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ABSTRACT ARTICLE HISTORY
We investigated the hypothesis that a daily-variation exists for a 4- Received 13 December 2023
km time-trial, where a standardised-approach has been employed. Accepted 26 January 2024

Twenty-six male students completed a 30-s Wingate test, a VO, KEYWORDS
peak test: and then three 4-km familiarisations at 12:00 h. Two Cycle-ergometry:
further time-trials counterbalanced for start at 07:30 or 17:30 h Cycle-ergometry; rectal
were undertaken. There was 72 h between each session. Heart temperature;
rate, rectal and skin temperature values, rating-of-perceived-exer- design-checklist
tion, effort, pacing perception and split-times were measured every

1-km during the time-trial. Blood lactate, urine osmolarity, rectal

and skin temperature were taken at rest and immediately after each

time-trial. Evening finishing times, resting rectal temperatures, pre-

post time-trial blood lactate were faster, higher with a greater rise

(~10 s, 0.48°C, 0.7mmol.L) than morning values (p<0.05) with no

other interactions. In summary, where a standardised approach has

been employed 4-km performance was 2.6 % faster in the evening

than the morning (ES = 0.34, power = 0.8).

Introduction

Physiological variables related to gross motor performance follow a daily variation with
greater muscle force production and power output in the evening, compared to the
morning (Drust et al. 2005; Edwards et al. 2013; Pullinger et al. 2019; Ravindrakumar et al.
2022). Time-trials are an exemplar of measuring sporting performance and the criterion for
performance is predominantly distance (fixed) and the time to finish (variable). Currently,
the scheduling of start time for time-trials can be at any time of day dependent on a number
of factors, mostly outside that of the control of the athlete (availability of space, allocation of
start by the organisation, influenced by maximal viewing by broadcasting companies).

An effect of time of day on time-trial and maximal performance has been reported
since the early 1970’s (Conroy and O'Brien 1973). In elite sport the current advice is to
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schedule the finals (Olympic or World championships) in the evening, to maximise the
chance of athletes breaking records (Lok et al. 2020). The only caveat to this is for long
duration competition, where environmental temperature may be high and the risk of
heat stroke is prevalent, thus advocating a start time in the morning (Drust et al. 2005).
Although evidence for an evening superiority and hence scheduling of competition
start time reflect this (Lok et al. 2020), a significant improvement in the evening
compared to the morning is not consistently found in the literature
(Bommasamudram et al. 2022; Knaier et al. 2022). In laboratory-based research this
lack of agreement is thought to be partially explained due to a lack of rigor and
standardisation in method employed, number and choice of population, a lack of
control for important factors which specifically relate to investigations of chronobio-
logical nature and other considerations. With a surge in systematic and meta-analytical
reviews, differences in research findings can now be considered in a systematic way,
with a critical appraisal tool used to assess the methodological quality of studies and
risk of bias. Bruggisser et al. (2023) highlighted that the main biases in individual
studies are “bias in measurement of the outcome” and “bias in selection of the
reported result”; with a lack of large and well powered studies. These concerns are
not new in exercise related chronobiological studies (Winget et al. 1985; Youngstedt
and O’Connor 1999; Reilly et al. 2000; Drust et al. 2005; Araujo et al. 2011; Knaier et al.
2022) and a recent systematic review highlights a rigorous, standardised approach
needs to be adopted by future investigations regarding measuring a possible diurnal
variation in time-trial performance (Bommasamudram et al. 2022).

Although there is currently no consensus about what exactly a standardised approach
should entail for investigation or adopted practical guidelines. Youngstedt and O’Connor
(1999) attributed a number of factors to explain daily variation in performance: differences
in nutritional status where participants are generally fasted in the morning; decreased
flexibility and increased stiffness in the morning; insufficient time to recover from sleep
inertia in the morning; habitual training time conveying an advantage; differences in the
amount of rest between test sessions; smaller changes in body temperature in the
morning; and differences in motivation and expectancy effects. Further, Drust et al.
(2005) stated that to find daily variations the signal to noise ratio had to be reduced by
ensuring the measurement techniques are accurate (that the gold standard methods to
measure the outcomes are used), by ensuring the sample size is appropriate. Where the
design of the experiment incorporates familiarisation of the performance tests, randomi-
sation should be used to eliminate selection bias and balance the groups with respect to
many known and unknown confounding or prognostic variables. A counter balanced
order design should be employed, to statistically distribute any residual learning effects;
and there should be enough time between each test to recover from fatigue (see reviews
Knaier et al. 2022; Bruggisser et al. 2023). And lastly, Yousefzadehfard et al. (2022) in
a recent review on circadian rhythms research in humans, recommended participant
screening (sleep routines, medication use and rhythm disturbance) and protocol con-
siderations (including light settings, posture, exercise undertaken prior to and during the
research period and dietary habits) as well as practical guidelines for inclusion/exclusion
criteria intended to reduce confounding variables.

