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Abstract

Background: Exercise timing may influence cardiovascular and metabolic responses, but
the available evidence varies across populations, exercise protocols, and assessment periods.
Objectives: To compare the cardiovascular and metabolic effects of morning and late-day
exercise in individuals with and without specified cardiometabolic diagnoses. Methods:
PubMed, Web of Science, Embase, Scopus, and the Cochrane Library databases were
searched for relevant published literature. We included randomized controlled trials and
randomized crossover trials comparing exercise performed within prespecified morning
and late-day time windows. Eligible populations included individuals without target
cardiometabolic diagnoses and patients with hypertension, diabetes mellitus, coronary
artery disease, or metabolic syndrome. Studies were synthesized quantitatively when
outcomes were sufficiently comparable for pooling and otherwise summarized narratively.
Random-effects models were used for the primary meta-analyses. Results: Thirty-seven
studies involving 1150 participants were included. In parallel group trials involving
participants without the target diagnoses, late-day exercise was associated with lower blood
glucose and triglyceride levels than morning exercise; both estimates were based on two
studies and rated as low-certainty evidence. In randomized crossover trials, mean platelet
volume was higher after morning exercise both immediately after exercise and during
recovery, whereas most other cardiovascular, metabolic, and exercise-response outcomes
showed no statistically significant difference between exercise timings. In patients with
hypertension and diabetes, pooled analyses did not demonstrate significant differences in
the available outcomes, although the evidence was limited and imprecise. Evidence for
coronary artery disease and metabolic syndrome was sparse, comprising two and one trials,
respectively. Conclusions: Current evidence is insufficient to establish a universally optimal
exercise time or demonstrate that differences in acute biomarkers translate into long-term
clinical benefit or harm. Although some individual outcomes differed according to exercise
timing, the available evidence is limited by the small number of studies, methodological
heterogeneity, and limited evidence in populations with cardiometabolic diseases. Larger,
well-designed trials with standardized exercise timing protocols and outcome measures
are needed to determine whether exercise timing has clinically meaningful effects on
cardiovascular and metabolic health.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of death and disability worldwide
and imposes a substantial social and economic burden [1,2]. CVD is projected to claim
approximately 24 million lives by 2030 [3]. Due to complex pathophysiological mechanisms,
treatment for CVD and its complications remains limited. In recent years, the World Heart
Federation, American Heart Association, American Medical Association, and American
College of Sports Medicine have all recommended exercise to improve cardiovascular
health, and it is widely validated [4-6].

Circadian rhythms regulate cardiovascular function and may influence responses to
exercise. Epidemiological studies have found that shift workers have a higher prevalence
of hypertension and greater risks of myocardial infarction and coronary artery disease than
individuals who do not work shifts, even after adjustment for traditional risk factors [7,8].
This has prompted growing interest in whether exercise timing modifies cardiovascular
and metabolic responses, particularly when exercise is performed in the morning versus
later in the day. However, findings remain inconsistent. Some studies suggest that late-day
exercise may improve autonomic regulation, reduce systemic vascular resistance, and
lower blood pressure in patients with hypertension [9,10]. Conversely, morning physical
activity has been associated with lower risks of coronary heart disease, ischemic stroke,
and other cardiovascular events by 16%, 17%, and 21%, respectively [11] and with better
cardiovascular health [12,13]. These divergent findings may partly reflect differences in
participant characteristics, disease status, exercise protocols, and study designs.

Despite growing interest in circadian-informed exercise prescription, it remains un-
clear whether the cardiovascular and metabolic effects of exercise timing are consistent
across populations with different physiological and pathological characteristics. Existing ev-
idence comes from heterogeneous populations, including healthy individuals and patients
with hypertension, diabetes mellitus, coronary artery disease, and metabolic syndrome.
However, to our knowledge, no previous review has comprehensively compared the effects
of exercise timing across these populations within a unified analytical framework. There-
fore, this systematic review and meta-analysis aimed to compare the effects of morning
versus late-day exercise on cardiovascular and metabolic outcomes across healthy and
cardiometabolic populations by synthesizing evidence from randomized controlled and
randomized crossover trials.

2. Materials and Methods

This systematic review and meta-analysis was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020
guidelines [14]. The protocol was registered with PROSPERO under the title “Morning
and late-day exercise show no difference in cardiovascular indicators across different
populations: A systematic review and meta-analysis of randomized controlled trials and
crossover studies” (PROSPERO ID: CRD420251134958).

2.1. Search Strategy

Two independent investigators (Miao Y and Xingyu Q) searched PubMed, Web of
Science, Scopus, Embase, and the Cochrane Library for studies published from 1 January
2000, to 19 September 2026. The search strategy combined Medical Subject Headings
(MeSH) with free-text terms to identify relevant studies. Search terms included, but were

i ” o

not limited to, “exercise,” “cardiovascular disease,” “morning,” and “evening.” Boolean
operators (AND, OR, and NOT) were used to combine search terms. The complete database-

specific search strategies are provided in Supplementary Materials S1.
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2.2. Study Eligibility

Records retrieved from the databases were managed using EndNote X9(Clarivate
Analytics, Philadelphia, PA, USA). Two independent reviewers (Miao Y and Xingyu Q)
screened the literature records in the following three steps. First, animal studies, reviews,
conference abstracts, case reports, and other non-article formats were excluded. Next,
the literature unrelated to the study topic was excluded by screening titles and abstracts.
Finally, the remaining articles underwent full-text review to assess their eligibility for
inclusion based on study design (randomized controlled trials or randomized crossover
trials), population characteristics, intervention protocols, and availability of quantitative
outcome data. Disagreements between the two reviewers were resolved through discussion
with a third reviewer (Weian L or Rui Y). The screening process was documented using the
PRISMA flow diagram.

2.3. Selection Criteria

Eligibility criteria were established according to the Population, Intervention, Com-
parator, Outcomes, and Study design (PICOS) framework, following the Cochrane Hand-
book.

