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Abstract

Hydrogen-rich water (HRW) supplementation has been proposed
to exert anti-fatigue effects during exercise; however, its impact
on exercise performance and autonomic nervous system (ANS)
function during repeated sprinting remains unclear. The aim of
this study was to examine the effects of acute pre-exercise HRW
ingestion on repeated sprint performance, ANS regulation, and
blood lactate concentration. This randomized, single-blind, pla-
cebo-controlled crossover study included 13 male university ath-
letes (23.9 + 2.0 years). Each participant completed two sessions
of 7x6-second all-out cycling sprints interspersed with 30-second
recovery intervals, with a one-week washout period between ses-
sions. Critical flicker fusion frequency, heart rate, heart rate vari-
ability (HRV), and blood lactate were assessed at baseline, during
exercise, and at 0 - 5 min and 10 min post-exercise. Compared to
the placebo trial, the HRW trial demonstrated significantly higher
average power output (d = 0.61) and significantly lower total
work decrement and fatigue index (d = 0.62; d = 0.64). Post-ex-
ercise HRV recovery was significantly accelerated in the HRW
trial, including RMSSD (d = 0.62), LF/HF ratio (d = 0.82),
SampEn (d =0.79), and DFAal (d =0.79). Blood lactate at 3 min
post-exercise was approximately 1 mmol/L lower in the HRW
trial (d = 0.64). These findings suggest that acute HRW ingestion
attenuates the decline in power output, accelerates ANS recovery,
and enhances lactate clearance following repeated sprint exercise.

Key words: Hydrogen-rich-water, repeated sprint ability, heart
rate variability, critical flicker fusion frequency, lactate.

Introduction

Repeated Sprint Ability (RSA) is a pivotal athletic trait, de-
noting the capability for multiple high-intensity sprints
with brief recovery intervals (< 60s) (Girard et al., 2011).
This attribute is critical in sports like soccer, basketball,
and rugby, where athletes frequently engage in short bursts
of anaerobic activity. RSA's essence lies in its comprehen-
sive demands on speed, endurance, and recovery, involv-
ing muscle strength, energy metabolism, neuromuscular
coordination, and cardiovascular function (Milioni et al.,
2017). In numerous competitive sports, the outcome often
hinges on an athlete's performance under conditions of fa-
tigue. RSA therefore serves as both a performance bench-
mark and a training target for developing athletes' anaero-
bic and aerobic capacities (Shi et al., 2018).

Repeated high-intensity sprints present a significant
challenge, contributing to both peripheral and central fa-
tigue. Peripheral fatigue occurs at the muscular level, with

rapid energy depletion and the accumulation of metabolic
by-products, leading to reduced muscle strength. Central
fatigue involves the nervous system, affecting neural-mus-
cular activation efficiency and overall athletic performance
(Tornero-Aguilera et al., 2022). Strategies for mitigating
exercise-induced fatigue encompass an array of interven-
tions within the domains of exercise physiology and sports
science. These include mild aerobic activities, cryotherapy,
massage therapies, and psychological training methodolo-
gies. Additionally, nutritional supplementation, especially
natural active substances, is equally crucial for repairing
bodily damage and alleviating exercise-induced fatigue
(VanDusseldorp et al., 2023). In recent years, hydrogen in-
take, as an emerging natural intervention, has shown po-
tential value in alleviating exercise-induced fatigue. Serv-
ing as an antioxidant, hydrogen can reduce oxidative stress,
aiding in the alleviation of cell damage and inflammatory
responses (Ohsawa et al., 2007). Preliminary studies sug-
gest that hydrogen intake may positively impact athletes'
performance and recovery, mitigating both peripheral and
central fatigue.

