-
dependent physiological responses to exercise. Sports Med Health Sci 2023;5:50-8.
https://doi.org/10.1016/j.smhs.2022.11.003.

Karaboué A, Innominato PF, Wreglesworth NI, Duchemann B, Adam R, Lévi FA.
Why does circadian timing of administration matter for immune checkpoint
inhibitors' efficacy? Br J Cancer 2024;131:783-96.

Garrison SR, Bakal JA, Kolber MR, Korownyk CS, Green LA, Kirkwood JE, et al.
Interaction between chronotype and the timing of antihypertensive medication on
cardiovascular events and death. J Am Heart Assoc 2025;14:e044278.

Huang Z, Zeng L, Ruan Z, Zeng Q, Yan H, Jiang W, et al. Time-of-day
immunochemotherapy in non-small cell lung cancer: a randomized phase 3 trial.
Nat Med 2026:1-8. https://doi.org/10.1038/s41591-025-04181-w.

Teo W, Newton MJ, McGuigan MR. Circadian rhythms in exercise performance:
implications for hormonal and muscular adaptation. J Sports Sci Med 2011;10:600.
Roenneberg T. The human sleep project. Nature 2013;498:427-8.

Hafner M, Stepanek M, Taylor J, Troxel WM, van Stolk C. Why sleep matters—the
economic costs of insufficient sleep. Rand Health Q 2017;6:11.

Wennberg AM, Wu MN, Rosenberg PB, Spira AP. Sleep disturbance, cognitive
decline, and dementia: a review. Semin Neurol 2017;37:395-406. Thieme Medical
Publishers.

Cappuccio FP, Miller MA. Sleep and cardio-metabolic disease. Curr Cardiol Rep
2017;19:110. https://doi.org/10.1007/511886-017-0916-0.

Beccuti G, Pannain S. Sleep and obesity. Curr Opin Clin Nutr Metab Care 2011;14:
402.

Dolezal BA, Neufeld EV, Boland DM, Martin JL, Cooper CB. Interrelationship
between sleep and exercise: a systematic review. Adv Prev Med 2017;2017:
1364387.

Kredlow MA, Capozzoli MC, Hearon BA, Calkins AW, Otto MW. The effects of
physical activity on sleep: a meta-analytic review. J Behav Med 2015;38:427-49.
Youngstedt SD, O’connor PJ, Dishman RK. The effects of acute exercise on sleep: a
quantitative synthesis. Sleep 1997;20:203-14.

Passos GS, Poyares D, Santana MG, D'Aurea CVR, Youngstedt SD, Tufik S, et al.
Effects of moderate aerobic exercise training on chronic primary insomnia. Sleep
Med 2011;12:1018-27.

Oda S, Shirakawa K. Sleep onset is disrupted following pre-sleep exercise that
causes large physiological excitement at bedtime. Eur J Appl Physiol 2014;114:
1789-99.

Leota J, Presby DM, Le F, Czeisler ME, Mascaro L, Capodilupo ER, et al. Dose-
response relationship between evening exercise and sleep. Nat Commun 2025;16:
3297.

Youngstedt SD, Kripke DF, Elliott JA. Is sleep disturbed by vigorous late-night
exercise? Med Sci Sports Exerc 1999;31:864-9.

Shearer DA, Jones RM, Kilduff LP, Cook CJ. Effects of competition on the sleep
patterns of elite rugby union players. Eur J Sport Sci 2015;15:681-6. https://doi.
org/10.1080/17461391.2015.1053419.

Stutz J, Eiholzer R, Spengler CM. Effects of evening exercise on sleep in healthy
participants: a systematic review and meta-analysis. Sports Med 2018:1-19.
Kahn M, Korhonen T, Leinonen L, Martinmaki K, Kuula L, Pesonen A-K, et al. Is it
time we stop discouraging evening physical activity? New real-world evidence
from 150,000 nights. Front Public Health 2021;9:772376.

Bruggisser F, Knaier R, Roth R, Wang W, Qian J, Scheer FAJL. Best time of day for
strength and endurance training to improve health and performance? A systematic
review with meta-analysis. Sports Med Open 2023;9:34. https://doi.org/10.1186/
s40798-023-00577-5.

Yao CJ, Basner M. Healthy behaviors competing for time: associations of sleep and
exercise in working Americans. Sleep Health 2019;5:23-30. https://doi.org/
10.1016/j.s1€h.2018.10.001.

