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Abstract

Introduction: Diurnal variations in physical performance can affect athletes’ success in
competitive sports depending on whether the time of peak performance concurs with the time
of competition. The purpose of this systematic review was to investigate the diurnal variation in
maximum endurance and strength performance.

Methods: The databases PubMed, EMBASE, and Web-of-Science were searched from inception
to November 2020. The search string was externally reviewed according to PRESS guidelines,

the review was conducted in accordance to PRISMA guidelines, and registered beforehand on
PROSPERQO. Eligibility criteria were that [1] the studies included humans, [2] any kind of
maximum endurance or maximum strength test was performed at [3] a minimum of three different
times of the day. There were no restrictions regarding study design, participants’ sex, age or fitness
levels.

Results: From 10,460 screened articles 63 articles met all three inclusion criteria. Meta-analysis
on the harmonizable 29 studies provided evidence for diurnal variations in physical performance.
In detail, the overall effect sizes (95% confidence intervals) were 0.23 (0.05; 0.40), 0.73 (0.37;
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1.09), 0.39 (0.18; 0.60), and 0.79 (0.28, 1.30) for endurance exercise tests, maximum power output
in Wingate-test, handgrip strength, and jump height all in favor of higher performance in the
evening. The overall risk of bias in individual studies was moderately high.

Conclusions: There is strong evidence that anaerobic power as well as jump height are maximal
between 13:00 and 19:00. There is some evidence that handgrip strength peaks between 13:00 and
21:00, but only little evidence that there is a time of peak performance in maximum endurance.
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INTRODUCTION

The global sports market size is hundreds of billion US-dollars per year. In competitive
sports small values can make a difference between victory and defeat, which is accompanied
with big financial consequences through price money and sponsoring. Thus, it is not
surprising that decades of research have focused on factors influencing physical performance
including investigating the time of peak performance (1-8). In professional sports,
differences in the time of peak performance can cause two dilemmas. First, if competitions
are scheduled at the time of peak performance it will increase the chance of reaching new
world records, but this time may not match with prime time on television which brings the
biggest advertising revenue. Second, individual differences in the time of peak performance
result in disadvantages for those athletes in whom the time of peak performance does not
match with the time of competition.

For recreationally active people, exercising closer to the time of peak performance enables
them to exercise with higher intensities which, as compared to exercising closer to their
nadir, could in the long-term lead to improved physical adaptions such as higher maximum
oxygen uptake or muscular strength. Researchers performing exercise intervention studies
and assessing physical fitness pre- and post-intervention as an outcome would need to
consider the test time, because the effects of the intervention might be overestimated or
underestimated if pre-and post-assessments do not take place at the same time of the day.

In a clinical setting, maximum strength (9) or cardiorespiratory fitness (10) are valid and
independent risk predictors for morbidity and mortality. Hence, large variations across a day
could affect risk estimation. Notably, performing exercise tests always at the same time of
the day is often not possible in research studies or clinical routine. Therefore, it is necessary
to at least know the magnitude of this influence.

That peak performance varies over the course of a day and that the time of the peak can
differ between individuals may be due to myriad factors, (11) including time relative to
prior physical activity, habitual exercise time, food intake, sleep, environmental factors, and
the endogenous circadian system. Alterations that are induced by the endogenous circadian
timing system include many physiological functions that can directly influence performance
such as core body temperature, (12) respiratory control (13) or subjective alertness (14).
Thus, it has been frequently hypothesized that such a complex task as performing maximum
physical performance is likely to show diurnal rhythms too. In total, at least eight reviews
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have already summarized the results of studies investigating diurnal variation in physical
performance (1-8). However, six of these eight are narrative reviews and outdated. Of the
two most recent articles one investigated maximal strength, which is a predictor of mortality
and has clear implications for several populations, but the other review exclusively focused
on short-duration maximal exercise performance which is only relevant to athletic young
adults (4, 5). More importantly, none of the eight reviews conducted a meta-analysis or
assessed the risk of bias in individual studies. This is of high relevance though, because

a meta-analysis could provide statistical evidence for diurnal variations and assessing the
risk of bias is critical for interpreting the results and to provide recommendations for future
study design to prevent or limit bias. Hence, the purpose of this work was to address

these knowledge gaps by conducting a systematic review and meta-analysis including a
risk of bias assessment, screening all relevant studies investigating diurnal variations in any
maximum endurance and any maximum strength performance measures. The aim of this
meta-analysis was to test the hypothesis that a higher maximum physical performance is
achieved at a certain time of the day as compared to any other time of the day.

