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Abstract

Previous studies suggest that the cortisol awakening response (CAR) shows a biphasic pattern—
either an increase or a blunting—in reaction to exercise involving overload. These changes are
considered to reflect physiological adaptation to exercise. However, the effects of continuous exercise
on CAR under controlled experimental conditions have not been sufficiently explored. This study
examined changes in CAR in response to short-term, continuous high-intensity cycling exercise over
a 10-day period. Two healthy male participants underwent 12 consecutive days of experimental
sessions: 2 baseline rest sessions followed by 10 days of cycling exercise sessions (20 min/day at 80%

of maximal oxygen uptake [VOZmax]). CAR was measured daily throughout this period. Acute
physiological responses and aerobic capacity were also assessed. Results showed that CAR increased
during Days 1-4 of the exercise period and returned to baseline levels from Day 5 onward. Similar
trends were observed in physiological responses. Additionally, participants demonstrated

improvements in VO:max and/or maximum workload following the experimental sessions. These
findings suggest that CAR could be a useful non-invasive biomarker for monitoring short-term
physiological adaptation to high-intensity exercise.

Keywords: biomarker; endocrine response; physiological adaptation

1. Introduction

Exercise improves physical performance through metabolic, morphological, and neuromuscular
adaptations [1-5]. However, when training loads exceed an individual’s adaptive capacity and
recovery is insufficient, performance may decline, increasing the risk of overtraining [6]. To detect
and prevent overtraining and optimize training adaptation, various biomarkers have been
investigated to monitor physiological adaptation to exercise [7,8].

Among these biomarkers, cortisol —a final product of the hypothalamic-pituitary-adrenal (HPA)
axis—is widely studied because its secretion increases in response to exercise as a stressor, depending
on the intensity [9,10], duration [11], and volume of training [12,13]. Cortisol exhibits a well-
established diurnal rhythm, characterized by a peak in the early morning and a gradual decline
throughout the day [14-16]. A pronounced increase in cortisol levels typically occurs within the first
30 minutes after awakening, known as the cortisol awakening response (CAR) [17]. CAR has
demonstrated intra-individual reliability across multiple days [17] and can be measured
noninvasively via saliva sampling. When methodological confounders are adequately controlled,
CAR exhibits a robust and consistent biphasic pattern, characterized by either an increase or a
blunting, which is considered to potentially reflect the severity of stress-related symptoms in
individual adaptation [18]. Therefore, CAR has been widely studied as a biomarker of individual
stress-related adaptation, particularly in the field of psychoneuroendocrinology [18].
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Recently, CAR has gained attention as a potential marker for monitoring physiological
adaptation to exercise [19]. However, studies examining exercise-induced changes in CAR remain
limited, particularly under controlled laboratory conditions. Two studies have begun to address this
gap: Ogasawara et al. [20] examined the effects of 20-minute cycling at 40%, 60%, and 80% of maximal

oxygen uptake (VOzmax) on CAR, reporting elevated CAR the following morning under the 80%
condition compared to rest. In contrast, Anderson et al. [21] found that 1-hour cycling at 70-75% peak
power output in a hot and humid environment resulted in a low CAR. These laboratory-based
findings suggest a biphasic pattern in CAR changes following acute high-intensity exercise,
potentially reflecting the impact of exercise load from the previous day.

To our knowledge, no studies have investigated CAR changes in response to repeated,
laboratory-controlled exercise stimuli administered over consecutive days. Anderson and Wideman
[19] speculated that CAR may increase during the initial phase of training and stabilize as
physiological adaptation progresses. Minetto et al. [22] conducted a field-based study in soccer
players and reported that CAR increased in some individuals and decreased in others before and
after a 7-day intensive training period, although training volume was not quantified and daily CAR
fluctuations were not assessed. Considering that training adaptation is believed to result from the
cumulative effects of repeated exercise stimuli [23], it is important to further investigate CAR changes
using structured and continuous exercise protocols under controlled conditions.

