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Abstract: Performing high-intensity exercise (HIE) in the morning under sleep deprivation may
harm the health benefits related to sufficient sleep and HIE. Therefore, the aim of this study was to
explore the effects of acute-partial sleep deprivation on HIE performance and cardiac autonomic
activity by monitoring heart rate variability (HRV) indices. Twenty-nine healthy male adolescents
in college were recruited to perform a one-time HIE session on the treadmill (Bruce protocol) after
>7 h of normal control sleep (control) and after <4 h of acute-partial sleep deprivation (SD). At the
beginning of control and SD periods and after exercising under the two sleep conditions, heart rate
(HR), standard deviation of normal to normal (SDNN), square root of the mean squared differences
of successive NN intervals (RMSSD), normalized low frequency power (LFn), normalized high
frequency power (HFn), number of pairs adjacent NN intervals differing by >50 ms in the entire
recording count divided by the total number of all NN intervals (pNN50), and short axis and long
axis value in Poincaré plot (SD1 and SD2) were measured at rest in an upright sitting position. The
participants slept 7.63 £ 0.52 and 3.78 =+ 0.69 h during control and SD periods, respectively (p < 0.001).
Compared with the control participants, those suffering sleep deprivation experienced a significant
decrease in exercise duration, RMSSD, HFn, SD1, and pNNb50 as well as a significant increase in
maximum heart rate during exercise (p < 0.05). SDNN, RMSSD, HFn, SD1, and pNN50 decreased
significantly after exercise (p < 0.05 and 0.01 and 0.001, respectively). In summary, acute-partial sleep
deprivation affected aerobic exercise performance the next morning and led to decreased cardiac
vagus activity and cardiac autonomic dysfunction.

Keywords: vagus; athletic capacity; cardiac autonomic activity; fatigue after exercise

1. Introduction

In the past 20 years, the popularization of computers, networks, mobile phones, and
electronic games has exerted a serious impact on adolescent lifestyle; delaying bed time
has become a common habit among Chinese college and middle school students [1]. The
American Sleep Foundation recommends that young individuals sleep for >7 h each
night. While asleep time of <6 h is considered as mild sleep deprivation, that of <4 h is
considered as severe sleep deprivation [2]. A lack of sleep may lead to a decline in many
functions of physiological systems of the human body, including the nervous system [3],
immune system [4], endocrine system [5], and cardiovascular system [6]. More importantly,
much evidence has shown that lack of sleep may harm the cardiovascular system and
neurocognitive functions [7,8]. Based on recent epidemiological studies, short-term sleep
deprivation is associated with an increased risk of hypertension [9]. For Chinese students,
studying is the main task of their life, so this sleep loss is of concern for adolescents because
of presumed detriments to their study and life.
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The autonomic nervous system regulates physical variations during wakefulness and
sleep in response to bodily stress, anxiety, or environmental changes by keeping the balance
between sympathetic nervous system and parasympathetic nervous system activity [10,11].
It is known that lack of sleep affects cardiac autonomic function, but there is discrepancy in
cardiac autonomic activity variation after sleep deprivation. Some studies have reported
that sleep loss decreases cardiac vagus activity [12]. Consistent with this, total sleep
deprivation caused an increase in heart rate (HR) and cardiac sympathetic activity in some
research [13]. However, some studies have shown that there is no difference in HR and
heart rate variability (HRV) following sleep deprivation [14]. Therefore, it seems that we
will obtain different results depending on sleep deprivation protocols.

Increasing evidence upholds high-intensity exercise (HIE) for accomplishing vari-
ous health benefits, as well as preventing cardiovascular disease and improving muscle
strength [15,16]. The World Health Organization (WHO) recommends 75 to 150 min of HIE
per week for healthy young people [17]. The popularity of HIE is mainly based on the fact
that compared to low and moderate intensities, it can be performed in 10 to 30 min per
session to achieve a great workout [18]. Since lack of time is the most common excuse for
people not exercising [19], high-intensity exercise may be a time-efficient way to promote
health and good body composition [20]. Some adolescents have to choose to exercise in the
morning before their busy school and social life under sleep deprivation. Those people
who may choose to exercise early in the morning after an overnight fast are more likely to
improve fuel efficiency and utilization during exercise, and stimulate the accumulated fat
burning effect in the body with increased fat usage [21-23]. Some reports have shown that
exercise after an overnight fast in healthy men heightens alteration to training-induced
muscle metabolic function [24]. Moreover, when VO, max exceeds 65%, fat oxidation in
healthy men will increase during exercise after overnight fasting [25].