MATERIALS AND METHODS

This systematic review was conducted in accordance to “Preferred Reporting

Items for Systematic reviews and meta-Analyses” (PRISMA)(15). The review

was registered in October, 2018 and updated in January 2019 and

January 2021 on PROSPERO (CRD42018109068; http://www.crd.york.ac.uk/PROSPERO/
display_record.php?ID=CRD42018109068). No IRB approval was required for this review.

Search and study selection

The search was performed on November 17, 2020 in the databases EMBASE, Pubmed and
Web of Science (see Figure 1). Each of the three search strings was reviewed by an external
data specialist in compliance to the guideline statement for “Peer Review of Electronic
Search Strategies” (16). The search strings are available in the supplement (see Appendix,
Supplemental Digital Content, pages 1 — 3). Two independent reviewers conducted the
literature search and screened all titles, abstracts, and full texts, in that order, for inclusion
and exclusion. Disagreements between reviewers were resolved by mutual consensus and
by involvement of a third expert. To reduce the risk of screening fatigue, the researches
screened the studies in opposite order. We were able to obtain the full text articles for

all studies that were assessed for eligibility. Eligibility criteria were that: [1] the studies
included humans, [2] any kind of maximum endurance or maximum strength test was
performed, and [3] these tests were performed at a minimum of three different times of the
day. Studies investigating just two different times of the day were excluded, because these
usually only measure morning and evening performance, which is likely to miss the true
peak and/or nadir in performance, thus susceptible to underestimation of the true magnitude
of the diurnal variation. There were no restrictions regarding date of publication, study
design, or participants’ sex, age or fitness level. Letters to the editor, conference abstracts,
and literature reviews were excluded.
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Data collection process and data items

Data extraction were independently performed by two researchers using a data abstraction
sheet including participant characteristics, test times, kind of exercise test, outcomes, and
times of peak/nadir performance. Mean values, standard deviations and other statistics were
extracted for all outcomes. Where data was not provided in tables or text the online tool web
plot digitizer (https://automeris.io/WebPlotDigitizer/) was used to estimate the data from
graphs.

Risk of bias assessment

To assess the methodological quality of the studies, a slightly modified version of the
“Joanna Briggs Institute Critical Appraisal tools for use in systematic reviews” was used
(17). The assessment was done by two independent reviewers. In case of discrepancies,

a third researcher was consulted. Due to the nature of the study designs, it was unlikely
that the study participants and investigators were blinded; therefore, blinding was not
included as a criterion. The criteria to define low risk or high risk were determined before
the data extraction process started. Risk of bias was assessed by checking if participant
characteristics were reported (i.e. selection bias); if test conditions were standardized

and the gold standard method was used (i.e. detection bias); if all relevant data was
presented with absolute values, effect sizes and confidence intervals (i.e. reporting bias);
and if the authors controlled for confounding factors, such as sufficient regeneration time
between exercise test, randomization of sequence, or use of familiarization trials (see Table
S1, Appendix, Supplemental Digital Content, for more details and examples). Risk of
bias across studies (i.e. publication bias) was assessed with funnel plots (see Figure S1,
Appendix, Supplemental Digital Content, page 21). To create the funnel plot, the same
assumptions were used as for performing the meta-analyses (see Figure 3).

Synthesis of results

The detailed results of individual studies are displayed in Table S2 in the supplementary
digital content (see Appendix, Supplemental Digital Content, pages 8 — 20). In addition, the
most frequent outcomes for each of the four main categories are displayed graphically (see
Figure 2). Our initially planned meta-analysis could not be performed due to insufficient
reporting of results in the original studies (see Appendix, Supplemental Digital Content,
pages 4 — 5). Therefore, we adapted our meta-analysis. Given that data on time-of-day
specific variations within each participant were not available for most of the included
studies, we computed Cohen’s d'to estimate effect size for within-participant designs (18,
19). As Cohen’s d'is biased, we applied Hedge’s correction factor (20). Considering that
the included studies assessed the outcomes at different time intervals (2—6 hours) across
varying time spans (7-24 hours), we used the differences between the peak measurement
and the measurement between 8:00 — 10:00 am to generate a comparable effect size among
the studies (see Appendix, Supplemental Digital Content, pages 5 — 6 for details). Positive
effect sizes indicate a higher performance in the evening, while negative effect sizes indicate
higher performance in the morning. However, it is worth pointing out that some degree