Therefore, this study aimed to examine how short-term, consecutive high-intensity exercise
under laboratory-controlled conditions affects changes in CAR. Spina et al. [24] reported increased
mitochondrial enzyme activity and peak oxygen uptake (VO,peak) following 7-10 days of cycling at
60-70% VO,peak. Based on this finding, we hypothesized that 10 consecutive days of cycling at 80%

VO,max—a condition previously shown to elevate CAR [20] —would induce CAR changes associated
with training adaptation. While the exact timing of adaptation within the 10-day period remains
unclear, we adopted the hypothesis proposed by Anderson and Wideman [19]: that CAR increases
during the initial phase of training and stabilizes as adaptation occurs.

2. Materials and Methods

2.1. Participants

Four healthy adult males participated in this study. None of the participants had a history of
smoking, irregular sleep patterns, hormonal disorders, psychiatric conditions, chronic low-
carbohydrate diets, or habitual use of anabolic steroids and non-steroidal anti-inflammatory drugs.
Given the approximately two-week duration of the experimental protocol and the substantial time
commitment required, a convenience sampling method was employed. Four participants were
selected based on their availability, willingness, and ability to complete the 10 consecutive days of
high-intensity cycling exercise sessions required in the study.

However, one participant was excluded from the analysis due to concerns that his data may
have been influenced by a swimming competition he had participated in two days prior to the start
of the experiment. Another participant was also excluded because his CAR values were consistently
unstable throughout the experimental period, raising concerns about potential HPA axis dysfunction
unrelated to the study. Consequently, data from two participants were included in the final analysis
and presented as individual cases (Participant A: age 22 years, height 170 cm, body weight 60.6 kg;
Participant B: age 22 years, height 175.9 cm, body weight 65.6 kg).

Although the use of convenience sampling and the reporting of individual cases limit the
generalizability of the findings, the data obtained provide valuable preliminary insights that may
inform future research in this specialized area.

Prior to the experiment, all participants provided both verbal and written informed consent.
This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics
Committee of Osaka University of Health and Sport Sciences (approval number: 20-4).
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2.2. Study Design and Procedures

Participants visited the laboratory a total of 14 times during the study period. On the first visit,

VO,max was assessed using a maximal graded exercise test on a cycle ergometer. The test began at 0
W with a cadence of 60 revolutions per minute (rpm) and increased by 30 W every 2 minutes until
the participants reached volitional exhaustion. Throughout the test, respiratory gases and heart rate
(HR) were continuously measured, and ratings of perceived exertion (RPE) were recorded at the end

of each exercise stage using the Borg 6-20 scale [25]. VO,max was considered valid and reliable based
on the criteria outlined in the previous study [10], if at least three of the following four conditions

were met: (1) an increase in VOZ of <0.15 L/min with increasing workload, (2) HR within +5% of the

age-predicted maximum, (3) respiratory exchange ratio (RER) >1.1, and (4) RPE >18.

Between 2 and 7 days after the VO,max assessment, participants engaged 12 consecutive days
of experimental sessions. The first two days consisted of seated rest sessions lasting 20 minutes,
serving as baseline measurements. The subsequent 10 days involved 20-minute cycling exercise
sessions performed daily at the fixed workload that was set on the first day, corresponding to 80% of

each participant’s VO,max. The session protocol was based on our previous study [20].

To minimize intra- and inter-individual biological variation, all sessions were conducted at a
standardized start time of 18:00 = 30 minutes. During the rest sessions, participants were allowed to
engage in light conversation and use smartphones, but sleep was prohibited. During the cycling
exercise sessions, HR and respiratory gases were continuously monitored, and RPE were recorded
every 10 minutes. Saliva samples were collected at five points: before the session (Pre), immediately
after (Post-0), and at 10, 20, and 30 minutes post-exercise (Post-10, Post-20, Post-30). After each session,
participants consumed a commercially prepared bento meal for dinner and received instructions
regarding the nighttime and next-morning measurements. They were also provided with saliva
collection tubes and straws before returning home.

At home, participants collected saliva samples at 21:00 (recovery 1) and 23:00 (recovery 2).
Reminder messages were sent 15 minutes prior to each collection, and participants confirmed
successful sampling. After recovery 2, participants received instructions for the next-morning
measurements and a URL link to a Google Form was sent to participants for recording contextual
information related to the next morning’s saliva sampling.