However, there is no doubt that performing HIE the following morning under an acute-
partial sleep deprivation state significantly affects exercise performance due to a decrease
in aerobic or anaerobic capacity, muscle strength, and impairment in related metabolic
pathways [26]. The influence of acute-partial sleep loss prior to exercise performance
programs has been partially investigated and there has been some discrepancy in anaerobic
performance. Compared with the next morning’s exercise performance, some researchers
have pointed out a more obvious negative impact after partial sleep deprivation in the
afternoon [27,28]. Consistent with this, different studies seem to confirm that acute sleep
deprivation appears to have little effect on somatic function the next morning but can have
a very significant negative effect in the afternoon [27,29,30]. In addition, other researchers
have indicated that there is no difference in Wingate capability after 4 h of partial sleep
deprivation [27,31]. However, in an experiment consisting in one night of sleep loss, partial
sleep deprivation at the end of the night had a detrimental impact on anaerobic performance
compared to the deprived situation at the start of the night [32]. A few researchers have
concentrated on acute-partial sleep deprivation on aerobic performance, also producing
controversial discoveries: one found evidence that sleep time was negatively correlated
with the maximum heart rate (HRmax) in a maximal incremental cycle ergometer test [33].
Furthermore, another found Taekwondo athletes who slept 3 h had no change in their
intermittent aerobic performance the next morning [34]. Likewise, another found no
difference in the next day’s exercise performance on a cycle ergometer between subjects
with about 8 h of normal sleep and those with about 3 h of deprived sleep [30]. As
shown in the aforementioned studies, the disagreement may be ascribed to differences in
exercise intensities and protocols and the timing of exercise, nonuniformity of the analyzed
variables, and to combinations of sleep deprivation projects in the form of time-lapse onset
and periodic arousing [35].

HRYV, which refers to a slight difference in interval between successive heartbeats
(RR interval), is the result of the cardiac autonomic regulation of the sinus node and
can reflect the function of the cardiac sympathetic and cardiac vagus nervous systems
indirectly [36]. Generally, increased HRV indicates cardiac sympathetic withdrawal and
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cardiac vagus activation [37,38]. As a non-invasive marker, HRV monitoring is widely
used for monitoring cardiac function, cardiovascular disease detection, and exercise load
assessment [14,15]. HRV is lower at night during sleep compared to daytime, so researchers
often use HRV indices to evaluate sleep quality [39,40]. It is well known that long-term and
regular exercising can improve cardiac autonomic regulation ability [41]. Besides, HRV
usually changes with an increase in exercise intensity, as the cardiac sympathetic system
gradually dominates the cardiac vagus system, and the balance of the cardiac autonomic
system changes significantly [42].

Acute-partial sleep deprivation among adolescents has become normal in Chinese
society and has been less investigated than acute-total and chronic sleep deprivation.
The influence of sleep and exercise may change cardiac autonomic activity, which may
suggest some discrepancies based on the previous studies. Therefore, the main objective
of the present study was to explore the effects of acute-partial sleep deprivation on HIE
performance and cardiac autonomic activity in healthy adolescents. To this end, we
performed a randomized and crossover study that compared >7 h of normal control sleep
(control) with <4 h of acute-partial sleep deprivation (SD). We hypothesized that the HIE
performance the next morning of healthy adolescents would be impaired after <4 h of
acute partial-deprived sleep compared to >7 h of control sleep, and that the HRV before
and after HIE would be decreased in the SD group compared to the control.

2. Materials and Methods
2.1. Screening of Participants

Thirty-four male college students aged 18 to 22 at Shaanxi Normal University partici-
pated in this study. All subjects were physically and mentally well as evaluated by question-
naires and had no history of cardiovascular diseases such as hypertension and sinus arrhyth-
mia, assessed at the XueFu Hospital of Shaanxi Normal University by doctors. Subjects had
healthy skeletal muscle and cardiopulmonary function with a VO, max > 50 mL/kg/min
using the power cycle test. They reported no cigarette use for at least five years and regular
work and rest arrangements. The Pittsburgh Sleep Quality Index (PSQI) is an accepted
measure to investigate sleep quality and all subjects” habitual sleep quality was regarded
as “good” as shown by the PSQI of <5 and by wearing a sleep device to monitor habitual
sleep duration for two weeks [43], which would ensure that they had no sleep barriers and
had not deliberately stayed awake recently. Finally, we made sure that they were free of
traces of drugs and alcohol abuse by urine testing. All subjects volunteered to participate
in this study and signed an informed consent. The experimental protocol was approved by
the research ethics committee of the Shaanxi Normal University institution.