Whilst it is difficult for one study to address all the factors listed above, we sought to
consider some of these methodological concerns as well as remove others by participant
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selection and protocol design to reduce bias (See Table 1). We aimed to test the hypoth-
esis that a daily variation exists for a 4-km cycling time-trial in a healthy population of
highly motivated male adults, using a standardised protocol. We hypothesised that
finishing times would be lower in the evening than the morning.

Materials and methods
Participants

Twenty-six “recreationally active” adult males as classified by the “Participant
Classification Framework” (McKay et al. 2021) took part in the study (mean + SD) and
[rangel: age = 22.0 + 2.6 [18-28] yrs, body mass = 73.4 + 7.8 [56-91] kg, height = 179.7 +
12.4 [163-188] cm, VO, peak = 48.5 + 7.8 [35-62] mL.kg.min"", 30 s peak power output
from a Wingate test of 950 + 150 [601-1300] W and habitual total sleep time = 8.6 + 0.7
[7-10] h. All recruited from the student population of the University Sport Science
department, with criteria for selection >5 years of cycling competition experience, injury-
free with no diagnosed sleep disorders and not completed shiftwork or travel outside the
local time-zone in the past month. Participants had to be healthy males (18-30 years),
habitually retire between 22:00-23:30 h and rise at 06:00-07:30 h and agree to retire to
bed at 22:30 and rise at 06:30 h; which is not too dissimilar to their natural sleep patterns.
None of the participants were receiving any pharmacological treatment (including non-
steroidal anti-inflammatory drugs, NSAIDs) throughout the study period. Habitual caffeine
consumption was assessed using the caffeine consumption questionnaire (CCQ) and
those with >150 mg per day were excluded (Landrum 1992). Further, all participants
expressed no preference to training regarding time of day by a weekly self-reported
2-week training diary. The circadian chronotype of the participants was assessed using
a composite “morningness questionnaire” by Barton et al. (1990). The participants’ mean
“chronotype” score on a 13-52 scale was 34 + 4 [28-39]; hence, all the participants were
“intermediate types”. Participants were required to arrive fasted and abstain from alcohol,
caffeine and exercise 24 h preceding a testing session. All participants gave their written
informed consent. The study was conducted in accordance with the Local Ethics commit-
tee at JMU (approval number U19SPS024), the ethical standards of the journal and
complied with the Declaration of Helsinki.

Experimental design

The participants attended the environmentally controlled chamber (Edge,
Nottingham, UK) on seven occasions, the chamber was held at a dry temperature,
humidity, barometric pressure and ambient light of 19°C, 35-45%, 750-760 mmHg
and 750 lux, respectively for all sessions. Only one person completed the time trial in
the chamber at a given time. Each participant completed with a minimum of 72 h to
ensure recovery between trials a) three familiarisation sessions (detailed below); b) a
VO, peak/max test on a cycle ergometer’; ¢) Wingate cycle test; and lastly d) two
experimental sessions three days apart: a morning and an evening trial (07:30 and
17:30 h; M and E; see Figure 1), with volunteers allocated into two groups (named
M and E) equally based on physical ability for first and second session allocation.
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Research design

3 x Familiarisation sessions of 4-km time trial
1x \./02 peak/max test on a cycle ergometer
1 x Wingate cycle test
2 x Experimental sessions i) 07:30 h and ii) 17:30 h

¥

Experimental protocol

In lab Leave lab
07:00 and/or
17:00 h r-—=—==—=—=-="
HR, RPE every km
Retire Sleep Wake I \ I
22:30 23 06:30 T 2 3 4 |
* B_I | |
1 2l : |
1 © 11| BQP B(IP |
L P
1 k1 P
IR Pl
1 21 |
} £ P
0 30 35 40

Time line (min) after the start of the experiment

Figure 1. Schematic of the research design and protocol for conditions undertaken in the morning
(07:00 h) or evening (17:00 h). Rectal and skin (Tr and Tsk) temperature and ratings of perceive
exertion (RPE) were measured after the participants had reclined for 30-in at the start of the protocol
and after the warm-up. Tr and tsk, RPE and HR values were also measured prior to taken every 1-km
and the 4 km-time trial in the environmental chamber; with pacing asked every 2-km. Black dotted
lines indicate blood taken. * indicates sleep questionnaires administered. BOP =Bridget’s optimal
pacing scale.