Brooker PG, Gomersall SR, King NA, McMahon NF, Leveritt MD. How do
previously inactive individuals restructure their time to ‘fit in’ morning or evening
exercise: a randomized controlled trial. J Behav Med 2023;46:429-39. https://doi.
0rg/10.1007/5s10865-022-00370-x.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al.
The PRISMA 2020 statement: an updated guideline for reporting systematic
reviews. Br Med J 2021;372.

Kohl C, McIntosh EJ, Unger S, Haddaway NR, Kecke S, Schiemann J, et al. Online
tools supporting the conduct and reporting of systematic reviews and systematic
maps: a case study on CADIMA and review of existing tools. Environ Evid 2018;7:
1-17.

Sterne JA, Savovi¢ J, Page MJ, Elbers RG, Blencowe NS, Boutron I, et al. RoB 2: a
revised tool for assessing risk of bias in randomised trials. Br Med J 2019;366.
Sterne JA, Hernan MA, Reeves BC, Savovi¢ J, Berkman ND, Viswanathan M, et al.
ROBINS-I: a tool for assessing risk of bias in non-randomised studies of
interventions. Br Med J 2016;355.

14

[36]

[37]

[38]

[39]

[40]

[41]

[42]
[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Sleep Medicine Reviews 90 (2026) 102358

Higgins JP, Morgan RL, Rooney AA, Taylor KW, Thayer KA, Silva RA, et al. A tool
to assess risk of bias in non-randomized follow-up studies of exposure effects
(ROBINS-E). Environ Int 2024;186:108602.

Schiinemann H, Brozek J, Guyatt G, Oxman A. Handbook for grading the quality of
evidence and the strength of recommendations using the GRADE approach. Updat;
Oct 2013;2013. p. 15.

Sterne JA, Sutton AJ, Ioannidis JP, Terrin N, Jones DR, Lau J, et al.
Recommendations for examining and interpreting funnel plot asymmetry in meta-
analyses of randomised controlled trials. Br Med J 2011;343.

Van Den Noortgate W, Lopez-Lopez JA, Marin-Martinez F, Sdnchez-Meca J. Three-
level meta-analysis of dependent effect sizes. Behav Res Methods 2013;45:576-94.
https://doi.org/10.3758/513428-012-0261-6.

Cheung MW-L. Modeling dependent effect sizes with three-level meta-analyses: a
structural equation modeling approach. Psychol Methods 2014;19:211.

Higgins JP. Cochrane handbook for systematic reviews of interventions. Version
5.1. 0 [updated March 2011]. The Cochrane Collaboration. Www Cochrane-
Handb.Org.2011.

Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-
analyses. Br Med J 2003;327:557-60.

Harrer M, Cuijpers P, Furukawa T, Ebert D. Doing meta-analysis with R: a hands-on
guide. Chapman and Hall/CRC; 2021.

Morita Y, Sasai-Sakuma T, Inoue Y. Effects of acute morning and evening exercise
on subjective and objective sleep quality in older individuals with insomnia. Sleep
Med 2017;34:200-8. https://doi.org/10.1016/j.sleep.2017.03.014.
Kiitismaa-Schildt M, Liukkonen J, Vuong MK, Nyman K, Hikkinen K, Hakkinen A.
Effects of morning vs. evening combined strength and endurance training on
physical performance, sleep and well-being. Chronobiol Int 2019;36:811-25.
Bailey CP, Qian J, DiPietro L, Napolitano MA. Timing of exercise among young
adults previously enrolled in a randomized controlled weight management trial: an
observational study. Am J Lifestyle Med 2023:15598276231188007. https://doi.
org/10.1177/15598276231188007.

Buman MP, Phillips BA, Youngstedt SD, Kline CE, Hirshkowitz M. Does nighttime
exercise really disturb sleep? Results from the 2013 national sleep foundation sleep
in America poll. Sleep Med 2014;15:755-61. https://doi.org/10.1016/j.
sleep.2014.01.008.

Marchesano M, Coirolo N, Tassino B, Silva A. Impact of training-shift change on
chronotype and social jetlag: a longitudinal study on dancers. Biol Rhythm Res
2023;54:664-71. https://doi.org/10.1080/09291016.2023.2246358.

Lee SH, Kim SJ, Bang JW, Lee JH. Relationship of the duration and timing of
exercise with sleep quality in community-dwelling adults. Sleep Med Res 2018;9:
83-91. https://doi.org/10.17241/smr.2018.00248.