2.2. Preliminary Testing

Body composition was estimated by body function monitor (Inbody, Shanghai, China)
prior to performing predefined experimental protocols. After that, all participants were
required to perform a VO, max test in order to guarantee their aerobic capacity. After
a short warm-up, participants began an incremental test on a cycle ergometer (Velotron;
RacerMate Inc., Seattle, WA, USA) at 30 watts, increasing 30 watts every 2 min until
voluntary completion. VO, max was assessed continually with a gas analysis system
(ParvoMedics, Sandy, UT, USA) during the entire test. We obtained results that the VO,
max of each participant was more than 50 mL/kg/min.

2.3. Experimental Conditions
2.3.1. Sleep Deprivation Protocol

Subjects were prohibited coffee and alcohol use and physical activities at intensity
of 60-75% of HRmax for one week prior to sleep testing [44]. Apart from that, they were
instructed to maintain their habitual daily routine and diet and not to participate in this
study if any physical or mental factors such as a cold, gastrointestinal discomfort, or anxiety
arose during the study period. Importantly, we monitored the sleep efficiency and duration
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of subjects for one week before sleep deprivation protocols by the ActiGraph GT3-X+
(ActiGraph LLC, Pensacola, FL, USA) worn on their left wrist in order to confirm that they
accorded with sleep conditions designated to them.

According to the American Sleep Foundation guidelines on the amount of night-time
sleep needed in young individuals aged 18-25 [2], all subjects were separated into groups
of either >7 h of control sleep or <4 h of SD and then were assigned the alternate sleep
condition more than one week later. Subjects were required to set out to sleep between
22:30 and 23:30 h for the control group and then were awakened between 07:00 and
08:00 h. For SD, they were instructed to sleep between 03:00 and 03:30 h and then were
awakened as control [40] and stayed at a laboratory accompanied by an investigator until
sleep preparations. During this period, activities such as chatting and enjoying electronic
products were permitted for them. Upon eating their dinner, we asked them to take no extra
food or drinks that interfere with sleep such as coffee and alcohol. In addition, subjects
finished all sleep tasks at their dormitory in order to avert any possible insomnia and
interruption from occurring during sleeping in a strange environment. Therefore, the study
design permitted sufficient time for commuting and leisure time so that the corresponding
sleep conditions could be met. Participants wore the ActiGraph GT3-X+ to monitor their
respective sleep duration so investigators could check on whether they conformed to the
sleep duration-related inclusion criteria for the control and SD conditions.

2.3.2. High-Intensity Exercise Protocol

The Bruce protocol [43] on the treadmill (h/p/cosmos, Munich, Germany) was used as
the one-time high-intensity exercise protocol (Table 1), which was started at least 12 h after
yesterday’s dinner at about 08:30 h the following morning. The participants wore watches
(Garmin, Olathe, Kansas) to help us monitor and record ambulatory blood pressure and
heart rate during the exercise. The Bruce protocol was started at a speed of 2.7 km/h and a
slope of 10% then increased by 1.3 km/h and 2% every 3 min until exhaustion. Moreover,
we adopted a questionnaire of the rating of perceived exertion (RPE) to record participants’
subjective feelings at the end of each level of exercise. We recorded the Bruce protocol level
and total exercise time at the end of the exercise immediately.

Table 1. Exercise load at all levels of Bruce protocol.

Parameters Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7
Speed (km/h) 2.7 4.0 5.4 6.7 8.0 8.8 9.6
Slope (%) 10 12 14 16 18 20 22
Duration (min) 3 3 3 3 3 3 3

Presence of any three of the following four conditions was a criterion for the termi-
nation of exhaustive exercise [45,46]. (1) Behavior: difficulty in breathing with profuse
sweating; (2) blood pressure changes: systolic blood pressure of >150 mm Hg and diastolic
blood pressure of >75 mm Hg; (3) heart rate: a maximum heart rate of >180 bpm; (4) RPE
level: reaching an RPE level of 18.