Practically this entailed stacking the finishing times for the last familiarisation session
from fastest to slowest in Microsoft Excel, then pasting the words M or E respectively
so the first cell (fastest participant) was M and next was E all the way down the
column. The experimental sessions were then counterbalanced in order of
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Figure 2. Individual and mean (£95% Cl) values for the finishing times in the evening and morning for
a 4 km time-trial.

administration to minimise any potential learning effects (Monk and Leng 1982). All
experiments were completed between the months of October to December (Autumn
to Winter in the UK) to ensure the individual’s exposure to sunlight in the mornings
when entering the laboratories was <80 Lux (Light-watch, Neurotechnologies,
Cambridge, UK), with sunrise and sunset range from start to the end of the experi-
ment being 07:29 to 08:01 h and 18:01 to 19:50 h respectively.

Protocol and measurements

Familiarisation: Participants were accepted as familiarised when 4-km TT finishing times
varied by no more than coefficient of variance 5% to reduce the chances of a learning
effect affecting performance. The random error between the three initial reliability trials
was heteroscedastic and the data were therefore expressed as 95% ratio limits of



8 e B.J. EDWARDS ET AL.

agreement. For simplicity, only the 95% ratio limits of agreement for the second and
third 4-km time-trial performance were investigated for the 26 participants; these were
*/+ 1.053 (about 5.3 %) and coefficient of variance of 2.71 %, indicating little measure-
ment error (Atkinson et al. 1998; Atkinson and Nevill 1998). Paired t-test showed no
difference (t,5 = —0.519, p=0.608) and practically this was a 0.4 % increase in finishing
time. One week after these preparatory tests, volunteers underwent the experimental
data collection sessions.

Subsequently, participants completed a VO, peakmax test using the Metalyser 3B
(Cortex GmbH, Leipzig, Germany). Tests were conducted on cycling ergometers
(Excalibur Sport, Lode, Groningen, Netherlands) with reusable masks (7450 Series
Silicone V2, Hans-Rudolph Inc., KS, U.S.A.) following the BASES guidelines (Hale et al.
1988). Five min of resting data were collected before participants completed a 5 min
warm-up (WU) at 150 W, which also served as the first testing stage. Resistance was then
increased by 30 W every 3 min until volitional exhaustion. The test will be referred to
a “peak” rather than “max” if the participants did not reach the criteria of a plateau in the
VO, data between the last and penultimate stage. To assess anaerobic capacity volun-
teers also participated in a Wingate test (Ayalon et al. 1974) using Wattbike cycle
ergometers (Wattbike Pro, Nottingham, UK). The protocol included a 5 min WU at 150
W with three phases of 6 s at 60, 70 and 80% of maximal perceived cadence. Following
the WU participants completed the 30 s Wingate test adjusted for body mass.

Protocol for the experimental sessions

The main experiment consisted of two visits: a M and an E trial (07:30 and 17:30 h) in the
environmental chamber. Participants woke at 06:30 h to come into the laboratory at 07:00
h for both conditions having fasted and then completed the sleep questionnaires. If they
were in the evening condition, they then were able to and were asked not to consume
food 4 h before the start of the evening session (Atkinson and Reilly 1996). In all sessions
the participants retired at around 22:30 h and rose around 06:30 h, having had a text
message which they had to respond to. Compliance was high, with all confirming they
had adhered to the schedule as assessed by the text response and verbal check in the
morning and evening of the experimental sessions. The volunteers were free to live
a “normal life”, between sessions sleeping at home at night; and attending lectures and
doing light office work in the day. They were asked to refrain from any other training or
heavy exertion for the 48 h before the experiments or during them. Participants recorded
the type, amount, and timing of the food they ate for the period of 24 h before the day of
the first session and were asked to replicate this diet for the days before the second
experimental condition. Water and non-caffeinated/non-alcoholic, calorie-free beverages
were allowed ad libitum up to a total volume of 3 L per day.