Vitale JA, Bonato M, Galasso L, La Torre A, Merati G, Montaruli A, et al. Sleep
quality and high intensity interval training at two different times of day: a
crossover study on the influence of the chronotype in male collegiate soccer
players. Chronobiol Int 2017;34:260-8.

Tworoger SS, Yasui Y, Vitiello MV, Schwartz RS, Ulrich CM, Aiello EJ, et al. Effects
of a yearlong moderate-intensity exercise and a stretching intervention on sleep
quality in postmenopausal women. Sleep 2003;26:830-6.

Alley JR, Mazzochi JW, Smith CJ, Morris DM, Collier SR. Effects of resistance
exercise timing on sleep architecture and nocturnal blood pressure. J Strength
Cond Res 2015;29:1378-85.

Goldberg M, Pairot de Fontenay B, Blache Y, Debarnot U. Effects of morning and
evening physical exercise on subjective and objective sleep quality: an ecological
study. J Sleep Res 2024;33:€13996.

Ramos-Campo DJ, Avila-Gandia V, Luque AJ, Rubio-Arias JA. Effects of hour of
training and exercise intensity on nocturnal autonomic modulation and sleep
quality of amateur ultra-endurance runners. Physiol Behav 2019;198:134-9.
Chahine KR, Chahine NR, Nader M. Morning exercise improves sleep quality in
university students'. Int J Res Med Sci 2022;10:1858.

Thomas JM, Kern PA, Bush HM, McQuerry KJ, Black WS, Clasey JL, et al. Circadian
rhythm phase shifts caused by timed exercise vary with chronotype. JCI Insight
2020;5:134270.

Yamanaka Y, Hashimoto S, Takasu NN, Tanahashi Y, Nishide S, Honma S, et al.
Morning and evening physical exercise differentially regulate the autonomic
nervous system during nocturnal sleep in humans. Am J Physiol Regul Integr Comp
Physiol 2015;309:R1112-21.

Seol J, Fujii Y, Inoue T, Kitano N, Tsunoda K, Okura T. Effects of morning versus
evening home-based exercise on subjective and objective sleep parameters in older
adults: a randomized controlled trial. J Geriatr Psychiatr Neurol 2021;34:232-42.
Shen B, Zheng H, Liu H, Chen L, Yang G. Differential benefits of 12-week morning
vs. evening aerobic exercise on sleep and cardiometabolic health: a randomized
controlled trial. Sci Rep 2025;15:18298.

Mecenas VGF, Alves TVS, Pedrosa AKP. Association of morning and evening
physical exercise with sleep quality and insomnia: differences between
chronotypes. Int J Sport Exc Health Res 2023;7:64-72.

Azharuddin M, Aldabbas M, Aseem A, Pandi-Perumal SR, Tanwar T, Veqar Z.
Influence of concurrent exercise and its timing on polysomnographic parameters
and subjective sleep quality in collegiate adults with poor sleep. Sleep Vigil 2022;6:
145-52. https://doi.org/10.1007/s41782-021-00187-9.

Fairbrother K, Cartner B, Alley JR, Curry CD, Dickinson DL, Morris DM, et al.
Effects of exercise timing on sleep architecture and nocturnal blood pressure in
prehypertensives. Vasc Health Risk Manag 2014:691-8.

Carrillo BJP, Cope E, Gurel S, Traslosheros A, Kenny A, Michot-Duval O, et al.
Morning exercise and pre-breakfast metformin interact to reduce glycaemia in
people with type 2 diabetes: a randomized crossover trial. J Physiol 2024;602:
6491-506.