Upon waking the next morning, participants collected saliva samples at three points:
immediately upon waking (Co), 15 minutes after waking (Cis), and 30 minutes after waking (Cso), for
the evaluation of CAR. Between waking and 30 minutes post-waking, participants were instructed
to complete a Google Form to record contextual information, including bedtime, wake time, saliva
sampling times, and any relevant events during sleep or upon waking. They were asked to submit
the form immediately after completing the Cso saliva sample. If discrepancies were identified between
the reported Ca sampling time and the form submission time, participants were contacted to verify
the accuracy of the morning procedures. Participant A had an average bedtime of 1:31 + 1.0 h, wake
time of 7:06 + 1.2 h, and sleep duration of 5.9 + 1.2 h across the 12 days. Participant B had an average
bedtime of 1:19 + 0.4 h, wake time of 7:47 + 0.7 h, and sleep duration of 6.5 + 0.6 h. Saliva samples
collected at night and in the morning were stored in a household refrigerator (4°C) and submitted to
the researchers at the next session.

On the day following the final (Day 10) cycling exercise session, a second VO,max test was
conducted using the same protocol and time of day as the initial assessment.

To minimize, as much as possible, the influence of confounding factors unrelated to the
experimental exercise, participants were instructed to abstain from engaging in any strenuous
physical activity, as well as from consuming caffeine and alcohol, from the day prior to the start of
the study until its completion. In addition to standardizing dinner, participants were asked to
maintain a consistent dietary pattern throughout the study period. Furthermore, the intake of food
and carbohydrate-containing beverages was prohibited starting 4 hours before each session and
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again from 20:00 after the session until the completion of the following morning’s measurements.
After returning home, participants were prohibited from engaging in part-time work and from
drinking water, bathing, or brushing their teeth starting 1 hour prior to saliva sampling. During the
morning sampling period, participants were instructed to refrain from brushing their teeth, drinking
water, bathing, or returning to sleep for 30 minutes after waking. However, routine activities such as
changing clothes or using the toilet were permitted, provided they did not significantly affect arousal
levels.

2.3. Saliva Sample

Saliva samples were collected using the passive drool method, in which participants allowed
saliva to accumulate naturally in the oral cavity for 2 minutes and then transferred it into a collection
tube via a straw. The collected samples were centrifuged at 3000 rpm for 5 minutes and stored at
-80°C until analysis. On the day of analysis, samples were thawed, and cortisol concentrations were
determined using an enzyme-linked immunosorbent assay (ELISA) with a commercially available
kit (Cortisol ELISA Kit [RE52611], IBL, Germany).

2.4. Statistical Analysis

As this study reports individual data, no statistical comparisons were performed. Instead,
descriptive statistics were used to present each participant’s data, including mean values, standard
deviations, and daily measurements for each variable.

Due to the extended commitment required during the approximately two-week duration of the
study, no familiarization period was implemented. As a result, both participants exhibited elevated
cortisol levels on the first day of baseline measurement, likely reflecting psychological stress or lack
of adaptation to the experimental setting. Therefore, cortisol data from the first rest session were
excluded from subsequent analyses, as they could not be considered valid baseline values. This
limitation should be acknowledged when interpreting the findings of the present study.

3. Results

3.1. Physiological and Perceptual Responses

Table 1 presents the data for HR, VOz, and RPE during the 20-minute cycling exercise sessions
over 10 consecutive days for Participants A and B. All variables showed the highest values during
Days 1-4, with a tendency for reduced responses observed in Days 5-7 and Days 8-10.

Table 1. HR, VOz, and RPE responses during 20 min cycling exercise sessions over 10 Days.

HR (bpm) Voz (ml/kg/min) RPE
0 min 10 min 20 min 0 min 10 min 20 min 0 min 10 min 20 min

Participant A

Days 1-4 88.5+3.0 167.8+3.7 1758+43 105+1.3 369+1.1 40.6+1.5 83+£0.8 150+£0.7 17.0+1.2

Days 5-7 84.7+24 1593+05 166.0+24 10.1+£03 36.8+1.7 39.1+0.9 9.0+£0.0 147+05 16.0+0.8

Days 8-10 81.3+24 154.0+29 158.0+3.6 9.7+£0.1 37.1+£2.0 389+27 9.0+£0.0 150+00 163=+0.5
Participant B