Measurement procedures

On arrival to the laboratory, 30 min before the tests, participants were asked to insert
a flexible soft rectal probe (mini-thermistor, Grant Instruments, Shepreth, UK) ~10 cm
beyond the external anal sphincter. Individuals then rested in a supine position to
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measure resting rectal temperature (Tr). To assess skin temperature (Tsk) during the 30
min resting period, skin thermistors (Grant Instruments, Squirrel 2010 series, UK) were
attached at four different locations on the left side of the body (chest[ch], forearm[f],
thigh[th] and calf[ca]). Mean Tsk was calculated using the equation proposed by
Ramanathan (1964): Tsk = (0.34 x Tch) + (0.33 x Tth) + (0.18 x Tca) + (0.15 x Tf). Mean
body temperature (Tmb) was calculated as [(0.64 x Tr) + (0.36 x Tsk), (Burton 1935)].
Resting temperatures for Tr and Tsk were recorded as the mean of the last 5 min of the
30 min of rest.

Near-infrared spectroscopy (NIRS) measures relative changes in oxy- and deoxy-
haemoglobin and can be used during both passive and exercise activities. This non-
invasive procedure (using small devices that are tapped to the skin over the belly of
the muscle under investigation) provides information on skeletal muscle oxygenation
and oxidative energy metabolism during exercise, as well as training-induced adap-
tations (Jones et al. 2016). Due to equipment failure only 17/26 participants had NIRS
devices (Moxy Monitor, Hutchinson, MN, U.S.A.) placed on the opposite side of the
body to the skin thermistors, over the belly of the brachioradialis (forearm), vastus
lateralis (thigh) and medial head of the gastrocnemius (calf) to measure muscle
oxygenation (SmO,). All participants also provided urine samples upon entering the
laboratory and after the TT. To determine volunteer’s hydration status urine samples
were analysed using an osmometer (Pocket PAL-OSMO, Vitech Scientific, Japan).
During the resting period participants completed questionnaires on thermal comfort
(TC; Bakkevig and Nielsen 1994), rate of perceived exertion (RPE; Borg 1973), effort
(on a 0-10 cm scale “0” meaning no and “10” maximal effort), profile of mood states
(POMS; McNair and Lorr 1971) and their subjective ratings of sleep (sleep questions
taken from Liverpool Jet lag Questionnaire; Waterhouse et al. 2005). Participants were
also asked to put on a heart rate (HR) monitor (HRM duel, Garmin, China) and a pulse
oximeter on their index finger (Carescape V100, GE Healthcare, UK) to measure
peripheral oxygen saturation (SpO,). Lactate levels were assessed at rest and post
TT (Biosen C-Line Glucose and Lactate Analysers, EKF Diagnostics, Cardiff, UK).
Following the rest period, participants completed a 5 min WU at 150 W (Winter
et al. 2007), on a cycle ergometer (Excalibur Sport, Lode, Groningen, Netherlands).
During the last 30 s of the WU Tr, Tsk, RPE, TC, effort, HR and SpO, were recorded.
After the WU participants mounted a Wattbike Pro cycle ergometer to complete
a 4 km TT which has a £1% error in measuring distance. Initially the load was set at
magnetically resistance control lever level 1 (represents a level road) and wind
braked Resistance System 0 (low resistance) and the participants adjusted the wind
braking levels as they deemed appropriate and had previously practiced. During the
TT's a fan (CAM5002, Clarke, Essex, UK) was positioned diagonally to the front right
of the ergometer, 2 m away from the participants face. Airflow was determined by
the cyclist and replicated for the subsequent trial. Strong and consistent verbal
encouragement was provided throughout the TT and volunteers were instructed to
finish as quickly as possible. Tr, Tsk, RPE, TC, effort, HR and SpO, were recorded every
1 km completed. At 2 and 4 km participants were asked to verbally rate their pacing
(Bridget’s Optimal Pacing scale; BOP) corresponding for that 2 km, relative to that
required to finish as quickly as possible (-5, “too slow” to +5, “too fast”). Participants
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were blinded from the clock to limit competing against a previous finishing time, but
were provided with feedback on distance covered, watts (W) and cadence (rev.min™"
via the display (Edwards et al. 2005; Gough et al. 2017).