In extant randomized controlled trials, participants
encompassed professional athletes such as soccer players
(Aokietal., 2012), judo athletes (Drid et al., 2016), cyclists
(Da Ponte et al., 2018), among others, as well as general
populations (Mikami et al., 2019). The intervention period
of hydrogen-rich water intake ranged from acute ingestion
on the day of exercise testing (Drid et al., 2016) to inges-
tion over one week (Hall et al., 2021), and even two weeks
(Ostojic and Stojanovic, 2014). The concentration of hy-
drogen-rich water intake mostly centered around 1000 ppb
(Mikami et al., 2019) to 2000 ppb (Aoki et al., 2012). Ex-
ercise testing protocols included endurance running tests
(Ostojic and Stojanovic, 2014), intermittent exercise tests
(Da Ponte et al., 2018), incremental load exercise tests (Mi-
kami et al., 2019), among others. Researchers suggest that
hydrogen-rich water may alleviate fatigue, enhance athletic
performance, and facilitate injury repair (Yoshimura et al.,
2023), while some argue otherwise, contending that hydro-
gen-rich water lacks stimulant-like effects, and its influ-
ence seems contingent upon individual differences in capa-
bilities and states (Aoki et al., 2012; Botek et al., 2020; Hall
et al., 2021; Ooi et al., 2020). A recent systematic review
concluded (Zhou et al., 2023) that hydrogen supplementa-
tion can alleviate fatigue but does not enhance aerobic ca-
pacity in healthy adults. Additionally, subgroup analyses
indicate that H2 supplementation may be more effective in
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mitigating fatigue induced by intermittent exercise.

Autonomic nervous system (ANS) activity is recog-
nized as a sensitive indicator of perturbations in bodily ho-
meostasis induced by exercise, with heart rate variability
(HRYV) being a well-accepted non-invasive method to as-
sess ANS activity, particularly vagal modulation (Aubert
et al., 2003). Researchers have found that repeated sprint
exercise can reduce HRV in young men (Nie et al., 2022).
Monitoring exercise training status via HRV has been
widely employed in both endurance and high-intensity in-
termittent exercises (Abreu et al., 2019; Bellenger et al.,
2016). Current research indicates that both acute hydrogen-
rich water ingestion (Botek et al., 2021) and long-term (4
weeks) ingestion (Watanabe et al., 2017) have positive ef-
fects on autonomic nervous system regulation, increasing
vagal activity during seated rest. The critical flicker fusion
frequency (CFF) is widely used as a simple, non-invasive
proxy of central nervous system (CNS) arousal and visual
processing capacity, and-by extension-an indirect marker
of central fatigue induced or modulated by physical effort
(Clemente-Suarez and Diaz-Manzano, 2019).

Current research on hydrogen-rich water ingestion
for reducing blood lactate and alleviating high-intensity ex-
ercise fatigue remains contentious. Three critical gaps exist
in the literature: (1) existing studies have predominantly
focused on aerobic endurance activities, with very limited
investigation into high-intensity intermittent exercise, par-
ticularly repeated sprinting; (2) the effects of HRW on au-
tonomic nervous system (ANS) function during and after
repeated sprinting have not been directly examined; and (3)
evidence on ANS recovery, as measured by HRV, follow-
ing acute HRW ingestion in the context of RSA testing is
lacking. Given these gaps, this study aimed to investigate
the effects of acute pre-exercise HRW ingestion on re-
peated sprint performance, ANS regulation (assessed via
HRYV and critical flicker fusion frequency), blood lactate
metabolism, and perceived exertion in male university ath-
letes. We hypothesized that acute HRW ingestion prior to
RSA testing would improve power output, accelerate post-
exercise ANS recovery, and reduce blood lactate accumu-
lation compared to placebo.