of underestimation is unavoidable, because the observed highest/lowest measurements are
likely to miss the true peak/nadir with the infrequent sampling rate and the short testing
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window. A random effects model was applied to estimate overall Cohen’s d'using calculated
Cohen’s dfrom individual studies. We used restricted maximum likelihood to estimate the
between-study variance (21). Forest plots were used to display and compare estimates across
studies. Heterogeneity among studies was estimated by the Cochran Q test and quantified by
the 12 statistic (22). To receive a quantifiable measure for the time of peak performance, the
mean and standard deviation was calculated for each category based on the reported times of
peak performance.

Study selection and characteristics

An overview of the study selection and the final 63 studies (23-85) included in this review
is presented in Figure 1. In total 841 participants (78% male, 19% female, 3% sex not
reported) were included. The fitness levels of the participants were “active” in 14 and
“trained” in 28 studies, and 21 studies not reporting the fitness level. The mean age reported
in 57 studies ranged between 18 and 33 years. Five studies investigated adults with a mean
age above 38 years and one study tested adolescents.

Risk of bias within and across studies

The risk of bias within studies is presented in Table 1 (23-85). The overall risk of bias

was moderate to high. Many studies failed to report basic participant characteristics, did

not perform the tests in standardized conditions, and/or showed insufficient data reporting.
Furthermore, the risk of bias remains unclear for several factors due to insufficient reporting.
However, it is likely that if for example a familiarization trial had been performed the
authors would have reported this. Therefore, the risk of bias is likely to be even higher than
seen in Table 1. Finally, a sample size calculation was missing in almost every study. There
is only little evidence for a publication bias (see Figure S1, Appendix, Supplemental Digital
Content, page 21).

Results of individual studies

The detailed results of individual studies are displayed in Table S2 (see Appendix,
Supplemental Digital Content, pages 8 — 20). There was high homogeneity in the study
population (i.e. young male adults), but high heterogeneity regarding the performance tests
used and at what times of day the tests were performed. Endurance exercise tests used

in the studies were shuttle-run, incremental, step, and time to exhaustion test as well as

time trials. Further, the test protocols differed in increment, duration, and exercise intensity.
Further tests that were used were short swim tests, force velocity tests on cycle ergometers
and sprint tests, with all of them having different durations or distances. To investigate
diurnal variations in strength a total 13 different muscle groups were tested. In addition, for
isokinetic testing different velocities and ranges of motion were used adding a further layer
of complexity. Jump performance was measured by countermovement jump, unload squat
jump, loaded squat jump, multi-jump, broad jump and long-jump. In addition, even the same
test could often not be compared directly. For example, countermovement jump results were
reported as flight duration (s), jump height (cm), and/or peak power (W/kg).
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Qualitative synthesis of results

Figure 2A shows that the nine studies investigating diurnal variations in endurance exercise
provide little evidence for consistent diurnal variations. In contrast, the studies investigating
30-s Wingate test performance (Figure 2B) and jump height (Figure 2D) show a significant
diurnal variation for both displaying a peak between 13:00 and 19:00 in individual studies.
Notably, in most studies jump height decreased in the late evening again after reaching its
peak. Figure 2C shows that eight out of twelve studies investigating maximum handgrip
strength showed a significant diurnal variation, with similar times of peak strength.