2.4. HRV Collection and Analysis

HRV was recorded by the ActiGraph GT3-X+ before and after HIE following the
morning in an upright sitting position under a noise-free environment. HRV analysis
included time domain, frequency domain, and nonlinear analysis. Time domain analysis
was used to evaluate the activity of the cardiac sympathetic system and the vagus activity by
recording RR interval during a set time and analyzing the standard deviation of successive
heart beat (SDNN), root mean square of successive differences in RR intervals (RMSSD),
and number of pairs of adjacent NN intervals differing by >50 ms in the entire recording
count divided by the total number of all NN intervals (pNN50). In the frequency domain,
the ECG signal of the tested individual was processed by fast Fourier transform to obtain
high frequency power (HF; 0.15-0.4 Hz) and low frequency power (LF; 0.04-0.15 Hz). HF is
basically a reflection of cardiac vagal activity, while both LF and LF/HF ratio provide total



Sustainability 2021, 13, 8769

50f12

evaluation of sympathovagal balance [47]. LF and HF are presented in normalized units
(LFn and HFn) and LF/HF were not embodied owing to algebraic redundancy [48]. The
nonlinear analysis was based on dynamical and chaos cardiac theory; researchers usually
choose a technique called Poincaré plot to reflect the overall irregular heartbeat and further
reflect the function of the cardiac autonomic function [49].

We collected HRV for 5 min before and 5-10 min after HIE. After the completion of
the test, the data on HR and RR intervals were output and RR intervals were input into
the ActiLife software (version 6.11.4, ActiGraph LLC, Pensacola, FL, USA) for analysis.
At the end, sleep duration, time domain indices including SDNN, RMSSD and pNN50,
frequency domain indices including LFn and HFn, SD1 (short axis value in Poincaré plot),
and SD2 (long axis value in Poincaré plot) associated with Poincaré plot were extracted.
In addition, the power spectrum density (PSD) of each frequency band and Poincaré plot
of distribution of RR intervals were also output, which would more intuitively reflect the
change of HRV.

2.5. Statistical Analysis

All data were expressed as mean =+ standard deviation using a Kolmogorov—-Smirnov
test to ascertain the normality of the data. Blood pressure and HRmax during exercise
and exercise duration were investigated using pairwise contrast to determine a significant
difference. We compared SDNN, RMSSD, pNN50, HFn, LFn, SD1, and SD2 difference
under the two sleep conditions and after HIE using a 2 (control sleep, sleep deprivation)
x 2 (before exercise, after exercise) analysis of variance (two-way ANOVA with repeated
measures). When two-way rmANOVA showed a significant interaction (p < 0.05) or a main
effect of one of the factors (p < 0.05), pairwise contrast was performed using the Bonferroni
correction. The significance threshold was set at the 0.05 level.

Since this study had different dependent variables, a sample size of at least 15 partici-
pants was required [50], so a separate power analysis needed to be conducted to examine
whether such a sample capacity was enough to test the hypothesis of this study. Further-
more, F-test, and ANOVA repeated measures were performed using Mac with G Power
(version 3.1.94), within the interaction with the alpha level at 0.05, power at 0.80, one group,
lower bound of sphericity at 1, and effect size at 0.4, for a total sample size of 12. Therefore,
a sample of 15 participants was reckoned appropriate to deduce statistical significance and
conclude the results for the object of this research.

3. Results
3.1. Pre-Experimental Data

A total of 34 adolescents conformed to the inclusion criteria, but only 29 completed
all preliminary protocols as required before the experiment. Three were excluded from
this study because of violating regular sleep habits, and two for other reasons. The basic
information of all proper subjects is presented in Table 2. Subjects were in good physical
condition and able to complete HIE and sleep condition protocols.

Table 2. Basic information of subjects (n = 29).

Body Condition Results
Age (years) 20.74 + 3.68
Gender Male
Height (cm) 178.50 £+ 5.03
BMI (kg/m?) 21.88 £+ 2.02
Weight (kg) 70.05 £ 7.14
Basal metabolism/d (kcal) 1759.00 £ 160.02
Resting heart rate (bpm) 65.73 £+ 10.43
Resting SBP (mmHg) 119.60 + 14.74
Resting DBP (mmHg) 65.15 £ 10.00
VO, max (mL/kg/min) 52.79 + 18.49

Note: All data were presented as mean =+ standard deviation. BMI: body mass index; SBP: systolic blood pressure;
DBP: diastolic blood pressure.
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3.2. Effects of Acute-Partial Sleep Deprivation on HIE Performance