Methods

Subjects

This study employed a randomized, single-blind (partici-
pant-blinded), placebo-controlled crossover design. A fully
double-blind design was not implemented because the
same research team prepared and electrolyzed the bever-
ages and was therefore aware of the allocation; partici-
pants, however, were blinded to beverage assignment. To
limit bias, outcome recording and data extraction were per-
formed using anonymized participant identifiers. Sample
size was estimated a priori using G*Power 3.1 based on a
large effect size (d = 0.80), a = 0.05, and power = 0.80 for
a one-tailed paired t-test (consistent with the directional hy-
pothesis that HRW would outperform placebo), yielding a
minimum of 12 participants; 13 were enrolled to account
for potential dropout. Participants were blinded to bever-
age assignment through identical-appearing containers and
similar taste profiles. Thirteen healthy male university

athletes (23.85 = 1.95 years, 72.8 + 8.2 kg; comprising
seven rugby players, two track and field athletes, two soc-
cer players, and two basketball players (Table 1) were en-
rolled and categorized under Tier 2 of the McKay et al.
(2022).

Participant classification framework

All participants had no history of cardiopulmonary dis-
eases or sports injuries and volunteered willingly. The
study was approved by the Research Ethics Committee
(SCNU-SPT-2023-107). Prior to the experiment, partici-
pants were briefed on the purpose, procedures, and poten-
tial risks, and were familiarized with the testing protocols.

Table 1. Basic information of subjects (n = 13).

Index M +£SD
Age (year) 23.9+£2.0
Weight (kg) 72.8 +£8.2
Skeletal muscle content (kg) 348<£5
Body fat percentage (%) 15.5+4.5
Body mass index (kg-m?) 23.6+2.1
Basal metabolic rate (kcal) 1753 +£209

Hydrogen-rich water

Hydrogen-rich water was produced by dissolving hydro-
gen gas - generated via water electrolysis - into distilled
water(Ursua et al., 2012). A hydrogen-rich water generator
(Model H8; Guangzhou Yuanshui Environmental Protec-
tion Technology Co., Ltd.; quality certification:
CANEC2205567202) was used. Distilled water was sub-
jected to 5 minutes of electrolysis, and the resulting dis-
solved hydrogen concentration (~1600 ppb) was verified
using a redox titration method with a dissolved hydrogen
measurement reagent (Patent No. CN201810743661.1).
The detailed electrolytic reactions have been described
elsewhere (Ursua et al., 2012).

Experimental overview

Thirteen participants were required to complete two tests
with a one-week washout period between them. Before the
first test, participants were randomly assigned to either the
experimental trial (hydrogen-rich water, hw) or the control
trial (placebo water, pw) based on a random number se-
quence generated using the = RAND() function in Mi-
crosoft Excel. Detailed explanations of the testing proce-
dures and instructions were provided to the participants. In
the second test, participants consumed a beverage different
from the first test; for instance, those initially in the exper-
imental trial consumed the control beverage, and vice
versa. Each test session lasted approximately 35 to 40
minutes and was supervised by at least two operators.

On the testing day, participants first had their
weight measured in the laboratory. Following a 5-minute
seated rest, they wore a Polar V800 heart rate monitor and
H7 heart rate sensor. Subsequently, blood lactate and criti-
cal flicker fusion frequency were sequentially collected,
and continuous monitoring of heart rate variability was in-
itiated. Participants then consumed 280 ml of either a pla-
cebo (distilled water) or hydrogen-rich water (concentra-
tion: 1600 ppb) within 1 minute under operator guidance.
They were instructed to avoid movement during consump-
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tion and remained seated for 5 minutes after ingestion.

Afterward, participants engaged in land stretching,
followed by approximately 1 minute of unloaded cycling
warm-up on a Monark ergometer 894E. The repeated sprint
cycling protocol consisted of 7 x 6-second cycling sprints
with a load set at 0.075 kg/kg body weight, separated by
30-second rest intervals. Participants rated their perceived
exertion (RPE) immediately after each sprint, completing
the assessment within 30 seconds, for a total of 7 repeti-
tions.

Upon completion of the exercise, participants en-
gaged in a 1-minute unloaded cooldown on the bike, fol-
lowed by dismounting and seated rest. Critical flicker fu-
sion frequency and heart rate variability were measured
following the cooldown period and 10 minutes after exer-
cise, and blood lactate was measured 3 minutes and 10
minutes after exercise. The experimental protocol is illus-
trated in the flowchart below (Figure 1).