Statistical analysis

Our primary outcome was the time to complete the 4 km time-trial. Such protocols
have been found to be highly reliable with test-retest coefficients of variation (CV)
< 2 % like our 2.7 % familiarisation data (Batterham and Atkinson 2005). Using the
G*Power 3.1.9.6 software (Faul et al. 2007), it was estimated that 18 participants
would facilitate the detection of a statistically significant difference between morn-
ing and evening time-trial of 6.8 % assuming an effect size (ES) of 0.630 (Fernandes
et al. 2014), p < 0.05 and 80% power with a one-tailed paired t-test (where
evening gross muscular performance is normally greater than morning) and 23
volunteers required with a 90% power. We took the more conservative approach
and recruited 26 participants to allow for dropout and power of 90%. Data were
analysed using the Statistical Package for Social Sciences version 29 (SPSS, Chicago,
IL, U.S.A)). All data were checked for normality using the Shapiro-Wilk test. General
linear models were used for all measurements collected. To correct sphericity
violations the degrees of freedom were corrected using Greenhouse-Geisser (g <
0.75) or Huynh-Feldt (¢ > 0.75). Bonferroni pairwise and graphical comparisons
were made where main effects were found. Results are presented as mean =
standard deviation (SD) unless otherwise stated. Significance was set at p < 0.05.
Effect sizes were calculated from the ratio of the mean difference to the pooled
standard deviation. The magnitude of the ES was classified as trivial (<0.2), small
(>0.2-0.6), moderate (>0.6-1.2), large (>1.2-2.0) and very large (>2.0) based on
guidelines from Batterham and Hopkins (2006). The results are presented as the
mean + the standard deviation throughout the text unless otherwise stated.
Ninety-five percent confidence intervals are presented where appropriate as well
as the mean difference between pairwise comparisons. Linear regression with
Pearson correlation was used to verify the associations between all dependent
variables.

Results
Rest and post warm-up variables

There was a significant time-of-day difference with higher Tr (mean difference = 0.44 °C,
p < 0.0005, 95% Cl: 0.34-0.64 °C; ES = 1.44) and Tmb (mean difference = 0.36 °C, p <
0.0005, 95% Cl: 0.26-0.45 °C; ES = 0.38) values in the E compared to the M condition. There
was a significant pre-post effects of warm-up only in muscle oxygen values (SmO5) in the
thigh which decreased post warm-up (mean difference = 11.7 %, p = 0.014, 95% Cl: 2.7-
20.6 °C; ES = 0.07). Tsk values were no different in E than the M (1.07 °C; p = 0.076; Table 2).
No interaction was observed for any variable such that the profiles for M or E values rose
or fell in the same way from rest to post warm-up. The presence of a diurnal difference in
rectal temperature agrees with other work.
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Responses to TT performance (Finishing time [FT], split times/km, mean power
output/km [PO]), HR, TC, BOP, Effort, Tr, Tsk, Tbt, Urine osmolarity and blood
lactate)

There was a significant main effect for time of day (TOD) for FT, split times and PO
(p < 0.05, Table 3). Participants were significantly faster in completing their time-
trial in E than in M (~10 s, 2.59 % difference, p = 0.001, 95% Cl: 4.6-15.3 s; ES =
0.34; actual power = 80 %; See Figures 2, 3 and Table 3) with corresponding quicker
split times per km (2.5 s difference, p = 0.001, 95% Cl: 1.2-3.8 s; ES = 0.34) and
greater PO (9.1 W difference, p = 0.013, 95% Cl: 2.1-16.1 W; ES = 0.23). Blood
lactate higher in E than M (0.68 mmol.L difference, p < 0.0005, 95% Cl: 0.25-1.11
mmol.L; ES = 0.68). Rectal temperature was higher in E than M (0.32 °C difference,
p < 0.0005, 95% Cl: 0.21-0.44 °C; ES = 0.99), as was the Tmb values (0.27 °C
difference, p < 0.0005, 95% Cl: 0.16-0.38 °C; ES = 0.40). There were no time-of-
day effects for the other variables (Table 3). The presence of a diurnal variation in
finishing time addresses a principle aim of this research project.

There was a significant main effect for distance where split times and PO started high
in the first km, dropped to plateaued from 2-3 km and then increase from 3-4 km (p <
0.05). Further HR, Tr, Tmb, RPE and rating of effort increased from the start to the finish
of the TT (Figure 4 and Table 2). Pulse oximetry and SmO, for forearm, thigh and calf
values decreased from 2 km to 4 km (Figure 4). Blood lactate and urine Osmol values
were higher post than pre (11.43 mmol.L and 114 Osmol difference respectively, p <
0.05). A significant interaction between TOD and TT was only seen in blood lactate
values with a greater rise in E post exercise than M (p = 0.012, Table 3).