In this study, sleep duration of <4 h was used as the main condition to determine the
successful establishment of the acute-partial sleep deprivation protocol. We found that the
sleep duration of all subjects in the SD group was <4 h for 3.78 £ 0.69 h, while sleep in
the control group was >7 h for 7.63 £ 0.52 h (Table 3). There was significant difference
between the two sleep conditions (p < 0.001), indicating that the sleep deprivation protocol
in this study we designed was successfully established in line with the American Sleep
Foundation’s recommendation. In both SD and control groups, all subjects experienced
dyspnea at the end of exercise. Their hearts rate reached >180 bpm and RPE levels
reached level 18; average systolic blood pressure and diastolic blood pressure at the end
of exercise exceeded 150 mm Hg and 75 mm Hg, respectively (shown in Table 3). The
above results confirmed that the subjects met the conditions for exercise termination, thus
fulfilling the purpose of HIE in this study. In addition, compared with the control group,
the exercise duration of subjects with SD decreased significantly and the HRmax during
exercise increased significantly (p < 0.05), indicating that acute-partial sleep deprivation
could significantly harm subjects” HIE performance the following morning. Based on the
results, sleep loss mainly influenced cardiovascular system function and thus caused poor
HIE performance.

Table 3. Evaluation results for HIE protocol (n = 29).

Condition of Exercise Termination

Exercise Duration

it Sleep Duration
Condition P (hl; ! Difficulty SBP (Number of DBP (Number of HRmax (Number of RPE > 18 (min)
Breathing >150 mmHg) >75 mmHg) >180 bpm)
Control 7.63 £ 0.52 all 155.47 4+ 17.56 (21) 75.95 + 13.71 (24) 180.25 4 5.36 (all) all 1715+ 1.15
SD 3.78 + 0.69 *** all 157.78 4 24.54 (25) 86.28 + 24.62 (26) 188.78 £ 6.12 (all) * all 16.55 + 1.07 *

Note: Values are mean + standard deviation. SBP: systolic blood pressure; DBP: diastolic blood pressure; HIE: high-intensity exercise; RPE:
questionnaire of the rating of perceived exertion; control: >7 h of normal control sleep; SD: <4 h of acute-partial sleep deprivation; all: all
participants match condition; vs. control, *: p < 0.05, ***: p < 0.001.

3.3. Results for HRV Indices
3.3.1. Two-Way rmANOVA for Main Effect

All HRV indices were tested to obey normal distribution and we conducted a two-way
rmANOVA for these indices. The main effect results for sleep condition are as follows: the
main effect of SDNN was significant (F(q, 57y = 4.398, p = 0.041, 1% = 0.073); the main effect
of RMSSD was significant (F(;, 57 = 9.065, p = 0.004, 7% = 0.139); the main effect of pNN50
was significant (Fq, 57) = 4.455, p = 0.045, 1% = 0.157); the main effect of HFn was significant
(Fa,s7)=9.127, p = 0.004, 1% = 0.140); the main effect of SD1 was significant (F(1, 57) = 5.081,
p = 0.028, 72 = 0.083). There was no statistically significant main effect in LFn and SD2.

3.3.2. Effects of Acute-Partial Sleep Deprivation on HRV

The effects of acute-partial sleep deprivation on SDNN, RMSSD, pNNb50 are shown in
Table 4. Pairwise comparisons revealed that RMSSD and pNN50 were significantly lower
in the SD group than in the control group (p < 0.05). However, there was no significant
difference in SDNN between the two conditions. Compared with the control, acute-partial
sleep deprivation resulted in a significant decrease in SD1 and HFn (p < 0.05), which
is shown in Figures 1 and 2. The above results indicate that insufficient sleep duration
mainly caused decreased cardiac vagus activity, but appeared to have little effect on cardiac
sympathetic activity.
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Table 4. Comparison results of HRV time-domain indices before and after HIE (n = 29).

Pre- Post-
Index
Control SD Control SD
SDNN (ms) 39.82 + 12.40 36.43 + 6.71 1342 +£7.29 9.76 +4.13*
RMSSD (ms) 47.28 +11.93 38.49 +13.93 * 9.86 + 5.34 7.44 + 3.65 **
PNNG50 (%) 24.61 4+ 6.20 21.78 & 5.85 * 2.68 £1.71 0.25 £ 0.23 ***

Note: SDNN: the standard deviation of successive heart beat; RMSSD: root mean square of successive differences
in RR intervals; pNN50: number of pairs adjacent NN intervals differing by >50 ms in the entire recording count
divided by the total number of all NN intervals. SDNN, RMSSD and pNN50 were extracted for 5 min before
and 5-10 min after HIE under control sleep and acute-partial sleep deprivation conditions. Values are mean +
standard deviation vs. control, *: p < 0.05, **: p < 0.01, **: p < 0.001.