Repeated sprint ability test

The test metrics include peak power output (PP) during ex-
ercise, average power output (AP), total work done (W), as
well as decrement scores and fatigue indices for both total
work and peak power (Wdec, PPdec, FIw, Flpp). The spe-
cific formulas for calculating are as follows:

W1+W2+W3+W4+W5+W6+W7}
7xW1

Wdec(%) = 100 x {1 -

PPdec(%)
=100 x {1 -

PP1 + PP2 + PP3 + PP4 + PP5 + PP6 + PP7}
7 X PP1
Wmax—-Wmin

Flw = 100 x ( )

PPmax—PPmin

Flpp = 100 X (

Wmax

)

PPmax

Central nervous system fatigue test

The test parameter is critical flicker fusion frequency,
measured using the BD-II-118 model (Serial Number:
21013096). Equipment parameters were set as follows

before testing: light intensity (1/2), light-dark ratio (1:1),
background light (0), color selection (white). The test in-
volved recording two values for each trial (ascending trial
starting from 12 Hz, increasing frequency until the subject
indicated the light point changed from flickering to non-
flickering; descending trial starting from 50 Hz, ending
when the subject indicated the light point began to flicker).
The average of the two test results was taken.

Autonomic nervous system state test

Heart rate variability (HRV) was recorded continuously
from resting state to 10 minutes post-exercise using a Polar
V800 heart rate monitor and Polar H7 heart rate sensor.
Data were exported from the Polar Flow website for a 5-
minute duration at specified time points during the day and
analyzed using Kubios HRV Standard software (version
3.5; Kubios Oy, Kuopio, Finland). Ectopic beats and arti-
facts were automatically detected and corrected using the
software's built-in correction algorithm prior to spectral
analysis. Key indicators included time-domain metrics
(SDNN, RMSSD), frequency-domain metrics (HF(ms?),
LF/HF), and nonlinear metrics (SampEn, DFAal).

Lactate metabolism test

The indicator is blood lactate, measured three times: base-
line values in a resting state before exercise, approximately
3 minutes after exercise, and 10 minutes into the post-ex-
ercise rest period. German Lactate Scout 4 analyzer and
blood lactate test strips were used for analysis, ensuring the
first drop of blood was wiped away to prevent contamina-
tion.

Perceived Exertion (RPE) test

RPE was recorded seven times, with an immediate confir-
mation of the level after each sprint. The Borg scale, devel-
oped by Swedish psychologist Borg (1985), ranging from
"extremely easy" to "exhausted," was employed for subjec-
tive fatigue assessment. The scale comprised fifteen levels,
with a minimum score of 6 and a maximum of 20.

Experimental Protocol Timeline
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Figure 1. Experimental protocol timeline. HRV = heart rate variability, HR = heart rate, LAC = blood lactate, CFF = critical flicker fusion
frequency, power = indicators of power during repeated sprinting. RPE = perceived exertion.
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Statistical analysis
The statistical data are presented as mean + standard devi-
ation (M + SD). Data analysis was conducted using SPSS
26.0 software. Shapiro-Wilk and Levene tests were em-
ployed for normality and homogeneity of variance checks,
respectively. Paired-samples t-tests were utilized to com-
pare the mean differences in heart rate variability, critical
flicker fusion frequency, blood lactate levels, and subjec-
tive fatigue perception among participants between pre-ex-
ercise, mid-exercise, post-exercise, and 10 minutes of rest.
For the data obtained from the seven repeated
sprints, a two-way repeated measures analysis of variance
(ANOVA) was performed to assess the main effects (hy-
drogen-rich water and time) and their interaction on power
output and subjective fatigue perception. Because of the
crossover design, both condition (HRW vs. placebo) and
sprint number were treated as within-subject factors using

a fully within-subject error structure. Post-hoc compari-
sons were carried out using the Bonferroni method when a
significant main effect was observed. Effect sizes were
evaluated using Cohen's d and 12, with Cohen's d classified
as small ( > 0.20), medium ( > 0.50), and large ( > 0.80),
and n2 categorized as small ( > 0.01), medium ( > 0.06),
and large ( > 0.14) (Cohen, 1988). All statistical tests were
two-tailed, and the significance level was set at 0.05.