Population: The study population encompasses diverse groups with variable cardiovascu-
lar health, specifically including individuals without target diagnoses (adults > 18 years with
no reported diagnosis of hypertension, diabetes or prediabetes, coronary artery disease, or
metabolic syndrome; this category could include participants described as healthy, seden-
tary, overweight, or obesity), hypertensive individuals (meeting World Health Organization
(WHO) hypertension criteria with systolic blood pressure (SBP) > 140 mmHg and/or dias-
tolic blood pressure (DBP) > 90 mmHg), diabetic individuals (hospital-diagnosed diabetes
or prediabetes), individuals with coronary artery disease (confirmed by coronary angiog-
raphy, electrocardiogram (ECG), etc. and in a stable disease state), and individuals with
metabolic syndrome (meeting International Diabetes Federation (IDF) diagnostic criteria).

Intervention: Eligible studies directly compared morning with late-day exercise, in-
cluding both single-bout exercise and long-term exercise. Morning exercise was defined as
a session performed entirely between 05:00 and 11:00, and late-day exercise was defined
as a session performed entirely between 16:00 and 22:00. Studies were excluded if either
exercise condition extended beyond its corresponding time window or if the reported infor-
mation was insufficient to confirm that both conditions met these criteria. Comparator: The
focal comparison involves “contrasting morning versus late-day exercise across different
populations or within the same cohort.” This entails either the same group of participants
(randomized crossover trial) or different participants matched for baseline characteristics
(randomized controlled trial) receiving either morning or late-day exercise intervention.

Outcomes: Outcome measures must include at least one quantitative indicator related
to cardiovascular health, specifically comprising blood pressure metrics (systolic, dias-
tolic, mean arterial pressure), metabolic indicators (fasting blood glucose, postprandial
blood glucose, triglycerides, total cholesterol, high-density lipoprotein (HDL), low-density
lipoprotein (LDL), insulin levels), blood and inflammatory markers (mean platelet volume
(MPV)), fibrinogen, high-sensitivity C-reactive protein (hs-CRP), white blood cell count,
heart rate-related metrics (resting heart rate, immediate post-exercise heart rate, peak heart
rate), other indicators (lactate levels, maximal oxygen uptake, subjective fatigue levels).

Study design: Only randomized controlled trial and randomized crossover trial were
included. Subgroup analyses by population were pre-specified to test the hypothesis that
baseline physiological and pharmacological status may modify the effects of exercise timing.

Exclusion criteria: Studies were excluded if they met any of the following: non-
randomized crossover trials or non-randomized crossover trials, non-English language, non-
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article formats, study design or study content is not in compliance, non-original studies, not
direct morning versus late-day exercise comparison, exercise timing outside the predefined
windows, or exercise timing could not be verified against the predefined windows.

2.4. Data Extraction

Two independent reviewers (Miao Y and Xingyu Q) extracted data using a standard-
ized form covering the following: (1) study characteristics (e.g., author, title, publication
year, trial name), (2) patient demographics (e.g., age, sex, ethnicity, sample size), (3) inter-
vention details (e.g., specific times for morning and late-day exercise, exercise modality,
exercise intensity, exercise duration), (4) outcome data (e.g., baseline values of core out-
come measures, pre- and post-intervention differences, mean values, standard deviations,
standard errors), and (5) confounding factor control (e.g., diet, sleep, environment, exercise
habits, medication).

2.5. Quality Assessment

For parallel group randomized controlled trials, the Cochrane Risk of Bias 2.0 (RoB
2.0) tool was used to assess five domains: (1) randomization process, (2) deviations from
intended interventions, (3) missing outcome data, (4) outcome measurement, and (5) se-
lection of the reported result. For randomized crossover trials, the RoB 2.0 crossover trial
extension was applied, with additional attention to period effects and carryover effects,
including the adequacy of the washout period and the appropriateness of the crossover
design. Each domain and the overall risk of bias were classified as “low risk,” “some
concerns,” or “high risk” (Supplementary Materials S2).

To evaluate the overall certainty of evidence for the primary meta-analyzed outcomes
(i.e., blood pressure, blood glucose, triglycerides, and MPV), the Grading of Recommen-
dations Assessment, Development and Evaluation (GRADE) framework was applied
(Supplementary Materials S3). The certainty of evidence was rated as high, moderate,
low, or very low based on five domains, including risk of bias, inconsistency, indirectness,
imprecision, and publication bias. Given the limited number of studies per outcome (<10),
formal publication bias assessment using funnel plots or Egger’s test was not performed,
in line with current methodological recommendations [14].

2.6. Statistical Analysis

We assessed the feasibility of quantitative synthesis according to trial design, popula-
tion characteristics, intervention characteristics, and outcome availability. Meta-analyses
were performed using R software (version 4.3.2; R Foundation for Statistical Computing,
Vienna, Austria), primarily using the meta and metafor packages. Random-effects mod-
els were used as the primary analytical approach because clinical and methodological
heterogeneity was anticipated across studies, including differences in population charac-
teristics, exercise modality and intensity, intervention duration, and outcome assessment.
Continuous outcomes were synthesized as standardized mean differences (SMDs) using
Hedges’ g with 95% confidence intervals (Cls), with the effect direction defined as morning
exercise minus late-day exercise (i.e., exercise performed in the afternoon or evening).
Thus, positive SMDs indicated higher outcome values following morning exercise, whereas
negative SMDs indicated higher outcome values following late-day exercise. A two-sided
p value < 0.05 was considered statistically significant.

Statistical heterogeneity was assessed using the I? statistic, Cochran’s Q test, and Tau?.
Heterogeneity was interpreted in conjunction with the magnitude and direction of the
pooled effects rather than by I? alone. Where appropriate, fixed-effect models were used
in sensitivity analyses to examine the robustness of the pooled estimates to the choice of
meta-analytic model. For outcomes with substantial heterogeneity, additional sensitivity
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analyses were conducted when sufficient data were available to explore the influence of
individual studies. For randomized crossover trials, a sensitivity analysis was performed
by excluding Aloui K 2017 because of its unusually small standard deviations, which may
have contributed to high heterogeneity in several outcomes. When exclusion of a study left
only one eligible study for an outcome, no pooled estimate was calculated.