Control SD LFn HFn
B VLF LF HF 100 - 100
0.026
0 80
- «
= 60 60
Pre 40 40
()
2
o 20 20
0 0 0
0 01 02 03 04 05 0 01 02 03 04 05 Control  SD Control  SD
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g 80
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[ 40
Post By L 40
20 okl
ol . r20
o o1 02 03 04 05 0 01 02 03 04 05 Control  SD Lo
Frequency(Hz) Control ~ SD

Figure 1. Detection result of frequency-domain indices before and after HIE. (A): Power spectrum density; VLF (0.0033~0.04 Hz),
LF (0.04~0.15 Hz), HF (0.15~0.4 Hz); (B): low frequency normalized units (LFn) value; (C): high frequency normalized units
(HFn) value; control: >7 h of normal control sleep; SD: <4 h of acute-partial sleep deprivation; vs. control, *: p < 0.05, **: p < 0.01.
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Figure 2. Detection result of nonlinear analysis before and after HIE. (A): Poincaré plot; (B): SD1 value (C): SD2 value;
vs. control, *: p < 0.05, **: p < 0.01.
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3.3.3. Effects of Interaction of Acute-Partial Sleep Deprivation and HIE on HRV

The effects of interaction of acute-partial sleep deprivation and HIE on SDNN, RMSSD,
PNNS50 are shown in Table 4. After sleep, subjects from both groups performed the HIE
protocol the following morning. SDNN, RMSSD, and pNN50 were significantly lower
in the SD group compared with the control (p < 0.05 and 0.01 and 0.001, respectively).
In addition, SD1, and HFn were significantly lower in the SD group compared with the
control, which is shown in Figures 1 and 2 (p < 0.01). The above results indicate that
effects of interaction of acute-partial sleep deprivation and HIE on HRV were more obvious
than in an acute-partial sleep deprivation state only. Therefore, performing high intensity
exercise in a sleep deprived condition would further harm the cardiac autonomic system
owing to cardiac sympathetic activation during the exercise.

4. Discussion

This study established an acute-partial sleep deprivation model according to the
recommendations of the American Sleep Foundation to determine the effects of short,
insufficient sleep on high-intensity exercise performance and cardiac autonomic activity
compared with a full night of rest. The basic finding was that next-morning HIE perfor-
mance after acute-partial sleep deprivation was very likely impaired in terms of blood
pressure and HRmax during the HIE, as well as final exercise duration. Futhermore, there
was significant difference in HRmax and exercise duration. In addition, acute-partial
sleep deprivation and in the case of HIE both result in varying degrees of HRV decrease.
The above findings are consistent with our hypothesis. Anyhow, due to the restorative
capabilities of sleep after a tired day, we have no difficulty in concluding that adequate
sleep duration could promote good exercise performance the next morning.

However, it is hard to rate the results we have obtained against the background of the
sleep and exercise performance because of disagreements on sample sizes, discrepancy
in athletic ability, sleep deprivation protocols, the exercise time the next day that was
completed, and finally the performance evaluation means [30,51]. The results of this study
confirm the present vagueness of studies that analyze acute-partial sleep and aerobic
performance by utilizing a high intensity exercise protocol [52].

