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Abstract

Purpose To investigate (1) the boosting effects immediately and 4 weeks following 2-week, 6-session repeated-sprint train-
ing in hypoxia (RSH,_,, n=10) on the ability of team-sport players in performing repeated sprints (RSA) during a team-
sport-specific intermittent exercise protocol (RSAgp) by comparing with normoxic counterpart (CON,_,,,, n=12), and (2)
the dose effects of the RSH by comparing the RSA alterations in RSH,_,,, with those resulting from a 5-week, 15-session
regimen (RSH;_,,, n=10).

Methods Repeated-sprint training protocol consisted of 3 sets, 5 X 5-s all-out sprints on non-motorized treadmill interspersed
with 25-s passive recovery under the hypoxia of 13.5% and normoxia, respectively. The within- (pre-, post-, 4-week post-
intervention) and between- (RSH,_,, RSHs_,,, CON,_,,) group differences in the performance of four sets of RSA tests
held during the RSAgp on the same treadmill were assessed.

Results In comparison with pre-intervention, RSA variables, particularly the mean velocity, horizontal force, and power
output during the RSA g, enhanced significantly immediate post RSH in RSH,_, (5.1-13.7%), while trivially in CON,_,,
(2.1-6.2%). Nevertheless, the enhanced RSA in RSH, ,, diminished 4 weeks after the RSH (— 3.17-0.37%). For the RSHy_;.,
the enhancement of RSA immediately following the 5-week RSH (4.2-16.3%) did not differ from that of RSH,_,, yet the
enhanced RSA was well-maintained 4-week post-RSH (0.12-1.14%).

Conclusions Two-week and five-week RSH regimens could comparably boost up the effects of repeated-sprint training in
normoxia, while dose effect detected on the RSA enhancement was minimal. Nevertheless, superior residual effects of the
RSH on RSA appear to be associated with prolonged regimen.

Keywords Intermittent hypoxic training - Training volume - Yo—Yo intermittent recovery test - High-intensity interval
training - Team sports
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RST Repeated-sprint training

SpO, Peripheral capillary O, saturation
s-RPE Session rating of perceived exertion
TRrmax Maximum treadmill braking resistance

VE Maximum minute ventilation

VO, max Maximum oxygen uptake

Woiot Total work done

Yo-YoIR1 Yo—Yo intermittent recovery test-level 1
ALa Change in blood lactate

np® Partial eta squared

Introduction

In intermittent-type sports, such as football and handball,
the repeated-sprint ability (RSA) of players, which refers
to their ability in sustaining the highest speed over a series
of sprints (<6 s), interspersed with short (<30 s) recovery
periods, is of the essence in determining the final outcome of
a game by associating to the appropriateness of technical and
tactical behaviors and cognitive choices (Mohr et al. 2005).
For augmenting the competitive edge in matches, sports
teams usually adopt specific repeated-sprint training (RST)
regimens in different training periods to maximize players’
performance (Ferrari Bravo et al. 2007; Turner and Stew-
art 2013). Since last decade, massive evidence has shown
that RST under hypoxia (RSH) could boost up the effects
of normoxic RST on players’ sea-level RSA (Brocherie
et al. 2017). Enhanced perfusion and O, utilization in skel-
etal muscles, rather than erythrocytosis resulting from pro-
longed hypoxic exposure, were the partly attributions (Millet
et al. 2019). Although RSH was purported to ergogenically
enhance the RSA, the boosting effects were mostly demon-
strated in RSA tests by repeating sprints for a given distance
with uniform interval recovery time in between, or in the
Yo-Yo intermittent recovery test (Bangsbo and Mohr 2012;
Brocherie et al. 2017). The validation of RSH by examin-
ing its beneficial effects on players’ ability in performing
repeated sprints during a simulated prolonged intermittent-
type sports game scenario, which is more ecological, has
never been examined.