Quantitative synthesis of results

Figure 3 shows the results of the meta-analyses for the four main categories: endurance
exercise tests (Figure 3A) and 30-s Wingate test (Figure 3B), maximum handgrip strength
(Figure 3C), and jump height (Figure 3D). The positive effect sizes indicate a higher
performance in the evening. When assumed that the within-subject correlation is /=0.8,

all four categories show small to large overall effect sizes for diurnal variations and thus
provide evidence for a significant diurnal variation in endurance and strength performance,
as their peak performance is significantly higher than that at 8:00 — 10:00. In detail, the
overall effect sizes (95% CI) are 0.23 (0.05; 0.40), 0.73 (0.37; 1.09), 0.39 (0.18; 0.60),

and 0.79 (0.28, 1.30) for the four categories A, B, C, and D, respectively. Notably, with

a more conservative assumption of the correlation with /=0.5 the overall effect sizes are
still between small and medium for B, C, and D, but become negligible for A as the

effect size for A is 0.15 (-0.02; 0.33) (see Figure S2, Appendix, Supplemental Digital
Content, page 22). The mean and standard deviation for the clock hour of peak performance
when considering all studies, regardless of reporting significant diurnal variation or not,
were 15:06 + 5:30, 16:18 + 2:30, 17:00 + 3:42, and 15:12 + 2:18 for endurance exercise,
30-s Wingate test, handgrip strength and jump height, respectively. Notably, in endurance
exercise only one study showed a significant difference with a higher performance in the
evening as compared to the morning.

DISCUSSION

This is the first review investigating diurnal variation in endurance and strength performance
to perform a meta-analysis. Hence, for the first time substantial statistical evidence is
provided for the existence of diurnal variation in maximum physical performance in humans.
In detail, we provide evidence for a significantly higher performance in the late afternoon
and early evening in 30-s Wingate test, handgrip strength, and jump height as compared

to the morning. The highest effect sizes were observed for jump height and 30-s Wingate
test with effect sizes of 0.79 and 0.73, respectively. In endurance exercise tests, the peak
performance was observed at different time of day across studies and often was not
significant different from the nadir in performance.

Although the methodological limitations of this review per seare low its generalizability and
the conclusions that can be drawn are limited in some respects. First, the conclusions are
not generalizable, because only one fifth of the participants were female and most studies
included only young adults. Second, the overall risk of bias in individual studies is rather
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high, thereby limiting the confidence in some results. Forth, it is unclear to which extend
the magnitude of diurnal variation in performance is affected by participants’ level of effort,
because this factor was not assessed in most studies. However, those studies that assessed
objective or subjective measures in effort (e.g. 34, 41, 52, 59, 60, 68, 84, 85), suggest

that diurnal variations in performance were not explained by different levels of effort or
exhaustion.

Diurnal variations in endurance exercise tests

While performing a Wingate test, handgrip strength test, or a countermovement jump is

a straightforward process, assessing aerobic endurance capacity is more complex. First, as
shown in Table S2 (see Appendix, Supplemental Digital Content, pages 8 — 20), many
different test protocols can be used resulting in a large heterogeneity between the studies.
Second, the required time and cost, is higher for investigators due to longer test durations
as well as the need to calibrate the devices, perform extensive data analysis, and to

fulfill participant safety requirements such as performing medical examinations. Further,
participants need to maintain their effort over a longer duration when performing endurance
exercise tests. Thus, it is remarkable that the studies investigating endurance exercise tests
were among those testing the most time points during the day and having relatively larger
sample sizes. The reported magnitudes in diurnal variations in most studies were very
similar and ranging from 3% to 5% (37, 41, 52, 59, 68, 84, 85). These relatively small
diurnal variations were not expected from just a mathematical point of view, because a high
number of measurement points bares a low risk to miss the actual peak and nadir and is
therefore likely to increase the measured magnitude in diurnal variation. Interestingly, the
only two studies reporting significant results were limarinen et al. (52) which tested only
six subjects and Facer-Childs et al. (38) which had a rather high risk of bias based on

our pre-defined criteria (see Table S1, Appendix, Supplemental Digital Content, page 7).
Facer-Childs et al. (2015) reported variations of 16% on average and up to 26% for the
sub-group of late chronotypes. These magnitudes are about three and five times as high as
those reported by other studies with moderate or low risk of bias, while the sample sizes
were similar in all studies.