Cycling performance was harmed the next morning (08:00 h) when tested under acute
sleep deprivation conditions (<2.5 h) compared with normal sleep conditions (>7 h) [37];
in the same study, there was a 4% decrease in 3 km cycling duration after restricting
sleep. Cullen et al. also reported that 15 min exhaustion cycling duration was significantly
lower the morning (07:00 to 09:00 h) following 4 h of sleep [53]. Likewise, in a more than
50 min cycling experiment, insufficient sleep duration (<4.5 h) could still impair endurance
performance the next morning compared with the control sleep group (>7 h) [54]. Our
findings are consistent with the above results mainly due to a similar exercise protocol for
high-intensity and long endurance exercise. Nevertheless, there are also some studies that
have indicated that although acute-partial sleep deprivation has a detrimental effect on
exercise performance the following morning, it does not suggest any difference in physical
indices such as VO,, VE, and RER and these variables may not change even after 64 h of
sleep deprivation [52,55]. Other studies have suggested that morning exercise performance
is unaffected by sleep conditions the previous night. There was no difference in the
intermittent aerobic performance test scores for Taekwondo players the next morning after
acute-partial sleep deprivation (<3 h) compared with the control sleep group (>7.5 h) [56].
High-intensity interval exercise performance was not impaired by partial sleep deprivation
(3-3.5 h) compared to those with enough sleep (9-9.5 h) [57]. In summary, influenced by
the exercise protocols, it is possible that shorter exercise duration and lower intensity under
controlled conditions was perceived as more easeful, arousing less fatigue and permitting
subjects to perform the same protocol if in the SD group.

Regular robust sleep is accompanied by variations in the cardiac autonomic system.
Some studies have shown that sleep deprivation could affect cardiac autonomic activity,
leading in particular to a decrease in cardiac vagus activity as well as the dysfunction
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of cardiac autonomic function [12]. Meier-Ewert et al. [58] discovered that resting HR
could increase after acute sleep deprivation for 10 nights, but after a night of acute sleep
deprivation, blood pressure and HR were not influenced [59]. In addition, LFn was
increased significantly after 12 and 24 but not 36 h of sleep deprivation [13]. Based
on the previous studies, many studies have focused on the effects of acute-total sleep
deprivation for at least 1 night on HR, blood pressure and HRV, but there is a lack of studies
investigating acute-partial sleep deprivation affecting HRV. In this study, we monitored
5 min HRV before exercise to evaluate the change in cardiac autonomic activity under
<4 h of acute-partial sleep deprivation conditions. RMSSD, pNN50, HFn, and SD1 were
significantly lower compared to those with healthy sleep, which may indicate decreased
cardiac vagus activity and a shift toward cardiac sympathetic modulation after acute-partial
sleep deprivation.

The HRV change affected by exercise depends on its intensity and duration. Relevant
studies have shown that there was no significant difference in HRV 10 min after low-
intensity exercise compared to pre-exercise, which indicates that lower exercise load is
not enough to stimulate the autonomic nervous system. However, HRV significantly
decreased significantly after high-intensity exercise and does not return to baseline even 6 h
after exercise [42], indicating that overload exercise may cause autonomic nervous system
fatigue. The Bruce protocol used in this study involves a long-term HIE model, and the
subjects under control and SD conditions eventually terminated the exercise session owing
to exhaustion [60]. We collected 5 min HRV after HIE and SDNN, RMSSD, pNN50, HFn,
and SD1 were lower compared to the control, and there was a more statistically significant
difference after exercise than in participants under the two sleep conditions only, which
indicated that HIE further impaired cardiac autonomic function based on the accumulated
fatigue due to sleep deprivation. Therefore, it is possible that lower HRV after HIE observed
in the current study were not a separate result of HIE, but rather a combination of fatigue
caused by acute-partial sleep deprivation and fatigue that HIE caused.

Restrictions can be applied owing to the experiment protocol and investigated sample
pattern, highlighting the demand for comprehensive studies implemented in the sleep
deprivation survey domain with other groups such as females and individuals with normal
athletic ability, as well as research that participates in similar or different exercise protocols
and modes such as moderate intensity and interval exercise. In addition, with respect to
the cardiac autonomic activity assessment means, only monitoring a 5 min HRV does not
fully reflect cardiac autonomic activity: in order to perform it more comprehensively and
accurately, 24 h HRV collection and other variables such as blood pressure and respiratory
rate could be involved in future research. Finally, to extend the future study based on
the topic of sleep deprivation, the following covariates should be considered to reduce
differences in results, such as health condition, sleep habits, and subjective feelings as to
sleep quality [61,62]. In addition, more evidence from research with different perspec-
tives is needed to confirm acute-partial sleep deprivation effects on single high-intensity
exercise sessions.

5. Conclusions

Our findings suggest that acute-partial sleep deprivation (<4 h) impairs high-intensity
exercise performance the following morning and causes decreased cardiac vagus activity
and cardiac autonomic dysfunction. The results of this study tell us that in order to maintain
health, great aerobic capacity, and normal cardiac autonomic function, it is important to
avoid sleep deprivation behavior and performing high-intensity exercise the next morning
under sleep deprivation conditions.
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