Days 1-4 77.8+0.8 161.3+22 1653+1.8 81+18 41.6+0.6 42.5+0.6 88+08 15.8+04 16.8+04

Days 5-7 78.0+£43 157.3+2.1 1583+4.6 98+1.5 39.7+04 39.8+04 9.0£0.0 15.0+0.0 157+0.5

Days 8-10 787+6.0 1553+1.7 156.7+1.9 77+29 39.8+03 39.8+0.2 83+05 14.0+0.0 147.+£0.5

Values represent the means + SD for cycling exercise sessions Days 1-4, 5-7, and 8-10, respectively. HR, VOz,

and RPE were measured at 0, 10, and 20 minutes during every cycling exercise session. HR data at 0, 10, and 20

minutes were selected from the continuous 20-minute data. VOz2 values at 0, 10, and 20 minutes were calculated
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as the average over the 1-minute period before the start of the cycling exercise session, and over the intervals

from 7 to 10 minutes and 17 to 20 minutes after the start, respectively.

3.2. Acute Cortisol Responses

Figure 1 illustrates the temporal changes in acute cortisol concentrations for Participants A and

B throughout the experimental session period. Similar to the patterns observed in HR, VOZ, and RPE
data, the highest acute cortisol responses were recorded during Days 1-4, with a tendency for
decreased responses during Days 5-7 and Days 8-10.
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Figure 1. Changes in acute cortisol concentrations during the experimental session period for Participant A (A)
and Participant B (B). Values represent the second-day rest session and the means + SD for the cycling exercise

sessions Days 1-4, 5-7, and 8-10, respectively.

3.3. CAR Data

Figure 2 shows the changes in CAR from baseline for Participants A and B during the 10-day
cycling exercise session period. Participant A exhibited an increase in CAR during Days 14, followed
by a tendency to return to baseline levels from Day 5 onward. Participant B showed a rise in CAR
during Days 1-2, with a similar tendency to return to baseline levels from Day 3 onward. Taken
together, these results suggest that both participants experienced a transient increase in CAR during
the initial phase of the cycling exercise sessions (Days 1-4).
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Figure 2. Changes in CAR during the 10-day cycling exercise session period for Participant A (A) and Participant
B (B). Baseline values represent the second-day rest session and are included in each figure for comparison with

the values obtained during the 10-day cycling exercise sessions.

3.4. Aerobic Capacity and Work Performance

Table 2 presents the VO,max and maximal workload values for Participants A and B before and

after the 12-day experimental session intervention. Participant A showed a 5.87% increase in VOzmax,
along with a 30 W improvement in maximal workload. Participant B exhibited a 3.3% decrease in

VO,max, but also demonstrated a 30 W increase in maximal workload. In summary, both participants
showed improvements in aerobic capacity and/or work performance following the intervention.

Table 2. VO2max and maximum workload before and after the experimental session intervention.

VOamax (mL/kg/min) Maximum workload (W)
Participant A
Before 44.3 270
After 46.9 300
Participant B
Before 51.0 300
After 49.3 330
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4. Discussion

The purpose of this study was to experimentally investigate changes in CAR during a 10-day
period of consecutive high-intensity cycling exercise at the fixed workload, and to explore the
potential of CAR as a non-invasive biomarker for monitoring short-term physiological adaptations

to exercise. The main findings of this study were: (1) acute responses in HR, VOZ, RPE, and cortisol
were highest during the initial phase of the cycling sessions (Days 1-4), with subsequent reductions
observed thereafter; (2) CAR showed a transient increase during Days 14, followed by a return to
baseline levels; and (3) both participants demonstrated improvements in maximal oxygen uptake
and/or maximal workload following the intervention. To the best of our knowledge, this is the first
study to experimentally demonstrate changes in CAR in response to short-term consecutive exercise
sessions.