Diurnal variations in 30-s Wingate test

There was general agreement across studies that mean power output from 30-s Wingate
test peaks in the late afternoon and early evening. In detail, all seven studies consistently
showed higher mean power output in the late afternoon and early evening as compared

to the morning, with six of the seven showing significant diurnal variations (see Figure
2B) (31, 51, 57, 62, 76, 77). Four studies tested participants at three time points ranging
from 8:00 and 21:00 and showed the magnitudes of diurnal variations ranging from 2.5%
to 7% (31, 51, 57, 77). However, the two studies testing participants at four (62) and six
(76) different times of the day in the time window between 02:00 and 22:00 showed larger
diurnal variations with 17% and 18%, respectively. Thus, those studies testing participants
in a narrow time window might have captured the peak but most likely missed the nadir in
performance during the day.
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Diurnal variations in maximum handgrip strength

Half of the studies investigating maximum handgrip strength (31, 39, 46, 49, 54, 61, 77)
had only three measurement points during the day and just one of the twelve studies showed
a low risk of bias. However, the sample size of those studies investigating this outcome
were higher as compared to that for the other outcomes. While a handgrip strength test

is easy to carry out and to standardize, it is debatable if it is a good marker for general
muscular strength in young adults, due to the relatively small number of muscle groups
recruited. However, synthesizing other strength measures was not possible due to the wide
range of different muscle groups tested and test protocols used. Thus, a strength test that
can be carried out in almost every lab by every group would enable a comparison across
studies in future meta-analysis. Isometric testing like and isometric squat or the isometric
mid-thigh-pull used by Teo et al. (81) is simple to perform, standardize, and analyze.
Further, it represents a large muscle group and requires only a force plate and a power rack
but no isokinetic dynamometer. Thus, we recommend that all future studies include this
strength test into their protocols to provide data for future meta-analyses.

Diurnal variations in jump height

Studies investigating jump height had the highest proportion of studies with low risk of bias
and five (60, 70, 77, 81, 82) out of six studies reported a significant diurnal variation. The
time window for peak performance was between 13:00 and 19:00 in all five studies with
significant results. In addition, the diurnal pattern of countermovement jump performance
is identical to that of the squat jump displaying an increase in performance in the morning,
peaking in the afternoon, and a decrease in the late evening. The one study showing no
significant results differed in several aspects. First, the tests were conducted in a tropical
environment (temperature 28°C and 63% relative humidity). Second, it is the only study
including females. Third, the mean jump height was 62 + 10 cm (66) and therefore much
higher as in the other studies. However, it is still unclear if subjects with higher fitness
levels show smaller diurnal variations or not, since only one study tested and proved this
hypothesis so far (24). Notably, the largest effect size in Figure 3D was seen in a study with
just eight participants (70). This is explained by the large difference in jump height during
the day with 5 cm in relation to the observed small standard deviations of 1.5 and 0.9 cm.

Inter-individual differences

When looking at Figure 2A one might conclude that there are no diurnal variations in
endurance exercise test. Nonetheless, we want to point out that the absence of substantial
diurnal variation on a group level does not necessarily mean that on an individual level
there are no changes in performance over the course of a day. The reason is that individuals
might reach their peak and nadir at the different times of the day. For example, if half

of the subjects achieve a 10% higher performance in the morning and the other half of
subjects achieves a 10% higher performance in the evening the estimated difference on a
group level would be zero. Hence, individuals showing large diurnal variations could still
be classified incorrectly if they are tested at a disadvantages time of the day. Therefore,
future studies should ideally not only report the diurnal variation on a group level as done
before, but additionally report the maximum differences in performance between any two
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time points for each participant individually. Two previous studies demonstrated that the
time of peak performance as well as the magnitude of diurnal variations can vary strongly
between subjects for endurance (59) and strength performance as well as for jump height
(60). Though, a clear limitation of the latter two studies is, as in almost every study included
in this review, that each subject was only tested once at each time of the day. Future studies
should ideally test each subject twice at each time of the day. First, it could be investigated
if the observed individual patterns in diurnal variations are reproducible. Second, this would
help to assess the day-to-day variation too, which helps to put the diurnal variation into
perspective.

An individual’s chronotype might is a subject characteristic that relates to inter-individual
differences in diurnal variations in physical performance. Facer-Childs et al. (2015) were
one of the first who investigated this innovative question. Their results suggest that the

time of peak performance significantly differs between chronotypes for endurance (38) and
handgrip strength performance (39). In detail, in early and intermediate chronotypes the
peak in performance was reported to be about 5.5 to 6.5 hours after the habitual wakening
time, while in late chronotypes it took more than 11 hours (38). However, a physiological
explanation for the large difference between the wake-up and time of peak performance
requires further study. The chronotype-dependent results of Facer-Childs et al. (2015) are
supported by further studies investigating plantar flexion (80) and swimming time trials (86).
However, there is conflicting evidence and several studies reported no different times of
peak performance between chronotypes for VOomax (87), mean or peak power output in
Wingate test (51), muscular strength (60), countermovement jump (60), or in a self-paced
walking test (88). Notably, one study even reported a tendency for endurance performance
being higher in the morning in late chronotypes (59). For a recent review on the impact of
chronotype on maximum performance and other physiological functions please see Vitale et
al. (89).