https://doi.org/10.1152/physrev.00015.2025
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref6
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref6
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref6
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref6
https://doi.org/10.1111/obr.13599
https://doi.org/10.1111/obr.13599
https://doi.org/10.1038/s41574-018-0150-x
https://doi.org/10.1038/s41574-018-0150-x
https://doi.org/10.1016/j.smhs.2022.11.003
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref10
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref10
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref10
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref11
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref11
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref11
https://doi.org/10.1038/s41591-025-04181-w
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref13
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref13
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref14
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref15
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref15
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref16
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref16
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref16
https://doi.org/10.1007/s11886-017-0916-0
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref18
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref18
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref19
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref19
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref19
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref20
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref20
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref21
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref21
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref22
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref22
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref22
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref23
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref23
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref23
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref24
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref24
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref24
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref25
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref25
https://doi.org/10.1080/17461391.2015.1053419
https://doi.org/10.1080/17461391.2015.1053419
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref27
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref27
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref28
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref28
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref28
https://doi.org/10.1186/s40798-023-00577-5
https://doi.org/10.1186/s40798-023-00577-5
https://doi.org/10.1016/j.sleh.2018.10.001
https://doi.org/10.1016/j.sleh.2018.10.001
https://doi.org/10.1007/s10865-022-00370-x
https://doi.org/10.1007/s10865-022-00370-x
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref32
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref32
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref32
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref33
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref33
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref33
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref33
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref34
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref34
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref35
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref35
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref35
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref36
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref36
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref36
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref37
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref37
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref37
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref38
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref38
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref38
https://doi.org/10.3758/s13428-012-0261-6
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref40
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref40
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref42
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref42
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref43
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref43
https://doi.org/10.1016/j.sleep.2017.03.014
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref45
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref45
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref45
https://doi.org/10.1177/15598276231188007
https://doi.org/10.1177/15598276231188007
https://doi.org/10.1016/j.sleep.2014.01.008
https://doi.org/10.1016/j.sleep.2014.01.008
https://doi.org/10.1080/09291016.2023.2246358
https://doi.org/10.17241/smr.2018.00248
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref50
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref50
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref50
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref50
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref51
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref51
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref51
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref52
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref52
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref52
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref53
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref53
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref53
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref54
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref54
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref54
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref55
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref55
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref56
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref56
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref56
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref57
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref57
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref57
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref57
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref58
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref58
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref58
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref59
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref59
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref59
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref60
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref60
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref60
https://doi.org/10.1007/s41782-021-00187-9
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref62
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref62
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref62
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref63
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref63
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref63
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref63

M. Souabni et al.

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

791

[80]

[81]

Saidi O, Colin E, Rance M, Doré E, Pereira B, Duché P. Effect of morning versus
evening exercise training on sleep, physical activity, fitness, fatigue and quality of
life in overweight and obese adults. Chronobiol Int 2021:1-12.

Creasy SA, Wayland L, Panter SL, Purcell SA, Rosenberg R, Willis EA, et al. Effect of
morning and evening exercise on energy balance: a pilot study. Nutrients 2022;14:
816. https://doi.org/10.3390/nu14040816.

Teo SYM, Kanaley JA, Guelfi KJ, Dimmock JA, Jackson B, Fairchild TJ. Effects of
diurnal exercise timing on appetite, energy intake and body composition: a parallel
randomized trial. Appetite 2021;167:105600. https://doi.org/10.1016/j.
appet.2021.105600.

Riebe D, Ehrman JK, Liguori G, Magal M. ACSM's guidelines for exercise testing
and prescription. American College of Sports Medicine; 2018.

Horne JA, Ostberg O. A self-assessment questionnaire to determine morningness-
eveningness in human circadian rhythms. Int J Chronobiol 1976;4:97-110.
Roenneberg T. What is chronotype?: preface. Sleep Biol Rhythm 2012;10:75-6.
https://doi.org/10.1111/j.1479-8425.2012.00541.x.

Frimpong E, Mograss M, Zvionow T, Dang-Vu TT. The effects of evening high-
intensity exercise on sleep in healthy adults: a systematic review and meta-
analysis. Sleep Med Rev 2021:101535.

Yue T, Liu X, Gao Q, Wang Y. Different intensities of evening exercise on sleep in
healthy adults: a systematic review and network meta-analysis. Nat Sci Sleep 2022:
2157-77.

Chennaoui M, Arnal PJ, Sauvet F, Léger D. Sleep and exercise: a reciprocal issue?
Sleep Med Rev 2015;20:59-72.

Chennaoui M, Vanneau T, Trignol A, Arnal P, Gomez-Merino D, Baudot C, et al.
How does sleep help recovery from exercise-induced muscle injuries? J Sci Med
Sport 2021;24:982-7. https://doi.org/10.1016/j.jsams.2021.05.007.