Resting POMS and sleep questionnaire variables

There was a significant TOD difference with lower ratings of mood state of fatigue (mean
difference = 1.5, p = 0.049, 95% Cl: 0.006-2.917; ES = 0.49) and higher rating of vigour values
(mean difference = 1.9, p = 0.001, 95% Cl: 0.81-2.96; ES = 0.79) in the E compared to the
M condition (Table 2). There were no main effects for TOD for any other mood or responses to
the sleep questionnaire (Table 2). We have previously reported similar values in mood-states
across the day. That no difference was found in any subjective sleep questionnaires answered in
both conditions at 07:00 h means 1) no difference between the protocol and normal habits and 2)
no difference between sleep assessment between conditions.

The associations between all dependent variables change in M/E finishing time and
average finishing time, VO, peak and Wingate/kg variables. Linear correlation analysis
of the score of all the cyclists considered as a single group, showed significant
correlations were not detected between diurnal variation finishing time (%) and i)
average finishing time (r = —0.004, p = 0.771), ii) \702 peak (r=0.131, p = 0.069) also, iii)
Wingate scores (r = 0.023, p = 0.463).

Discussion

We report that in a large and well powered study of highly motivated, male recreation-
ally active cyclists the 4-km TT finishing times were significantly faster in the evening
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Figure 3. Mean (SD) values for pacing (s), power output (W), heart rate (BPM) and rating of perceived
exertion (RPE) every 1-km for the 07:30 and 17:30 h for a 4-km time-trial.

than in the morning (~ 10's, A 2.59%; p = 0.001; actual power = 80%). These individuals
followed a standardised protocol that incorporated some of the main concerns in the
literature (Table 1), had a range of aerobic, anaerobic fitness and finishing times. This
diurnal variation was accompanied by a decrease in split times per km and
a corresponding increase in power output (A 2.5 s and A 9.1 W respectively). Rectal
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Figure 4. Mean (SD) values for forearm, calf, thigh muscle oxygenation (SmO,, %) and peripheral
oxygen saturation (SpO,, %) every 1-km for the 07:30 and 17:30 h for a 4-km time-trial.

and Tmb temperature and blood lactate values were significantly higher at rest, and
after exercise in the evening than the morning as expected and in agreement with the
literature (Edwards et al. 2023). Considering only research that employed time-trials in
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a thermoneutral laboratory (~19-21°C), in adult males, where the distance is fixed and
the time to finish is variable — our findings agree with 5/9 of the previous research
(removing Baxter and Reilly 1983; Dalton et al. 1997, Boukelia et al. 2018; Boukelia et al.
2017; Silveira et al. 2020). Faster swimming (100 m A 2.6%, Martin et al. 2007), 1 km
cycling (A 2.3%, Fernandes et al. 2014), 10 km cycling (A 2.3%, Souissi et al. 2021),
16.1 km cycling (A 3.6%, Atkinson et al. 2005), or 10-km time-trial running on a treadmill
(A 6.3%, Edwards et al. 2008) was found in the evening than in the morning. Although, it
is challenging to compare our findings directly with others as there are discrepancies
between studies in approaches.

The idea of a standardised approach as we have undertaken has been recently called for
in human chronobiology research (Yousefzadehfard et al. 2022; Knaier et al. 2022;
Bruggisser et al. 2023); and specifically in diurnal variation in time-trial investigations
(Bommasamudram et al. 2022). We collated the advice of several sources to reduce bias
(of measurement, and reported result) by i) participant considerations, ii) methodological
and equipment considerations, iii) environment considerations (see Table 1). In the design
of the current study, we applied this advice to best reduce the signal to noise ratio, to allow
a diurnal variation should it exist to be found. For some recommendations, we have been
pragmatic, so we did not attempt to blind the researchers as well as the participants to the
conditions as suggested by others (Knaier et al. 2022), nor adopt time of days of measure-
ment such as 04:00-05:00 h (body temperature minimum) that would cause sleep loss.