General consensus have long been reached among
coaches in team sports that periodization of training could
provide systematic variation of physical conditioning to
players, directing their resultant physiological adaptations
to meet the training goals of the sport (Plisk and Stone 2003)
However, providing appropriate physical conditioning to
players within the time allow, while they have varied training
goals, concurrent training and practices, and extended sea-
son of competition requires considerable precise information
of each conditioning item and parameter for planning (Gam-
ble 2006). The effective duration of RSH, sensibly, would
become an essential factor in determining the practicability
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of RSH in team sports. In previous studies, the training vol-
ume adopted in RSH was diverse with duration (weeks) x
frequency (sessions wk™!) ranging from 2 x 2 to 5x 3 (Millet
et al. 2019). Nonetheless, most of the RSH regimens with
diverged training volume were reported to improve athletes’
RSA significantly (Beard et al. 2019a, b; Brocherie et al.
2015; Galvin et al. 2013). The brief RSH regimen composed
of less training sessions (Beard et al. 2019a, b) may be prac-
tically relevant to in-season shock microcycle training. Yet,
prolonged RSH compared to the brief counterparts, which
may be more favorable to morphological muscle adaptations,
i.e., sarcoplasmic reticulum and muscle fiber size (Ross and
Leveritt 2001), may potentially lead to greater enhance-
ment in RSA that may be meaningful to players in physi-
cal conditioning in pre-season. The dose—response effects
of RSH on the enhancement of the RSA during a simulated
intermittent-type sports game situation have never been
investigated. It has been reported that the molecular benefi-
cial adaptations to RSH in skeletal muscles decayed 3-week
post-intervention, while associated improved RSA did not
(Brocherie et al. 2018). The residual effects of RSH on the
special RSA was also not clear. Improved understanding of
the immediate and residual effects of RSH on the RSA could
facilitate coaches to condition players in different seasonal
phases by engaging in the specific training regimen.

The purposes of this study were to examine (1) the boost-
ing effects immediately and 4 weeks following a short-term
RSH regimen (RSH, _,: 2 weeks X 3 sessions wk™!) on the
RSA of team-sport players during a team-sport-specific
intermittent exercise protocol (RSAgp) by comparing with
their normoxic counterparts (CON,_,: 2 weeks X 3 sessions
wk™1); and (2) the dose effects of RSH on the immediate
post- and 4-week post-training RSA enhancement by com-
paring the specific adaptations of RSH, ., with those result-
ing from an identical RSH regimen with apparent longer
training duration (RSH;_,: 5 weeks x 3 sessions wk™'). It
was hypothesized that the RSH,_,, regimen would boost
up the immediate and residual training effects of normoxic
RST on players’ RSA during the RSAp, while the boosting
effects following the RSH;_,,, would be significantly greater
than that of RSH, .

Methods
Participants

Using G*Power software to perform a priori, two-tailed
power calculation at an alpha of 0.05 and a power of 80%,
and based on our pilot study findings of RSH on RSA
(effect size of 1.2) in trained athletes, a minimum of 10
participants in each group were required for this study.
32 male players from university football and handball
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teams volunteered to participate in the study. After being
fully informed of the experimental procedures and pos-
sible exercise- and blood test-induced discomfort, players
gave their written informed consent. Ethical approval for
this study was obtained from the Committee on the Use of
Human and Animal Subjects in Teaching and Research at
Macao Polytechnic University. The study was conducted
in accordance with the Declaration of Helsinki.