Results

Impact of hydrogen-rich water consumption on re-
peated sprinting performance

The results of paired-samples t-tests (Figure 2) revealed
that during repeated sprinting, the experimental trial (hw)
exhibited a significantly higher average power (AP) com-
pared to the control trial (pw) (p = 0.049, d = 0.61). No
significant differences between trials were observed in av-
erage peak power and total work (p =0.276,d=0.32; p =
0.099, d = 0.5). In terms of power decrement scores and
fatigue indices, the experimental trial (hw) showed signif-
icantly lower total work decrement (Wdec) and fatigue in-
dex (FIw) compared to the control trial (pw) (p = 0.045, d
=0.62; p =0.041, d = 0.64). However, no significant dif-
ferences were observed in peak power decrement (PPdec)

and fatigue index (FIpp) between the two trials (p = 0.241,
d=0.34; p=0.276,d = 0.32).

A fully within-subject two-way repeated-measures
ANOVA (condition x sprint) was conducted for peak
power (PP), average power (AP), and total work (W). A
significant main effect of sprint was observed for all three
variables (PP: F(6, 72) = 47.69, p < 0.001, np? = 0.80; AP:
F(6, 72) = 57.74, p < 0.001, np? = 0.83; W: F(6, 72) =
54.89,p <0.001, np* = 0.82), reflecting progressive fatigue
across sprints. A significant main effect of condition was
found for AP (F(1, 12) =4.81, p = 0.049, np? = 0.29), indi-
cating higher average power in the HRW condition,
whereas the condition main effect did not reach signifi-
cance for PP (F(1, 12) = 1.30, p = 0.276, np?> = 0.10) or W
(F(1, 12) = 3.21, p = 0.099, np? = 0.21). No condition x
sprint interaction was significant (PP: F(6, 72) = 0.50, p =
0.807; AP: F(6, 72) = 0.60, p = 0.733; W: F(6, 72) = 1.52,
p=0.184). The condition main effect for AP was consistent
with the paired-samples comparison (p = 0.049), and ag-
gregate paired t-tests yielded p-values identical to the cor-
responding ANOVA condition effects, confirming the
fully within-subject model specification.

Effects of hydrogen-rich water consumption on neural
system status

In terms of heart rate variability time-domain indices,
RMSSD was significantly higher in the experimental trial
compared to the control trial within 5 minutes after exer-
cise cessation (p = 0.045, d = 0.62). Regarding frequency-
domain indices, no significant between-trial differences
were observed in HF power. However, the LF/HF ratio was
significantly lower in the HRW trial compared to the PW
trial at 10 min post-exercise (p = 0.012, d = 0.82). Among
nonlinear indices, SampEn was significantly higher in the
experimental trial than the control trial 10 minutes after ex-
ercise (p=0.015,d=0.79), while DFAa1 was significantly
lower in the experimental trial than the control trial in the
same period (p = 0.047, d = 0.61). No significant differ-
ences in heart rate were observed between the two trials at
various measurement time points (p > 0.05). Simultane-
ously, no significant differences were found in the critical
flicker fusion frequency between the two trials at different
measurement time points (p > 0.05) (Figure 3).
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Figure 2. Differences in (A) total work done, (B) power and (C) decrement scores and fatigue indices in the repeated sprint
ability test between the experimental trial (hw = HRW trial) and the control trial (pw = placebo trial). W = work done, PP = peak
power, AP = average power, Wdec = decrement scores in work done, PPdec = decrement scores in peak power output, FIpp = fatigue indices for peak