For randomized crossover trials, morning and late-day conditions were entered as
two groups using an unpaired approach. Because paired effect estimates, paired standard
errors, or within-participant correlation coefficients could not be consistently obtained or
extracted from the included studies, the within-participant correlation between conditions
was not incorporated into the effect size calculations. This represents a methodological
limitation of the present analysis and is acknowledged in the Discussion.

Quantitative synthesis was conducted separately according to population and trial
design when sufficient comparable data were available. Randomized controlled trials and
randomized crossover trials were therefore not combined within the same pooled analysis.
Outcomes reported in only one eligible study were summarized descriptively rather than

quantitatively pooled.

3. Results
3.1. Literature Search

The search identified 51,550 records, of which 6540 duplicates were removed. The
remaining 45,010 records underwent title and abstract screening, and 44,919 were excluded.
Ninety-one reports were sought for retrieval, of which six were not retrieved. Of the
85 reports assessed for eligibility, 48 were excluded for the reasons shown in Figure 1,
resulting in the inclusion of 37 studies (Figure 1).

[ Identification of studies via databases and registers J
g Records identified from (n=51,550)
= (1) PubMed (n=2519)
o (2) Web of Sicience (n=19,942)
= (3) Scopus (n=12,150)
S (4) Embase (n=6187)
o (6) Cochrane Library (n=10,752)

Duplicates records removed (n =6540) J

)

(1) Book and Documents (n=672)

(2) Letter (n=304)

(3) Comment (n=128)

(4) Review (n=2578)

(5) Case Reports (n=1694)

(6) Other title/abstract exclusions (n=39,543)

Screening

Recordsyscreened (1=45.010) ’ { Recoeds excluded: (n=44,919)

[ Reports sought for retrieval (n=91)

(

—L Reports not retrieved (n =6) ]

— [ Reports assessed for eligibility (n=85) ] Ve ~N
Reports excluded: (n=48)

(1) Study design or study content is not
in compliance (n=18)

(2) Non-original study (n=17)

(8) Not direct morning versus late-day
exercise comparison (n=3)

(4) Exercise timing outside the
predefined windows (n=5)

(5) Exercise timing could not be verified
against the predefined windows (n=5)

Included

Studies included in review (n=37)
Reports of included studies (n=37)

o

Figure 1. Literature screening flow diagram based on PRISMA.
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3.2. Study Characteristics

A total of 37 studies involving 1150 participants were included in the systematic
review and meta-analysis. The characteristics of the included studies and participants
are summarized in Supplementary Table S1. Of these studies, nine studies refs. [15-23]
were randomized controlled trials, and 28 studies refs. [24-51] were randomized crossover
trials. Among the randomized controlled trials, three studies refs. [15,20,23] enrolled
individuals without the target cardiometabolic diagnoses, three studies refs. [16,18,19]
enrolled individuals with hypertension, two studies refs. [21,22] enrolled individuals with
coronary artery disease, and one study refs. [17] enrolled individuals with metabolic
syndrome. Among the randomized crossover trials, 20 studies refs. [25,26,28-32,34-38,43—
48,50,51] enrolled individuals without the target cardiometabolic diagnoses, four studies
refs. [24,33,39,49] enrolled individuals with hypertension, and four studies refs. [27,40-42]
enrolled diabetic individuals.

In total, 19 studies refs. [15,16,18,19,23,25,26,28-30,32,34,36,40-42,44-46] contributed
data to at least one meta-analysis. The remaining 18 studies refs. [17,20-22,24,27,31,33,35,37—
39,43,47-51] met the eligibility criteria but could not be included in a quantitative synthesis
because their reported outcomes or data were not sufficiently comparable or suitable for
pooling; their findings were summarized narratively.

3.3. Characteristics of Exercise Interventions
3.3.1. Exercise Period

Among the 37 studies, most studies investigated acute exercise sessions performed
either in the morning or late day [19,23-32,34-48,50,51]. Only nine studies refs. [15-22,33]
implemented exercise interventions lasting 8 weeks or longer (Supplementary Materials
Table S1).

3.3.2. Exercise Types

In total, 22 studies refs. [16,18-22,24,28,29,31-33,35,36,38-40,43-46,50] focused on
solely aerobic exercise, three studies refs. [30,34,42] focused on resistance exercise alone,
seven examined high-intensity interval exercise refs. [17,25-27,37,41,51], and only one in-
vestigated combined aerobic and resistance exercise [15]. Additionally, one study ref. [49]
has explored aerobic exercise combined with resistance exercise, and one study ref. [23] has
explored aerobic exercise combined with high-intensity interval exercise.

Referencing the intensity comparison table from earlier studies, 15 studies refs. [17,18,
21,23,25-27,30,35,37,41,45,49,51] involved high-intensity exercise, 20 studies used moderate-
intensity exercise [15,19,20,22,24,28,31,33,34,38-40,42-44,46-50], and two studies refs. [16,29]
used low-intensity exercise.

3.3.3. Session Duration

Each exercise session lasted less than 30 min in nine studies [17,24,26-28,37,41,43,51],
30-60 min in 18 studies [15,16,18-23,30,33,34,38-40,42,44,47,50], and more than 60 min in
1 study [31]. Additionally, nine studies refs. [25,29,32,35,36,45,46,48,49] did not specify
exercise duration.