Miller DJ, Sargent C, Roach GD, Scanlan AT, Vincent GE, Lastella M. Moderate-
intensity exercise performed in the evening does not impair sleep in healthy males.
Eur J Sport Sci 2019:1-10.

Korkutata A, Korkutata M, Lazarus M. The impact of exercise on sleep and sleep
disorders. Npj Biol Timing Sleep 2025;2:5. https://doi.org/10.1038/54432.3-024-
00018-w.

Saidi O, Peyrel P, Del Sordo G, Gabriel B, Maso F, Doré E, et al. Is it wiser to train in
the afternoon or the early evening to sleep better? The role of chronotype in young
adolescent athletes. Sleep 2023;46. zsad099.

Aloulou A, Duforez F, Bieuzen F, Nedelec M. The effect of night-time exercise on
sleep architecture among well-trained male endurance runners. J Sleep Res 2020;
29:€12964.

Mah CD, Kezirian EJ, Marcello BM, Dement WC. Poor sleep quality and insufficient
sleep of a collegiate student-athlete population. Sleep Health 2018;4:251-7.
Kolling S, Steinacker JM, Endler S, Ferrauti A, Meyer T, Kellmann M. The longer
the better: sleep-wake patterns during preparation of the world rowing junior
championships. Chronobiol Int 2016:1-12. https://doi.org/10.3109/
07420528.2015.1118384.

Chauvineau M, Mathieu B, Boissard G, Piscione J, Duforez F, Guilhem G, et al.
Morning appointment time rather than training load affects sleep during a training
camp in young elite Rugby union players. Eur J Sport Sci 2025;25:€70020. https://
doi.org/10.1002/ejsc.70020.

Gudmundsdottir SL. Training schedule and sleep in adolescent swimmers. Pediatr
Exerc Sci 2020;32:16-22.

15

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

Sleep Medicine Reviews 90 (2026) 102358

Mann TN, Webster C, Lamberts RP, Lambert MI. Effect of exercise intensity on post-
exercise oxygen consumption and heart rate recovery. Eur J Appl Physiol 2014;
114:1809-20. https://doi.org/10.1007/s00421-014-2907-9.

Gutmann B, Zimmer P, Hiilsdiinker T, Lefebvre J, BinneboBel S, Oberste M, et al.
The effects of exercise intensity and post-exercise recovery time on cortical
activation as revealed by EEG alpha peak frequency. Neurosci Lett 2018;668:
159-63. https://doi.org/10.1016/j.neulet.2018.01.007.

Bielinski R, Schutz Y, Jequier E. Energy metabolism during the postexercise
recovery in man. Am J Clin Nutr 1985;42:69-82.

Skorski S, Mujika I, Bosquet L, Meeusen R, Coutts AJ, Meyer T. The temporal
relationship between exercise, recovery processes, and changes in performance. Int
J Sports Physiol Perform 2019;14:1015-21. https://doi.org/10.1123/ijspp.2018-
0668.

Cornelissen VA, Verheyden B, Aubert AE, Fagard RH. Effects of aerobic training
intensity on resting, exercise and post-exercise blood pressure, heart rate and heart-
rate variability. J Hum Hypertens 2010;24:175-82. https://doi.org/10.1038/
jhh.2009.51.

Maclnnis MJ, Gibala MJ. Physiological adaptations to interval training and the role
of exercise intensity. J Physiol 2017;595:2915-30.

Kim N, Ka S, Park J. Effects of exercise timing and intensity on physiological
circadian rhythm and sleep quality: a systematic review. Phys Act Nutr 2023;27:
52.

Schonke M, Esser KA, Gabriel BM. Editorial: circadian rhythms and exercise in
cardiometabolic health. Front Endocrinol 2023;14. https://doi.org/10.3389/
fendo.2023.1180851.

Walsh NP, Halson SL, Sargent C, Roach GD, Nédélec M, Gupta L, et al. Sleep and
the athlete: narrative review and 2021 expert consensus recommendations. Br J
Sports Med 2021;55:356-68.

Saidi O, Del Sordo G, Peyrel P, Sudlow A, Maso F, Walrand S, et al. Night-to-night
sleep variability in adolescent rugby players compared to non-athlete matched
controls. Int J Sports Sci Coach 2023;18:453-61. https://doi.org/10.1177/
17479541221084680.

Yetish G, Kaplan H, Gurven M, Wood B, Pontzer H, Manger PR, et al. Natural sleep
and its seasonal variations in three pre-industrial societies. Curr Biol 2015;25:
2862-8.