power, FIw = fatigue indices for work done. *p < 0.05.
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Figure 3. Differences in (A) RMSSD, (B) SDNN, (C) HF(ms2), (D) LF/HF, (E) SampEn and (F) DFAal of heart rate variability
(HRYV) between the hydrogen-rich water (hw) and placebo water (pw) trials across the experimental timeline. RMSSD = Square
root of the mean squared differences between successive RR intervals, SDNN = Standard deviation of RR intervals, HF(ms2) = high-frequency power,
LF/HF = Ratio between LF and HF band powers, SampEn = Sample entropy, DFAal = in detrended fluctuation analysis, short term fluctuation slope,
Before = before exercise, During = in motion, After = within 5 minutes after exercise, After]Omin = 10min after exercise. *p < 0.05.

Influence of hydrogen-rich water consumption on
metabolic profile

Pre-exercise ingestion of hydrogen-rich water significantly
influenced blood lactate concentration at 3 minutes post-
exercise, with the experimental trial (hw) exhibiting a re-
duction of approximately 1 mmol/L. compared to the con-
trol trial (pw) (p < 0.05, d = 0.64). However, 10 minutes
into the rest period, there was no significant difference in
blood lactate concentration between the two trials (Figure
4).

Effects of hydrogen-rich water consumption on per-
ceived exertion

The subjective fatigue perception during repeated sprinting
did not exhibit a significant difference between the experi-
mental trial (hw) and the control trial (pw) (p > 0.05). Sim-
ultaneously, the fully within-subject ANOVA revealed a
significant main effect of sprint (F(6, 72) = 91.01, p <
0.001, np?> = 0.88), whereas neither the main effect of

condition (F(1, 12) = 0.007, p = 0.936, np*> = 0.001) nor the
condition x sprint interaction (F(6, 72) = 1.26, p = 0.286,
np? = 0.10) was significant.

Discussion

This study provides the first comprehensive evaluation of
the effects of acute HRW ingestion on neurophysiological
and metabolic responses during and after repeated sprint
exercise in male university athletes. The paired-samples t-
tests revealed significant improvements in mean AP and
reductions in Wdec and FIw with HRW, indicating that
HRW attenuated cumulative power decline across the
sprint bout. The fully within-subject ANOVA confirmed a
significant condition main effect for average power (p =
0.049), consistent with the paired-samples comparison,
whereas peak power and total work showed the same di-
rection without reaching significance, indicating that HRW
most clearly benefited sustained average power output
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Figure 4. Differences in (A) heart rate, (B) critical flicker fusion frequency, (C) blood lactate and (D) perceived exertion
between the experimental trial (hw) and the control trial (pw) in each time period. *p <0.05.

across the sprint bout. Simultaneously, ANS regulatory
balance recovered more rapidly after exercise, and blood
lactate concentration was significantly lower at 3 min post-
exercise, collectively reflecting a reduced overall fatigue
burden.

One of the noteworthy findings in this study is the
substantial reduction in the overall power decline during
seven repeated sprints with the intake of hydrogen-rich wa-
ter, corroborating Botek et al.'s (2022) research. The sig-
nificant differences observed in decrement score and fa-
tigue index suggest a positive role for hydrogen-rich water
in sustaining high-power output during consecutive sprints,
implying that hydrogen may enhance exercise efficiency
by attenuating neuromuscular fatigue and optimizing en-
ergy metabolism processes. Furthermore, this study did not
observe a significant increase in peak power (condition
main effect: p = 0.276, np> = 0.10), although the direction
favored HRW. This dissociation - a clear benefit for aver-
age power but not peak power - suggests that HRW primar-
ily supports the maintenance of sustained power output
across repeated efforts rather than maximal single-sprint
explosiveness, possibly reflecting its proposed role in at-
tenuating cumulative oxidative and metabolic fatigue ra-
ther than enhancing peak neuromuscular output. This pat-
tern may also relate to experimental design, participants'
training levels, and intake timing (Da Ponte et al., 2018).
Nevertheless, the significant improvements in the decre-
ment score and fatigue index offer a fresh perspective on
the application of hydrogen-rich water in exercise science,
particularly for optimizing high-intensity exercise and re-
covery strategies.