3.3.4. Confounding Factors

Beyond the effects of exercise timing on cardiovascular outcomes, eight studies ac-
counted for exercise habits [15,25,28,29,31,34,36,45], five studies refs. [17,27,38,42,50] com-
bined dietary and meal timing effects, five studies refs. [20,24,37,41,47] considered sleep-
related indicators, three study refs. [19,33,51] examined medication use, and one study
ref. [45] addressed environmental factors.
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3.4. Quality Assessment Results of Included Studies

Risk of bias was assessed for 37 included studies using the appropriate RoB 2
versions for parallel group and crossover trials (Figures 2 and 3). Overall, 30 stud-
ies refs. [15,21-31,33,35-51] were judged to raise some concerns, and seven studies
refs. [16-20,32,34] were judged to be at high risk of bias; none was judged to be at low risk
overall. For the five core domains, some concerns were most frequent in the randomization
process (30/37) and selection of the reported result (30/37). Most studies were judged
to be at low risk for deviations from intended interventions (21/37), missing outcome
data (22/37), and measurement of the outcome (29/37). High-risk judgments occurred in
the randomization process (2/37), missing outcome data (5/37), and outcome measure-
ment (1/37); some studies had high-risk judgments in more than one domain. Among
the 28 crossover trials, the additional domain assessing period and carryover effects was
judged to be at low risk in eight studies [24,27,28,31,38,39,43,46] and to raise some concerns
in 20 studies [25,26,29,30,32-37,40-42,44,45,47-51]. This domain was not applicable to the
nine parallel group trials. The supplementary document provides a detailed assessment of
RoB 2.

Study (reference no.) Overall
Ahmadizad 2010
Aldemir 2005
Aloui 2017
Arciero 2022
Azevédo 2026
Azevédo 2017
Boettcher 2024
Bommarito 2025
Boukelia 2018
Boussetta 2017
Brito 2024

Brito 2019

Brito 2020
Chan-Dewar 2013
Dehghani 2023
Di Blasio 2010
Fairbrother 2014
Fernandes 2014
Focht 2009
Hobson 2009
Hori 2026

Jafari 2025
Jones 2008
Jones 2009
Keller 2025
Larsen 2019
Lian XQ 2014
Mclver 2019
Moholdt 2021
Morales-Palomo 2024
Munan 2020
Park 2005

Savikj 2019
Shen 2025

Shen 2025

Tanaka 2021

(0]oJojojojo] Jo] 10J0]0]0]0]0] 10] 10]0]0]0J0]0]0]0] JOJ0] JOJO] IOJOOICk:
oJol Jojol JoI I'1 I Jol I I JOolo] JoJo] IOl Jolol I Jololololol I JoI IOk
[ Jolo] Jojol JoI I JoI I Jolojol I JoI I I JoI I Jolo I I I Jof JoI Jol Ji
L1 Jolor Jol Jol I IJol I X I ' I I I T Jolol I I I 1 JoI 1 JOIof I 1 J§
Lol I rjol T Jol I I Jor I I' X L I I I JoI I I I 1 JOI I I I JOI J§
0] loJolo] JoJojolo] JoJol I JoloJol lojololololololololo]olololololol IOk
0]0] J0J0J0]0] J0]0]0]0]0]0]ojolo]o] lojolojololo] 1 JoloJo] 10] ]0J0J0]0)

Toghi-Eshghi 2019
== Low risk Some concerns mmm High risk Not applicable

Figure 2. Cochrane Risk of Bias 2.0 tool results. The studies presented in the figure correspond, from
top to bottom, to references [15-51]. D1-D5 represent the five RoB 2 domains: bias arising from
the randomization process, bias due to deviations from intended interventions, bias due to missing
outcome data, bias in measurement of the outcome, and bias in selection of the reported result.
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D1 Randomization process (n=37)

DS Period and carryover effects (n=28)

D2 Deviations from intended interventions (n=37)

D3 Missing outcome data (n=37)

D4 Measurement of the outcome (n=37)

D5 Selection of the reported result (n=37)

Overall risk of bias (n=37) ’ -

0%

L

25% 50% 75% 100%

[ Lowrisk [ Some concerns HEE High risk
DS excludes 9 parallel-group trials marked N/A; all other domains use 37 studies.

Figure 3. Distribution of risk-of-bias judgments across RoB 2 domains and overall. Domain S was
applicable only to the 28 randomized crossover trials; the nine parallel group trials were therefore
not included in its denominator. The distributions for all other domains and the overall judgment
were based on all 37 included studies.

3.5. Quantitative Analysis
3.5.1. Individuals Without Target Diagnoses

Because of randomized controlled trials and randomized crossover trials differed in
design, pooled analyses were conducted separately.

Randomized controlled trials

In randomized controlled trials [15,23], there was no significant difference between
morning and late-day exercise in SBP (SMD = 0.10, 95% CI = [-0.58, 0.78], 2 = 25%,
p =0.78), DBP (SMD = —0.24, 95% CI = [—1.48, 0.99], I? = 55%, p = 0.70), total cholesterol
(SMD = 0.80, 95% CI = [—0.69, 2.30], I?> = 68%, p = 0.29), insulin (SMD = 0.25, 95% CI =
[—0.44, 0.94], I? = 26%, p = 0.48), HDL (SMD = —0.00, 95% CI = [—0.46, 0.45], I> = 0%,
p=0.99), or LDL (SMD = 0.68, 95% CI = [—0.65, 2.01], I> = 70%, p = 0.32).

However, regarding blood glucose, the late-day exercise group showed significantly
lower levels compared with the morning group (SMD = 0.93, 95% CI = [0.25, 1.61], 12 = 30%,
p < 0.01). Similarly, for triglycerides, levels were significantly lower in the late-day exercise
group (SMD = 0.93, 95% CI = [0.44, 1.42], I? = 0%, p < 0.01) (Figure 4).