Possible underlying mechanisms

While this systematic review did not focus on mechanistic studies, we will briefly discuss
potential mechanisms that may underlie diurnal variations in maximum endurance and
strength. For a more detailed review of possible factors contributing to diurnal variations

in maximum performance, please see Kusumoto et al. (11) Core body temperature has
repeatedly been suggested as a main underlying mechanism. In support, it has been shown
that lowering core body temperature in the evening to morning levels by cold water

baths (16 — 17°C) decreases muscular strength (90) and repeated sprint performance (91).
However, long baths in cold water might decrease subjects’ motivation. It has been shown
that raising core body temperature in the morning to evening levels through an active and/or
passive warm-up does elevate isokinetic or isometric strength (92), cycling time trial (93), or
repeated sprint test performance (94) indicating that core body temperature is a contributing
factor. However, the performance is not elevated to the same level as evening performance
indicating that it is not the only factor. Increasing core body temperature through active
warm-up for example drives chemical and metabolic rates (95). Notably, in long duration
exercise pre-cooling has shown to improve performance by decreasing heat stress (96). In
conclusion, core body temperature might play a role in diurnal variations in performance
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but can definitely not explain the variation entirely. Apart from core body temperature, other
possible underlying mechanisms may include the central clock influences, muscle clocks,
autonomic nervous system output to the muscle, rhythms in cardiopulmonary function,
environmental temperature, nutritional state or sleep homeostasis. However, to date studies
investigating the underlying mechanism are rare.

Methodological strengths and limitations of the review

The review was done in accordance to PRISMA and PRESS guidelines and it was registered
beforehand on PROSPERO. The review did not exclude any studies by publication dates,
and it included studies in English (n=60), German (n=1) and French (n=2) language which
were translated by native speakers. Furthermore, full texts were made available for all
eligible studies and it is the first review on this topic that includes a risk of bias assessment
to describe the quality of the individual studies. One limitation of this review is that despite
our efforts to receive the required data from the authors, we were not successful in retrieving
the individual-level data to perform the four different priori meta-analyses. However, we

did design a post hoc meta-analysis based on available study-level data. Notably, the times
during the day that were investigated were discrete and differed between individual studies,
which limits the estimation of the time of peak performance. The second limitation of

this review is that the risk of bias assessment was performed based on those categories

and criteria that we anticipated to produce the most severe bias (see Table S1, Appendix,
Supplemental Digital Content, page 7). Although this was done to the best of our abilities
and the criteria were defined before extracting the data from individual studies, we are aware
that other groups might have focused on other kinds of bias and that other criteria could be
used and would lead to different assessments. For example, the study by Facer-Childs et al.
(2015) stated the sex for the participants screened but not for the participants included in the
study and was subsequently rated as participants’ characterization missing.

Recommendations and perspectives for future studies

It is unfortunate, that despite the fact that many studies have been conducted on this topic,
we could not perform our initially intended meta-analysis (see Appendix, Supplemental
Digital Content, pages 4 — 5). Several studies seem to have been conducted with rigor, but
reported the results insufficiently. Although we acknowledge that there has been a clear
decrease in risk of bias in the past years, we provide detailed recommendations for future
studies in Table 2 to facilitate a solid meta-analysis on this topic in the near future.Further,
we identified three important knowledge gaps that should be addressed in the future.

(1) There is a clear need to identify the underlying mechanisms causing diurnal variations
in performance, since this will create methods to shift the time of peak performance

or to reduce the magnitude of the diurnal decline. Especially, athletes competing at
disadvantageous times of the day would highly benefit from such methods. However,
investigating the causality between for example changes in core body temperature

and diurnal variations in maximum performance may be challenging. Increasing body
temperature too much may trigger counter regulatory mechanisms that try to maintain
temperature within set-range boundaries. These counter regulatory mechanisms by
themselves cost energy which then might not be available for performance. Thus,
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experimentally testing the effect of endogenously-driven temperature changes compared to
exogenously imposed temperature changes is challenging.