Concurrently, a notable decrease in blood lactate
concentration was observed after hydrogen-rich water in-
take, signifying its crucial implications for understanding

athlete recovery and subsequent performance. Previous re-
search has also indicated that hydrogen-rich water intake
effectively inhibits lactate production during high-intensity
exercise (Drid et al., 2016), further supporting our findings.
It is important to note that molecular hydrogen (H) is not
a metabolic substrate and does not directly remove lactate;
rather, its selective scavenging of cytotoxic -OH radicals
(Ohsawa et al., 2007) helps preserve mitochondrial elec-
tron-transport efficiency (Ohta, 2015), thereby supporting
conditions more favorable for lactate shuttling and oxida-
tive clearance rather than net accumulation. Therefore, this
not only aids in reducing lactate accumulation but may also
promote faster lactate clearance, enhancing overall athletic
performance and recovery capability. Therefore, hydrogen
intake could emerge as a crucial tool for athletes in manag-
ing lactate accumulation during high-intensity training and
competition.

Another key finding in the study is the significant
acceleration of post-exercise heart rate variability (HRV)
recovery following hydrogen-rich water intake. Given that
high-intensity intermittent exercise often leads to parasym-
pathetic suppression, resulting in prolonged HRV recovery
times(Sousa et al., 2015), our findings reflect the potential
of hydrogen-rich water intake to enhance the body's auto-
nomic regulation and increase vagal nerve excitability.
HRYV is a crucial indicator for assessing autonomic nervous
system function and cardiac health(Wang et al., 2022), and
its rapid recovery implies that athletes can more effectively
return to a physiological equilibrium state after high-inten-
sity exercise. HRV/vagal indices recovered earlier, yet
heart rate itself did not fall faster. This is expected because
early post-exercise heart rate is governed largely by resid-
ual sympathetic drive and thermoregulatory inertia,
whereas HRV (e.g., RMSSD/SDNN, HF) more specifi-
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cally indexes vagal-baroreflex modulation bandwidth
(Buchheit, 2014). This is vital for athlete recovery and
overall health, as robust autonomic nervous system regula-
tion contributes to reducing cardiovascular risks, enhanc-
ing post-exercise recovery efficiency, and potentially miti-
gating the risks of overtraining. It is worth noting that the
critical indicator of central arousal and fatigue assessment,
the critical flicker fusion frequency (CFF), did not exhibit
significant changes in athletes before and after repeated
sprint exercise. CFF, commonly used in central fatigue as-
sessments(Clemente-Suarez and Diaz-Manzano, 2019),
suggests two possible explanations for the null CFF find-
ing. First, the short duration of the RSA protocol (~7
minutes) may have been insufficient to generate meaning-
ful central nervous system fatigue detectable by CFF,
which appears more sensitive to prolonged exercise condi-
tions. Second, CFF may lack the resolution needed to de-
tect subtle changes in cortical arousal following brief high-
intensity bouts; electroencephalography or reaction-time
paradigms may offer greater sensitivity. Consequently,
neither HRW nor the sprint protocol produced detectable
CFF changes, leaving the question of HRW's influence on
central fatigue open. Future studies should examine CFF
responses under longer or more cognitively demanding ex-
ercise protocols and consider combining it with comple-
mentary central fatigue measures.