Randomized crossover trials

Eleven randomized crossover trials contributed to the meta-analysis. In individuals
without target diagnoses, there was no significant difference between morning and late-day
exercise in SBP (SMD = —0.13, 95% CI —0.47 to 0.22; 1% = 0%, p =0.47), DBP (SMD = —0.26,
95% CI —0.61 to 0.09; 12 = 0%, p = 0.14), immediate post-exercise SBP (SMD = —0.15, 95% CI
—0.44 t0 0.14; 12 = 0%, p = 0.31), immediate post-exercise DBP (SMD = 0.63, 95% CI —0.51
to 1.78; I? = 81%, p = 0.28), immediate post-exercise heart rate (SMD = —0.07, 95% CI —0.51
t0 0.37; I? = 0%, p = 0.75), rate of perceived exertion (SMD = —0.21, 95% CI —1.49 to 1.06;
12 = 89%, p = 0.74), peak heart rate (SMD = —0.96, 95% CI —3.09 to 1.17; I?> = 91%, p = 0.38),
total cholesterol (SMD = —0.76, 95% CI —2.27 to 0.75; 12 = 80%, p = 0.32), blood lactate
(SMD = 0.07, 95% CI —0.56 to 0.70; I? = 0%, p = 0.84), blood glucose (SMD = —1.74, 95% CI
—4.29 t0 0.81; I? = 89%, p = 0.18), maximal oxygen uptake (SMD = —0.45, 95% CI —1.52 to
0.63; I2 = 74%, p = 0.42), or platelet count (SMD = —0.35, 95% CI —1.11 to 0.41; I? = 35%,
p =0.37).

Notably, MPV was significantly higher after morning exercise than after late-day
exercise, both immediately post-exercise (SMD = 0.95, 95% CI 0.26 to 1.64; 2 = 0%, p <0.01)
and during the recovery phase (SMD = 1.01, 95% CI 0.33 to 1.70; I? = 0%, p < 0.01) (Figure 5).
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Figure 4. Forest plot of cardiovascular indicators after morning and late-day exercise in the individu-
als without target diagnoses (randomized controlled trials).

Because Aloui K ref. [25] reported relatively small standard deviations, which may
have contributed to the high heterogeneity observed in several outcomes, a sensitivity
analysis was performed by excluding this study. After exclusion, heterogeneity decreased
from 12 = 81% to 0% for immediate post-exercise DBP (SMD = 0.08, 95% CI —0.31 to 0.48;
p = 0.68), from I? = 91% to 0% for peak heart rate (SMD = 0.11, 95% CI —0.28 to 0.51;
p = 0.57), from 12 = 89% to 55% for RPE (SMD = 0.39, 95% CI —0.18 to 0.96; p = 0.18), and
from I? = 74% to 0% for maximal oxygen uptake (SMD = 0.08, 95% CI —0.60 to 0.75; p = 0.83).
After exclusion, only one study remained for lactate, blood glucose, and total cholesterol.
Therefore, pooled estimates were not calculated, and the single-study SMDs were reported
descriptively. Although the pooled estimates changed for some outcomes, the statistical
interpretation remained unchanged, as none of the sensitivity analyses yielded a statistically
significant difference between morning and late-day exercise.

3.5.2. Individuals with Hypertension

Three randomized controlled trials refs. [16,18,19] were included in the meta-analysis.
There was no significant difference between morning and late-day exercise in heart
rate (SMD = —0.03, 95% CI = [—0.50, 0.45], 1> = 0%, p = 0.91) or mean blood pressure
(SMD = —0.04, 95% CI = [—0.64, 0.55], I? = 37.5%, p = 0.89) among individuals with hyper-
tension (Figure 6).
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Figure 5. Forest plot of cardiovascular indicators after morning and late-day exercise in in the

individuals without target diagnoses (randomized crossover trials).
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Figure 6. Forest plot of cardiovascular indicators after morning and late-day exercise in hypertensive
patients (randomized controlled trials).

3.5.3. Individuals with Diabetes

3. randomized crossover trials refs. [40-42] were included in the meta-analysis. Analy-
sis revealed no significant difference in the effect of morning versus late-day exercise on
blood glucose levels in diabetes patients (SMD = —0.12, 95% CI = [-0.58, 0.35], 2 = 0%,
p = 0.62) (Figure 7).

Exposure Outcome Number of people Method SMD (95% Ch SMD (95% CD
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Diabetes crossover Blood glucose 46

'
o
'
T
'
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'
L
|
0

Figure 7. Forest plot of cardiovascular indicators after morning and late-day exercise in diabetes
patients (randomized controlled trials).

3.6. Qualitative Analysis
3.6.1. Individuals Without Target Diagnoses

Blood Pressure. Six studies refs. [25,26,32,34,43,44] did not detect a statistically
significant difference in SBP between morning and late-day exercise, and four studies
refs. [25,26,34,43] reported no significant between-time difference in DBP. In contrast, one
study ref. [44] reported a greater reduction in DBP after late-day than morning exercise.
Three studies refs. [18,29,43] found no significant between-time difference in mean arterial
pressure, whereas one study ref. [31] reported an increase in mean arterial pressure follow-
ing morning exercise. Shen et al. ref. [47] observed a smaller immediate increase in SBP
after exercise at 06:00 than after exercise at 16:00 or 18:00. In that study, DBP was below its
pre-exercise value 20 min after the 06:00 session only.

Blood Glucose. Three studies refs. [38,46,51] did not detect a statistically signifi-
cant difference in blood glucose between morning and late-day exercise. Three studies
refs. [23,37,50] reported lower glucose levels after late-day than morning exercise, whereas
two studies refs. [25,36] reported higher levels after late-day exercise.

Heart Rate. Five studies reported no significant difference in heart rate between
morning and late-day exercise. Only two studies reported significantly higher heart rates
during late-day exercise compared to morning.

Five studies refs. [18,29,36,37,44] reported no statistically significant difference in heart
rate between morning and late-day exercise, whereas two studies refs. [45,46] reported
higher heart rates during late-day exercise than during morning exercise.

Perceived Exertion. Four studies refs. [26,32,37,46] did not detect a statistically sig-
nificant difference in subjective fatigue between morning and late-day exercise. Two
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studies [15,44] reported greater fatigue following morning exercise, whereas one study
ref. [25] reported greater fatigue following late-day exercise.

Lactic Acid. Two studies refs. [25,36] did not detect a statistically significant difference
in lactic acid levels between morning and late-day exercise. However, one study ref. [30]
reported higher lactic acid levels during late-day exercise.

3.6.2. Individuals with Hypertension

Systolic Blood Pressure. One study ref. [39] did not detect a statistically signifi-
cant difference in SBP between morning and late-day exercise. However, three studies
refs. [16,18,33] reported a greater reduction in SBP following late-day exercise, whereas
two studies refs. [24,49] reported a greater reduction following morning exercise.