The acute responses in HR, VOZ, RPE, and cortisol measured on each session were consistently
highest during the initial phase of the cycling exercise sessions for both participants, followed by a
decreasing trend thereafter. These results are consistent with previous studies. Spina et al. [24]
reported that 7-10 days of cycling exercise increased mitochondrial enzyme activity in skeletal
muscle, leading to a glycogen-sparing effect during exercise at the same workload, which in turn
resulted in reductions in RER and HR. Additionally, Viru [26] suggested that endurance training
elevates the exercise intensity threshold required to elicit an acute cortisol response, potentially
reducing or eliminating such responses to exercise at the same workload. Furthermore, McMurray
and Hackney [27] reported that acute cortisol responses to exercise are elicited in proportion to the
metabolic demands of the exercise performed. Based on these findings, it is plausible that the 10-day
high-intensity cycling intervention in the present study enhanced the participants’ endurance
capacity and improved the efficiency of energy substrate utilization, thereby reducing the metabolic
demands of exercise at the fixed workload. As a result, the relative exercise workload imposed by the
fixed workload may have progressively decreased relative to the initial session, thereby leading to
the reductions in acute physiological responses observed from Day 5 onward.

Focusing on changes in CAR, results supported the hypothesis, showing a transient increase in
both participants on Days 1-4, followed by a return to near baseline levels. The elevation in CAR
observed during the early phase of the intervention is consistent with our previous findings [20] and
with other studies [22], suggesting a transient activation of the HPA axis in response to the onset of
high-intensity exercise. Moreover, the recovery of CAR around Day 5 aligns with the inference made
by Anderson and Wideman [19] in their review, indicating that physiological adaptation to the
imposed exercise may have led to a reduction in HPA axis reactivity. The occurrence of adaptation
around Day 5 is further supported by the observed trends in acute physiological responses and the

improvements in VOamax and/or maximal workload following the cycling exercise intervention,
which are also consistent with the approximately 9% increase in VO,peak reported by Spina et al.

[24]. Despite a decrease in VO,max in Participant B, an improvement in maximal workload was
observed. This seemingly contradictory result may be attributed to enhanced efficiency in energy
substrate utilization resulting from continuous cycling exercise.

The primary significance of this study lies in its confirmation of the hypothesis proposed by
Anderson and Wideman [19], regarding changes in CAR following continuous high-intensity
exercise. These findings suggest that CAR may serve as a useful non-invasive biomarker for
monitoring short-term physiological adaptations to high-intensity exercise. However, many aspects
of how exercise influences CAR remain unclear. Although previous studies [20,21,28] and the present
study have controlled and quantified exercise conditions and training volume, few physiological
indicators beyond salivary and blood cortisol concentrations have been assessed to evaluate the
participants’ physical state. Therefore, it is currently difficult to determine precisely what
physiological conditions are reflected by exercise-induced changes in CAR. According to a review by
Stalder et al. [29], CAR is thought to contribute to the preparation of the physiological system for
daytime activity, potentially involving the synchronization of peripheral clocks related to energy
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metabolism, immune function, and neurocognitive systems upon awakening. Additionally, previous
studies have reported that physiological responses such as reduced muscle glycogen content and
muscle damage can persist into the days following high-load exercise [30,31]. Taken together, these
findings suggest that exercise-induced changes in CAR may play a regulatory role in response to
physiological disturbances in peripheral tissues caused by exercise. Future research should
incorporate complementary physiological markers to comprehensively assess the peripheral
physiological states associated with changes in CAR.

One of the primary limitations of this study is its small sample size, which restricts the
generalizability of the findings to broader populations. To address this, future research should
involve larger and more diverse samples to evaluate the reproducibility and external validity of the
present results. Nevertheless, the current study employed a tightly controlled laboratory-based
exercise protocol and implemented a 10-day consecutive intervention while minimizing the influence
of extraneous variables. Although certain methodological challenges remain—such as the need for
an adequate familiarization period prior to baseline assessments—the data obtained represents a
valuable contribution to the field and provides preliminary insights that may inform future
investigations.

5. Conclusions

This study investigated changes in CAR during a 10-day period of consecutive high-intensity
cycling exercise and demonstrated the potential utility of CAR as a non-invasive biomarker for short-
term exercise-induced physiological adaptations. The initial elevations in physiological responses
and CAR likely reflect early activation of HPA axis in response to the imposed exercise, while the
subsequent reductions may indicate the progression of physiological adaptation. Future research
should aim to further clarify the physiological significance and generalizability of CAR as a
biomarker by incorporating a broader range of physiological indicators and larger, more diverse
samples.
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