In the 9 studies from the literature (Table 4), sample sizes ranged from 8 to 22 with
a priori power tests done on only 3/9 papers, training status is either quantified or just
stated, a method of categorising fitness such as McKay et al. (2021) would help compar-
ison of populations between studies. Further only 5/9 papers recorded metrics of fitness
such as VO, peak or Wingate power output data again enabling population comparisons
between studies. The chronotype scores of the population were recorded in 6/9 studies,
but habitual sleep time was only reported in one study; where recruiting a participant
whose sleep habits are vastly different to those imposed by the protocol could cause
detriments to the outcome measures. In more recent work it has been highlighted the
inclusion/exclusion criteria to reduce confounding variables in studies should also include
“not” receiving pharmacological treatment (including NSAIDs); a habitual caffeine “low”
consumption, hence <150 mg per day assessed by the caffeine consumption question-
naire as well as drug and alcohol considerations (See Yousefzadehfard et al. 2022). The
distance of the time-trials ranged from 100 m to 16.1 km and mode of exercise was either
swimming, running or cycle ergometry. Allocation to groups was generally randomised
and counterbalanced, with the time between sessions being 36 h to 5 days to allow
recovery. Diet restrictions were considered in 5/9 studies following the general advise of
Drust et al. (2005), therefore we similarly chose to follow this where participants recorded
the type, amount, and timing of the food they ate for the period of 24 h before the day of
the first session and were asked to replicate this diet for the days before the second
experimental condition. Individuals came in fasted for the morning sessions and for the
evening, not having eaten 4 h before. Again, we took a pragmatic approach to diet as
abstinence of food in the morning has shown no effect on performance compared to
a breakfast (Bougard et al. 2009), however a more stringent control of diet where the
effects of the timing (relative to the session), amount (energy yield), composition (carbo-
hydrate, protein, and fat) of food consumed during a study may be a confounding factor
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to performance (Bruggisser et al. 2023). The measurement site for core body temperature
in the research was generally intra-aural 4/9 or oral 1/9, these sites are subject to masking
effects specifically in the morning and can confound any daily variation (Waterhouse et al.
2005a). Three studies did not report core temperature but relied on this as the main
mechanism to describe diurnal variation in time-trial performance in their discussion.
Time of day scheduling was generally from 06:30-10:00 h and 17:30-20:30 h with labora-
tory temperature, humidity and barometric pressure only recorded in five studies. The
error in measurement of distance for the ergometers chosen for the time-trial were not
reported. Time of year — hence exposure to daylight in the morning, coming into the
laboratory and in the evening was poorly reported (1/9 studies respectively, see Spitschan
et al. 2019).

Lastly, Familiarisation was either not done (5/9), or 1 session (3/9) only completed, except
for 3 sessions for Edwards et al. (2008). Zadow et al. (2016) in highly trained cyclists of
a similar \702 max (67 + 8.7 mL.kg‘1'min‘1) reported that only one session was needed to
fully familiarise their population to a 4 km TT, we have shown similar findings in recreational
cyclists completing a 16.1 km cycling TT (VO, max 49.2 + 9.4 mL.kg™"'min~", Edwards et al.
2005). The effect of familiarisation of the TT performance and the number of sessions/
practice trials needed to make subsequent learning effects negligible is unclear even if the
order of administration of the tests is counterbalanced using a cross over repeated measures
design. If you measure it, you can quantify the random error and systematic bias of your
population doing your specific protocol. In our case, between the third and second famil-
iarisation we had little measurement error and systematic bias (Atkinson et al. 1998;
Atkinson and Nevill 1998; CV=2.71 %, t,5 = —0.52, p=0.608), which was not the case between
the third and first familiarisation and second and first respectively (CV=9.57 %, t,5 = —2.39,
p=0.024 and CV=10.40 %, t,5 = —2.017, p=0.054). The presentation of such data would aid in
comparing our findings to others who used only one familiarisation in moderately to highly
trained athletes.

It has been previously suggested that diurnal variations related to exercise are generally
larger in amplitude in physically fit than sedentary individuals (Atkinson and Reilly 1996).
However, VO, max is a stable function regardless of time of day (Drust et al. 2005) and highly
trained cyclists are used to training at different times of day and at intensities close to 100%
VO, max. Hence time of day effects in TT performance may be smaller in highly trained than
untrained individuals. This agrees with the literature, where for faster TT performance such
as the more aerobically fitter cyclists in Zadow et al. (2016) population (\702 max = 62.1 +
8.7 mLkg™"'min~"), perhaps by virtue of past repetition of TTs, had no difference in morning
and evening times. This may be because they paced themselves more closely (a stable
pacing profile) thereby produced similar power outputs irrespective of time of day. Whereas
in lest trained populations such as ours and others with lower VO, max values this pacing
strategy or the ability to produce power may be more affected by time of day (48.5 to
58 mL.kg™"'min~"; Atkinson et al. 2005; Fernandes et al. 2014; Souissi et al. 2021). To address
this, we investigated the associations between the change in M/E finishing time and average
finishing time, as we had a range in 4-km completion of 320-455 s in a large sample size
(range in VO, max of 35-62 mL.kg™"'min~" and relative Wingate peak power 10.77-16.11 W/
kg). Linear regression analysis showed no correlation between change in finishing times
between morning and evening (%) and average finishing time (p = 0.771), such that the
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fastest finishers did not have either greater or lower diurnal variation than the slower ones. It
was thought that as the 4 km TT is completed in ~5 min and the anaerobic and aerobic
component to performance in this current population is unknown; the Wingate (anaerobic
capacity) and VO, peak (maximum aerobic ability) values for participants may predict
a relationship with diurnal variation variability whether positive or negative. There was no
association between Peak power in the Wingate test (W/kg) and diurnal variation (p = 0.463),
nor significant positive correlation between DV in finishing time and VO, peak (r=0.131,p =
0.069). Although the highest values of VO, peak in our population are still lower than those
of Zadow et al. (2016) population, hence there may be “threshold” where daily variation in
TT becomes minimal. Alternatively, it may be more to do with habitual time of day of
training with a temporal specificity (or “activity” for non-highly trained cyclists) rather than
a threshold (Souissi et al. 2002). To explore this, future studies would have to recruit a large
cohort of recreational up to elite performers (hence explore the full performer range).