Diastolic blood pressure. Two studies refs. [16,33] did not detect a statistically sig-
nificant difference in DBP between morning and late-day exercise. However, two stud-
ies [18,24] reported a greater reduction in DBP following late-day exercise.

Mean Arterial Pressure. Two studies refs. [16,33] reported a greater reduction in mean
arterial pressure following late-day than morning exercise.

Sympathetic Nervous Activity. Two studies refs. [16,18] reported lower sympathetic
nervous activity following late-day than morning exercise.

3.6.3. Individuals with Diabetes

In a randomized crossover study of adults with type 2 diabetes, Keller et al. ref. [27]
compared single bouts of high-intensity interval exercise beginning at 09:00 and 16:00.
Morning exercise was associated with a greater short-term post-exercise glucose elevation
than late-day exercise, whereas the 24-h glucose profile did not differ between the two
conditions. C-reactive protein and NT-proBNP concentrations were also higher in the
morning condition. These findings describe acute responses in one study and do not
establish a sustained advantage of either exercise time.

3.6.4. Individuals with Coronary Artery Disease

Two randomized controlled trials refs. [21,22] examined exercise timing in participants
with coronary artery disease. In an 8-week supervised cardiac rehabilitation trial [21],
the late-day group had higher post-intervention left ventricular ejection fraction, E-wave
velocity, and E/A ratio and lower A-wave velocity and E/¢’ ratio than the morning group.
NT-proBNP concentrations were also lower in the late-day group. In a 12-week walking
trial [22], the late-day group showed greater reductions in fibrinogen, high-sensitivity C-
reactive protein, white blood cell count, and LDL cholesterol than the morning group. These
findings are based on two trials assessing different outcomes and should be interpreted
as preliminary.

3.6.5. Individuals with Metabolic Syndrome

Among all included studies, only one randomized controlled trial [17] included pre-
viously inactive adults with metabolic syndrome. Participants were assigned to morning
exercise, late-day exercise, or a non-exercise control group. The exercise groups completed
supervised high-intensity interval cycling three times per week for 16 weeks, with the high-
intensity intervals targeting 90% of maximum heart rate. Both exercise groups showed
greater reductions in diastolic blood pressure than the control group. Compared with
late-day exercise, morning exercise resulted in greater reductions in systolic blood pressure,
fasting insulin, insulin resistance assessed by HOMA-IR, and the metabolic syndrome Z
score. Mean arterial pressure decreased within both exercise groups, but only the morning
group differed significantly from the control group in the post hoc comparison. These
findings are based on a single trial.
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4. Discussion

We conducted a systematic review and meta-analysis of 37 studies to evaluate the
differential effects of morning versus late-day exercise on cardiovascular and metabolic
indicators across healthy individuals and cardiometabolic populations.

Among individuals without the target cardiometabolic, the effects of exercise timing
varied according to the outcome and study design. In the randomized controlled trials,
late-day exercise was associated with lower blood glucose and triglyceride levels than
morning exercise [15,23], with pooled SMDs of 0.93 (95% CI, 0.25-1.61) and 0.93 (95% CI,
0.44-1.42), respectively. However, these findings were based on only two studies involving
72 participants, and this category includes people described as healthy as well as those with
overweight or obesity. The certainty of evidence was limited because of concerns regarding
risk of bias and imprecision. Therefore, the observed differences should be interpreted as
evidence of a possible timing-related difference in metabolic status rather than definitive ev-
idence that late-day exercise produces superior long-term metabolic adaptations. Previous
experimental work has proposed that time-of-day differences in insulin availability, counter-
regulatory hormones, and skeletal muscle glucose metabolism may contribute to variation
in post-exercise or pre-exercise metabolic responses [52]. Similarly, differences in substrate
availability and lipid metabolism across the day may contribute to variation in circulating
triglyceride concentrations [53,54]. Nevertheless, these mechanisms were not directly eval-
uated in the included randomized trials, and the present meta-analysis cannot establish the
biological pathway underlying the observed differences. In randomized crossover trials,
MPV was higher following morning than late-day exercise, both immediately after exercise
and during recovery [28,30]. Although the direction of the difference was consistent across
the two contributing studies and no statistical heterogeneity was detected, the limited num-
ber of studies leaves substantial uncertainty regarding between-study heterogeneity and the
robustness of this finding. Endogenous circadian variation in platelet activation may offer
a possible explanation [55-57]. MPV difference was not established by the included studies.
MPV reflects average platelet size and does not directly measure platelet activation or clini-
cal thrombotic risk. Observational associations between MPV and cardiovascular outcomes
therefore cannot establish the clinical implications of the acute exercise-related difference
observed here [58-63]. Furthermore, the two contributing studies did not assess thrombotic
events, myocardial infarction, stroke, or sustained changes in platelet function [28,30].
These findings should therefore be interpreted as an acute biomarker difference rather than
evidence of chronic adaptation, sustained prothrombotic or ischemic effects of morning
exercise, or clinical benefit from late-day exercise. Further studies using standardized blood
sampling and measurement procedures, complementary measures of platelet activation,
and longer follow-up are needed to clarify the reproducibility and clinical relevance of this
finding. The crossover analyses in this population did not detect statistically significant
timing differences for most blood pressure, heart rate, metabolic, or exercise performance
outcomes. Several pooled estimates were nevertheless highly heterogeneous, including
immediate post-exercise diastolic blood pressure (7 = 81%), peak heart rate (1% = 91%),
perceived exertion (7 = 89%), blood glucose (I7 = 89%), total cholesterol (I* = 80%), and
maximal oxygen uptake (I? = 74%). Differences in exercise modality, intensity, baseline
fitness, participant characteristics, and measurement timing are plausible sources of clinical
and methodological variation. The relatively small standard deviations reported by Aloui
et al. may have contributed to larger standardized effect estimates for some outcomes.
This study used the Yo-Yo intermittent recovery test, a high-intensity intermittent protocol
that differed substantially from the continuous aerobic or resistance exercise protocols
used in many other included crossover trials [25]. Differences in exercise intensity and
protocol may therefore have contributed to the observed heterogeneity. However, the
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available evidence does not establish whether this variation reflects differences in study
methods, a biological interaction between exercise timing and exercise protocol, or both. In
sensitivity analyses, excluding the study by Aloui et al. reduced I? for several outcomes.
However, only one study remained for each of blood lactate, blood glucose, and total
cholesterol, precluding further pooling of these outcomes. These analyses suggest that
this study may have influenced the pooled estimates and heterogeneity statistics, but they
do not establish a definitive source of heterogeneity. Moreover, a nonsignificant pooled
effect should not be interpreted as evidence of equivalence between morning and late-day
exercise, and an I? of 0% based on few studies does not rule out clinically meaningful
differences between studies.