(2) Diurnal variations in maximum performance have been broadly investigated to date,

but endogenous circadian rhythms have not been. Hence, highly controlled in-laboratory
studies using specific protocols (97) such as forced desynchronization are required in
upcoming studies to separate the homeostatic process, environmental/behavioural cycles
from the circadian timing process (71). Understanding the relative contribution of the
circadian system to the diurnal variations in maximum performance may help to evaluate the
possibility to implement chronobiology-based approach to shift timing of peak performance
(e.g., light treatment (98)).

(3) The long-term effects of exercising at a certain time of the day have been investigated

to a much smaller extent than diurnal variations in maximum performance. Some studies
addressed this research question for endurance and strength performance (99), but only few
investigated the effects on other health related outcomes. Furthermore, previous research
mainly focused on healthy participants and athletes, but not on vulnerable participants (100).

CONCLUSIONS

There is strong evidence that 30-s Wingate test performance as well as jump height are
maximal between 13:00 and 19:00. There is some evidence that handgrip strength peaks
between 13:00 and 21:00, but only little evidence that there is a time of peak performance
in endurance exercises. The effect sizes for jump height and 30-s Wingate test are medium
to large at 0.79 and 0.73, while the effect sizes for handgrip strength and long endurance
performance are small to medium at 0.39 and 0.23, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PRISMA Flow Diagram of the literature screening.

Med Sci Sports Exerc. Author manuscript; available in PMC 2023 June 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Knaier et al.

Diurnal variation (%) in VO,max,
time trial and shuttlerun performance
©
S

(2]

Diurnal variation (%) in hand grip strength

3
a

80

100

95

90

85

80

95

90

85

Diurnal variation (%)
in Wingate mean power output

80

24

Time of the day (hours)

24

95

90

Diurnal variation (%)
in countermovement and squat jump height

85

80

Time of the day (hours)

Risk of bias Significance

Time of the day (hours)

Sample size

—e— moderate/low —e— high very high  ---- Non-sig. —— Sig. = 10 === 20 == 30

Figure 2:

Diurnal variations in physical performance reported in the individual studies.
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A Endurance exercise test

B 30-s Wingate test
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Author (Year) SMC [95% CI]
Deschenes (1998) —— 0.72[0.02, 1.41]
Dolton (1997) —_— -0.10 [-0.84, 0.64]
Facer-Childs (2015) ey 0.39[-0.07,0.84]
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Zadow (2018) R — 0.22[-0.29,0.73]
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C Hand grip strength test
Author (Year) SMC [95% CI]
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Facer-Childs (2018) —a— 0.81[0.51,1.12)
Ghattassi (2016) —_— 0.760.12, 1.40]
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Figure 3:

Author (Year) SMC [95% CI]
Chtourou (2013) e 0.57 [-0.10, 1.24]
Hill (2020) [ 0.37 [0.17,0.91]
Kin-Isler (2006) — 0.45[-0.10, 1.00]
Melhim (1993) — 0.79[0.17,1.42]
Reilly (1992) —y 0.68(0.05, 1.31]
Souissi (2004) —_— 2.08(1.28,2.88]
Souissi (2010) —a 0.55[0.08, 1.02]
RE Model (Q=14.27,df=6,p= 003 F=60.0%) | e 0.73[0.37,1.09]
r T T
-1 4 1 2
Standardized Mean Change
D Jump height test
Author (Year) SMC [95% CI]
Knaier (2019) Ha 0.26[-0.20, 0.72]
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Reilly (2007) S — 4.68[2.29,7.08]
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Unver (2015) - 0.90[0.44,1.37]
Souissi (2010) o 0.45[-0.01,0.91]
RE Model (@ =22.60, df = 5, p = 0.00; I = 80.2%), <@ 0.79[0.28, 1.30]
r T T T

2 0 2 4 3
Standardized Mean Change

Forest plot for standardized mean change for A: Endurance exercise tests; B: 30-s Wingate

test; C: handgrip strength test; D: jump height. Effects are calculated on an assumed

correlation between within-participant measurements of /=0.8.
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