However, the specific mechanisms by which hydro-
gen influences exercise and recovery capabilities remain
unclear. We speculate on the following potential pathways:
(1) Free Radical Scavenging: Hydrogen may directly or in-
directly selectively scavenge harmful free radicals, thus
protecting cells and maintaining normal function (Ohsawa
et al., 2007). (2) Enzymatic Regulation: Hydrogen en-
hances the activity of antioxidant and metabolic enzymes
while regulating various enzymatic reactions within the
body, ensuring orderly biochemical processes (Cai et al.,
2012; Todorovic et al., 2020). (3) Neuroprotective Effects:
Hydrogen may attenuate exercise-induced inflammation
and oxidative stress within the nervous system; however,
because no between-trial difference in CFF was observed,
the present data provide no direct evidence for a central or
cortical effect, and this pathway remains speculative (Hong
et al., 2022; Hu et al., 2019). (4) Metabolic Enhancement:
Hydrogen promotes the utilization of energy substrates
such as liver glycogen, increases ATP levels, enhances
components of the blood buffering system, and improves
lactate metabolism, thereby ensuring sustained and effi-
cient energy supply and utilization (Dohi et al., 2014; Ka-
wamura et al., 2019; Ostojic and Stojanovic, 2014). These
pathways are believed to interact and mutually influence
each other. In this study, acute H2 intake appears to facili-
tate a time-lagged shift back toward vagal predominance
during seated recovery, most plausibly via reduced oxida-
tive “noise” at baroreflex-brainstem-cardiac interfaces.
Taken together, these findings support a beneficial role of
HRW in enhancing repeated sprint capacity and accelerat-
ing post-exercise recovery. Therefore, the conclusion that
HRW “enhances autonomic regulatory balance and meta-
bolic recovery capability” should be interpreted as an indi-
rect, recovery-phase systems effect, not a primary meta-
bolic eraser.

Limitations

Several limitations should be considered when interpreting
these results. First, the relatively small sample size (n = 13)
limits statistical power, particularly for interaction effects
in the ANOVA. Based on the a priori analysis, the enrolled
sample provided adequate power only for large effects (d
~(0.80); the study was therefore likely underpowered to de-
tect smaller between-condition differences, and non-signif-
icant findings should be interpreted with this in mind. Sec-
ond, participants were exclusively male university athletes,
restricting generalizability to female athletes, older popu-
lations, or elite competitors. Third, the study used a single-
blind design: although participants were blinded, the inves-
tigators who prepared the beverages were not, which is a
potential source of bias; future studies should adopt a fully
double-blind design. Fourth, dissolved hydrogen concen-
tration in the water was not verified immediately prior to
each ingestion session; any concentration decay between
preparation and consumption could reduce the actual H2
dose received. Fifth, no direct biomarkers of oxidative
stress (e.g., malondialdehyde, superoxide dismutase) were
measured, preventing mechanistic conclusions. Sixth, CFF
lacks sensitivity for detecting short-duration CNS fatigue;
future studies should incorporate complementary central
fatigue measures. Seventh, post-exercise HRV acquisition
partially coincided with fingertip lancet punctures for lac-
tate analysis. This procedural coupling likely introduced
transient nociceptive-induced sympathetic activation and
erratic breathing patterns, which may bias HRV outcomes
despite consistent application of Kubios artifact correction
algorithms. Future research should expand to diverse exer-
cise modalities, include female cohorts, verify H2 concen-
tration at point of consumption, and incorporate oxidative
stress biomarkers to elucidate the underlying mechanisms.

Conclusion

Ingesting hydrogen-rich water enhanced overall perfor-
mance during repeated sprint exercise. Specifically, HRW
improved repeated sprint ability by maintaining higher av-
erage power output and effectively reducing the magnitude
of power decline across sprints. Notably, no significant ef-
fect was observed on peak power, indicating that HRW
supports sustained rather than maximal single-sprint
power.

Short-duration repeated-sprint exercise caused sig-
nificant peripheral fatigue and autonomic disruption. HRW
consumption facilitated post-exercise parasympathetic res-
toration and improved lactate metabolic capacity, indicat-
ing that hydrogen supplementation effectively supports au-
tonomic and metabolic recovery after high-intensity exer-
cise.
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Key points

* Acute pre-exercise ingestion of hydrogen-rich water sig-
nificantly enhances repeated sprint performance by reducing
power decrement and sustaining higher average power out-
put across sprints.

* Hydrogen-rich water intake significantly accelerates post-
exercise recovery of autonomic nervous system regulation
and improves blood lactate clearance following repeated
sprint exercise.
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