For most other cardiovascular and metabolic outcomes, no significant differences were
observed between morning and late-day exercise. This pattern was evident across both the
randomized controlled and crossover evidence, although the underlying study designs and
response windows differed. The crossover studies primarily captured acute responses to
exercise performed at different times of day, whereas randomized controlled trials provide a
framework for evaluating adaptations associated with repeated exercise interventions. The
distinction between acute responses and training adaptations is central to interpreting this
review. A single exercise bout may change blood pressure, glucose, heart rate, or platelet
measures during exercise and early recovery; such observations cannot by themselves
establish the effects of weeks of repeated training. Conversely, outcomes measured after
an 8- to 16-week program reflect adaptation to a repeated intervention under particular
exercise and lifestyle conditions [64]. The limited number of randomized trials and the
predominance of acute or short-term crossover studies restrict the extent to which acute
responses can be linked to sustained cardiometabolic adaptations. In addition, healthy
individuals generally have relatively well-preserved cardiometabolic homeostasis, which
may reduce the magnitude of detectable differences between exercise timings.

Among individuals with hypertension, the pooled comparisons did not detect sta-
tistically significant differences between morning and late-day exercise in heart rate
(SMD = —0.03, 95% CI —0.50 to 0.45) or mean arterial pressure (SMD = —0.04, 95% CI
—0.64 to 0.55). However, these confidence intervals include effects in either direction and
do not establish equivalence between the two exercise times. Findings for systolic and
diastolic blood pressure varied across individual trials. Differences in exercise modality,
intensity, intervention duration, and the timing of outcome assessment may partly explain
this variation. In particular, acute post-exercise blood pressure responses and changes
following repeated training reflect different aspects of blood pressure regulation and should
be interpreted separately. Antihypertensive medication use, including drug class, dose,
and administration time, may also influence the observed responses, although its contribu-
tion to between-study differences could not be established in the present analysis. Taken
together, the available evidence does not establish a consistently superior exercise time
for blood pressure management in this population. The findings also cannot determine
whether the observed physiological differences translate into sustained improvements in
blood pressure control or reductions in cardiovascular events. Further adequately pow-
ered randomized trials with clearly defined exercise protocols, documented medication
regimens, standardized outcome assessment, and longer follow-up are needed.

Among individuals with diabetes, the pooled analysis of three randomized crossover
trials did not detect a statistically significant difference in blood glucose between morn-
ing and late-day exercise (SMD = —0.12, 95% CI —0.58 to 0.35). Although no statistical
heterogeneity was detected, the evidence included one trial in type 1 diabetes and two in
type 2 diabetes, with differences in exercise modality, glycemic measures, and assessment
periods [40—-42]. The small number of studies limits the interpretation of heterogeneity
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estimates and precluded reliable subgroup comparisons by diabetes type. The pooled result
therefore does not establish equivalent effects across these populations. In a separate acute
trial involving adults with type 2 diabetes [41], morning high-intensity interval exercise was
followed by a greater short-term glucose rise than exercise beginning at 16:00, whereas the
24-h glucose profile did not differ significantly between conditions. This finding highlights
the importance of distinguishing acute glycemic responses from glucose regulation over
longer assessment periods. Differences in medication use, nutritional state, meal timing,
and baseline glycemic control may also influence responses [65], but their contributions
were not directly examined in this meta-analysis. Given the low certainty of evidence and
the clinical diversity of the included populations, the available findings do not establish
a consistently preferable exercise time for people with diabetes. Future trials should dis-
tinguish diabetes types and clearly document treatment regimens, nutritional conditions,
exercise protocols, and glucose assessment timing.

Among individuals with coronary artery disease, Only two parallel group trials ad-
dressed coronary artery disease, and they measured different outcomes after different
training programs [21,22]. The 8-week rehabilitation trial reported between-group differ-
ences in echocardiographic measures and NT-proBNP [21], whereas the 12-week walking
trial reported larger reductions in selected inflammatory and lipid measures in the late-day
group [22]. These findings cannot be treated as independent replication of a single outcome.
Neither trial demonstrated that choosing late-day exercise reduces myocardial infarction,
hospitalization, or mortality. Differences in rehabilitation setting, participant characteristics,
concurrent care, and outcome measurement may also contribute to the observed contrasts.
The evidence for this population is therefore exploratory and does not justify a clinical
recommendation to replace an established rehabilitation schedule.

Among individuals with metabolic syndrome, a single 16-week randomized trial in
previously inactive adults with metabolic syndrome found greater reductions in systolic
blood pressure, fasting insulin, HOMA-IR, and the metabolic syndrome Z score after morn-
ing than late-day exercise [17]. Both exercise groups had larger reductions in diastolic
blood pressure than the non-exercise control group. Although mean arterial pressure de-
creased within both exercise groups, only the morning versus control post hoc comparison
reached statistical significance; that finding alone does not establish a significant morning
versus late-day difference in mean arterial pressure. The participants consumed different
pre-exercise meals according to training time, and the trial did not directly test a circadian
mechanism. Its results should be viewed as preliminary and should not be generalized to
all people with metabolic syndrome.