The findings of diurnal variation in performance in the current study are under-
pinned by findings of key variables such as sleep, where there was no difference in
any subjective sleep questionnaires answered in both conditions at 07:00 h, implying
no difference between the protocol and normal habits and no difference between
sleep taken the night before conditions. Like others, we reported lower ratings of the
mood state fatigue and higher rating of vigour values in the evening compared to
the morning condition (Hill and Smith 1991; Brotherton et al. 2019). Importantly, the
diurnal variation in resting Tr and Tsk temperature values (0.48 and 0.26 °C), which
has been well established by previous research was also observed (Atkinson and
Reilly 1996; Edwards et al. 2002; Waterhouse et al. 2005a).

While elite cyclists’ speed progressively declines during 4-km TTs (Corbett 2009),
participants in this study adopted an inverted U or reversed J-shaped pacing strategy
(see Figure 3), with a marked increase in PO towards the end of the TT indicative of
a sprint finish (Abbiss and Laursen 2008). It is thought that a diurnal difference in
pacing strategy of endurance performance may be due to altered feedback mechan-
isms from factors previously covered (such as body clock input, core body and
muscle temperature etc) and through perception of effort being easier for any
given workload in the evening than the morning (Reilly and Garrett 1995). In our
case the adopted pacing strategy was the same regardless of time of day (p=0.856)
in agreement with others (Fernandes et al. 2014; Zadow et al. 2020), only in the
current study the participants put in ~9 W higher power output in the evening.
Further, participants were not able to detect morning-evening or distance differences
in how well they had subjectively paced themselves to finish as quickly as possible
over the first 2-km and the last 2-km. Heart rate and ratings of perceived exertion
progressively increased over the 4-km with pulse oximetry decreasing by ~1.9 % and
all measures of SmO, (n=17) for forearm, thigh and calf decreasing by 6.9, 6.2 and
6.9 % (see Figures 3 and 4). The decrease in SmO, was expected as the thigh and calf
are the main muscles to produce force during cycling (Takagi et al. 2013). The drop
in SmO, levels of the forearm was unexpected but can likely be attributed to
participants’ tight grip of the cycle ergometers handlebars or blood flow redistribu-
tion towards active muscles.
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Limitations

Participants in this study were not elite, rather recreational cyclists and although we
familiarised them 3 times, some had limited experience with cycling 4-km TTs. Future
research should consider testing with a cohort of recreational up to elite performers to see
whether the outcomes would be similar.

Conclusions

In a methodologically rigorous study where a (i) standardised approach has been
employed, (ii) participants did not have time of day preference to exercise and (iii)
were intermediate types, a diurnal variation was found in rectal temperature of
0.48 °C and 4-km TT performance was faster in the evening than the morning by
2.6 %. Discrepancies in findings of a time-of-day difference in time-trial perfor-
mance between research could be related to fitness and level of athleticism of the
population rather than methodological differences.

Highlights

¢ Time-of-day effects on time-trial performance is not consistently reported, this lack
of agreement may be explained by a lack of rigor and standardisation in method
employed, population chosen and a lack of control. We propose a practical tick list
for consideration to “standardise” research investigating diurnal variation in
performance.

e Resultant finishing times after a standardised protocol were faster in the evening by
2.6 % than the morning. Discrepancies in past findings of a daily difference in time-
trial performance could be related to fitness and level of athleticism of the popula-
tion rather than methodological differences.

e Further work exploring the criteria for recommendations (standardisation) is sug-
gested for time-of-day studies, a practical approach that gives a “strict”, “moderate”
and “recommended” classification would be useful.
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