St-Onge M-P, Grandner MA, Brown D, Conroy MB, Jean-Louis G, Coons M, et al.
Sleep duration and quality: impact on lifestyle behaviors and cardiometabolic
health: a scientific statement from the American heart association. Circulation
2016;134. https://doi.org/10.1161/CIR.0000000000000444.

Randler C. Differences in sleep and circadian preference between Eastern and
Western German adolescents. Chronobiol Int 2008;25:565-75. https://doi.org/
10.1080/07420520802257794.

Grandner MA. Social-ecological model of sleep health. Sleep health. Elsevier; 2026.
p. 51-9.

Murray K, Godbole S, Natarajan L, Full K, Hipp JA, Glanz K, et al. The relations
between sleep, time of physical activity, and time outdoors among adult women.
PLoS One 2017;12:e0182013.

Ekelund U, Steene-Johannessen J, Brown WJ, Fagerland MW, Owen N, Powell KE,
et al. Does physical activity attenuate, or even eliminate, the detrimental
association of sitting time with mortality? A harmonised meta-analysis of data from
more than 1 million men and women. Lancet 2016;388:1302-10. https://doi.org/
10.1016/50140-6736(16)30370-1.


http://refhub.elsevier.com/S1087-0792(26)00130-9/sref64
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref64
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref64
https://doi.org/10.3390/nu14040816
https://doi.org/10.1016/j.appet.2021.105600
https://doi.org/10.1016/j.appet.2021.105600
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref67
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref67
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref68
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref68
https://doi.org/10.1111/j.1479-8425.2012.00541.x
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref70
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref70
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref70
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref71
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref71
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref71
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref72
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref72
https://doi.org/10.1016/j.jsams.2021.05.007
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref74
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref74
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref74
https://doi.org/10.1038/s44323-024-00018-w
https://doi.org/10.1038/s44323-024-00018-w
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref76
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref76
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref76
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref77
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref77
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref77
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref78
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref78
https://doi.org/10.3109/07420528.2015.1118384
https://doi.org/10.3109/07420528.2015.1118384
https://doi.org/10.1002/ejsc.70020
https://doi.org/10.1002/ejsc.70020
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref81
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref81
https://doi.org/10.1007/s00421-014-2907-9
https://doi.org/10.1016/j.neulet.2018.01.007
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref84
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref84
https://doi.org/10.1123/ijspp.2018-0668
https://doi.org/10.1123/ijspp.2018-0668
https://doi.org/10.1038/jhh.2009.51
https://doi.org/10.1038/jhh.2009.51
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref87
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref87
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref88
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref88
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref88
https://doi.org/10.3389/fendo.2023.1180851
https://doi.org/10.3389/fendo.2023.1180851
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref90
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref90
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref90
https://doi.org/10.1177/17479541221084680
https://doi.org/10.1177/17479541221084680
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref92
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref92
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref92
https://doi.org/10.1161/CIR.0000000000000444
https://doi.org/10.1080/07420520802257794
https://doi.org/10.1080/07420520802257794
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref95
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref95
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref96
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref96
http://refhub.elsevier.com/S1087-0792(26)00130-9/sref96
https://doi.org/10.1016/S0140-6736(16)30370-1
https://doi.org/10.1016/S0140-6736(16)30370-1

	Effects of morning versus evening exercise on sleep: a systematic review of comparative studies with a meta-analysis of ran ...
	1 Introduction
	2 Methods
	2.1 Design and registration
	2.2 Data sources and search strategy
	2.3 Eligibility criteria/selection criteria
	2.4 Study selection
	2.5 Data extraction
	2.6 Quality assessment
	2.7 Statistical analysis

	3 Results
	3.1 Study selection
	3.2 Characteristics of the included studies
	3.3 Methodological quality and risk of bias
	3.4 Meta-analysis
	3.4.1 Effect of exercise timing on sleep outcomes
	3.4.2 Subgroup analyses and meta-regression


	4 Discussion
	4.1 Implications for exercise timing and sleep health
	4.2 Methodological considerations
	4.3 Future directions

	5 Conclusion
	Contributions
	Funding
	Conflicts of interest/financial disclosures
	Acknowledgements
	Appendix A Supplementary data
	References

	Research agenda