Several aspects of the interventions were intertwined with clock time. Meal size and
timing, fasting status [66], sleep duration and quality, habitual physical activity, medication
use and timing, and environmental temperature may each affect the measured outcomes.
Primary studies reported or controlled these factors to varying degrees; lack of reporting
cannot be interpreted as evidence that they were held constant. In particular, differing
pre-exercise meals in the metabolic syndrome trial [17] and the contrast between fasting
morning and afternoon resistance exercise in type 1 diabetes [42] complicate attribution of
all observed differences to exercise timing alone [67]. Exercise modality and intensity [68],
baseline health status [69], and the delay between exercise and blood sampling [70] can
also alter effect estimates. Because too few comparable studies are available within these
combinations, the current review cannot reliably isolate the contribution of each factor
through subgroup analysis or meta-regression.

Several limitations affect the certainty of interpretation. Seven studies were rated at
high overall risk of bias, and the remaining 30 raised some concerns. None was rated at
low risk overall. In the crossover trials, morning and late-day conditions were analyzed
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using an unpaired approach, and the within-participant correlation between conditions
was not incorporated into the effect size calculations. In addition, period and carryover
effects were insufficiently resolved in many reports, which may affect the precision of
effect estimates. Many outcomes were informed by only a few small studies, so confidence
intervals and I? estimates may be unstable; no statistical significance should not be equated
with equivalence. We could not assess small study effects reliably with formal funnel plot
methods for outcomes with fewer than ten studies. Differences in population, intervention
duration [71], meal conditions [72], medications, and outcome timing [73] further limit
generalizability. These considerations are particularly important for the acute MPV finding
and for the coronary artery disease and metabolic syndrome subgroups, where direct
clinical outcome evidence is lacking.

Future randomized studies should report the exact start and end times of exercise,
exercise dose, meal timing and composition, sleep, habitual activity, medication sched-
ules, and standardized outcome assessment times [74,75]. Crossover trials should also
report allocation sequence, period and carryover assessments, and paired outcome data
or sufficient statistics to reconstruct within-participant effects. Parallel group trials with
longer follow-up and clinically relevant endpoints are needed to determine whether timing-
related differences in acute biomarkers persist with training and translate into outcomes
that matter to patients. Until such evidence is available, exercise timing decisions should
be individualized to clinical needs, safety, and adherence rather than based on an assumed
universal advantage of either time window.

Overall, several limitations should be acknowledged. First, although random-effects
models were used to account for anticipated clinical and methodological heterogeneity,
substantial between-study variability remained for several outcomes, which may have
reduced the precision of pooled estimates. Second, most included studies evaluated acute
or short-term interventions, whereas evidence from long-term exercise training remains
limited, restricting conclusions regarding sustained cardiometabolic adaptations to exercise
timing. Third, the relatively small number of studies available for most outcomes precluded
formal assessment of publication bias and meta-regression analyses, limiting exploration of
potential sources of heterogeneity. Fourth, important confounding factors, including diet,
sleep, environmental conditions, exercise modality, and exercise intensity, were not con-
sistently controlled across the included studies and may have influenced cardiometabolic
responses. Finally, medication use was not systematically collected or adjusted for in
studies involving cardiometabolic populations. Although many primary studies reported
stable pharmacological treatment, the absence of individual-level medication data prevents
distinction between disease-related attenuation of circadian responsiveness, medication-
related effects, and insufficient statistical power. Despite these limitations, the available
evidence suggests that the influence of exercise timing may differ according to baseline
health status rather than indicating a universally superior time of day for exercise. Future
large-scale randomized trials with standardized exercise protocols, longer follow-up peri-
ods, and more rigorous control of potential confounding factors are needed to clarify the
role of circadian-aligned exercise in cardiovascular and metabolic health.

To our knowledge, this is the first systematic review and meta-analysis to compre-
hensively evaluate the effects of morning versus late-day exercise on cardiovascular and
metabolic outcomes across both healthy individuals and cardiometabolic populations.
By integrating evidence from randomized controlled and randomized crossover trials
and examining findings according to population health status, this review provides a
more comprehensive overview of the potential role of exercise timing than previous narra-
tive summaries.
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5. Conclusions

Current randomized evidence does not establish a universally optimal time for exercise
across populations. In participants without the target cardiometabolic diagnoses, small
parallel group analyses suggested lower blood glucose and triglyceride levels following
late-day exercise, while crossover studies observed higher MPV immediately after morning
exercise and during recovery. The clinical meaning and persistence of the acute MPV
difference are unknown. Results in hypertension and diabetes were heterogeneous or
imprecise, and findings for coronary artery disease and metabolic syndrome rested on only
two and one trials, respectively. Larger, rigorously reported trials with consistent outcome
timing, adequate control of meals and medication, and longer follow-up are needed before
population-specific clinical recommendations can be made.
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Abbreviations

The following abbreviations are used in this manuscript:

1RM one-repetition maximum

AMPK AMP-activated protein kinase

BMAL1 brain and muscle ARNT-like protein-1

CI confidence interval

CVD cardiovascular disease

DBP diastolic blood pressure

ECG electrocardiogram

GRADE Grading of Recommendations Assessment, Development and Evaluation
HDL high-density lipoprotein

HR heart rate
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HRmax maximum heart rate

hs-CRP high-sensitivity C-reactive protein

I? I-squared heterogeneity statistic

IDF International Diabetes Federation

IL-6 interleukin-6

LDL low-density lipoprotein

METs metabolic equivalents

MPV mean platelet volume

NF-«B nuclear factor kappa-light-chain-enhancer of activated B cells
NT-proBNP  N-terminal pro-B-type natriuretic peptide

PICOS Population, Intervention, Comparator, Outcomes, Study design
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PROSPERO  International Prospective Systematic Reviews Register

RAAS renin-angiotensin—aldosterone system

RoB 2.0 Cochrane Risk of Bias tool version 2.0

SBP systolic blood pressure

SMD standardized mean difference

VO, peak peak oxygen uptake
WHO World Health Organization
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