Experimental design

For examining the effects of RSH on the specific RSA,
all players participated in the intervention of RST under
normoxia or hypoxia. Within a week prior to the inter-
vention, the pre-training RSA of the players during the
RSA;p that was taken place on a non-motorized tread-
mill, as well as their maximum performance of the Yo-Yo
intermittent recovery test were assessed. Afterwards, 22
players with matched RSA (mean velocity of repeated
sprints) were randomly assigned into RSH, ,, (n=10)
or CON,_,,, (n=12). The rest players with comparable
RSA were assigned into RSHs_,, (n=10) to receive the
5-week RSH. The interventions of the three groups were
taken place simultaneously during late off-season and
pre-season period. During the period, the players received
sports training for 2—3 h day~!, 4-5 days wk~!. The train-
ing sessions were composed various physical condition-
ing including sport-specific conditioning, functional
training, ball work and recovery sessions. All the train-
ing sessions of CON, ., and RSH, ., and the training
sessions of RSHj ,,, in the first 2 weeks were scheduled
on the same days to equalize the possible influence of
sport-team training on the RST in each group. During
the intervention, RST was carried out on the same non-
motorized treadmill which was placed inside a normo-
baric hypoxic chamber, while players were blinded to the
hypoxic level. Following the training, identical RSA tests
were conducted 2 days (immediate effect), and 4 weeks
(residual effect) after the last RST session. The differ-
ences between RSH, ., vs CON,_,, as well as RSH;_,, vs
RSH,_,, in the alterations in RSA among pre-, post- and
4-week post-RST trials were compared.

All the exercise tests were scheduled at the same time
of day to control for diurnal variation influences and
were separated by a minimum of 2 days to avoid residual
fatigue induced by preceded exercise test. During the
study period, all players were instructed to maintain their
dietary habits. Prior to each test, players refrained from
eating for at least 2 h, and were prohibited to take any
additional energy supplements.

Procedures
Preliminary tests and familiarization trials

Prior to the experimental trials, players’ physical charac-
teristics including VO,,,. and percentage of body fat were
assessed as previously reported (Nie et al. 2022; Tong et al.
2001). Afterwards, the maximum treadmill braking resist-
ance (Tg,,,,) and the maximal sprint velocity on the tread-
mill that were the required criteria for subsequent treadmill
ergometry were determined individually. The Tg,,,, in kp
was defined as the maximum resistance of the treadmill
belt that the players can move consecutively for three steps.
The maximal sprint velocity was measured by performing
three maximal 4-s sprints on the treadmill at 5% Ty, €ach
separated by 14 s of passive recovery. The highest velocity
obtained in a single second from the three sprints was the
result (Zois et al. 2013). The assessments of VO,,.. and
maximal sprint velocity were repeated after intervention.
Following preliminary testing, players were familiarized
with the repeated-sprint tests that was incorporated into the
RSAp on the treadmill. This familiarization period intro-
duced the testing equipment and protocols and provided the
players with experience of exercising at assigned walking
and running speed.

Experimental trials
Team-sport specific RSA assessment

The assessment of the RSA during the RSA;p has been
reported recently (Sirotic and Coutts 2008; Tong et al.
2019). Briefly, the RSAgp required players to work on a
non-motorized treadmill (Force 3, Woodway, USA) with
braking resistance set at 5% Ty, for ~30 min. The RSAgp
was interspersed with 42 8-s standing still (19.2% overall
duration), 75 8-s walking (34.2%), 56 8-s jogging (25.6%),
36 6-s running (12.3%), 20 4-s dashing (4.6%), and 24 3-s
sprinting (4.1%) (Fig. 1). The speed for each foregoing activ-
ity was defined at 0%, 20%, 35%, 50%, 70% and 100% of the
maximal sprint velocity, respectively. During the RSA gp,
all players were required to perform the six activities on the
treadmill by complying with the velocity assigned.

In addition, 4 sets of RSA test each composed of 3 x4-s
all-out sprints at 20% Ty With 14-s passive recovery in
between, were incorporated into the RSAgp at the beginning
(1 set), middle (2 sets), and end (1 set) of the protocol. Dur-
ing each sprint, the alterations in velocities, horizontal force,
and power output were recorded at 25 Hz using the Woodway
Force 3.0 software. The measurement of the horizontal force
on the treadmill as well as the preceded calibration of the force
sensor for the measurement were performed in accordance
with the guidelines manufacturer provided. For the calculation
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of peak and mean velocity of each sprint, the start point was
standardized to 1 m s~ from this point, a 4-s period was cal-
culated. The average of peak (P-Vel) and mean (M-Vel) veloci-
ties, mean horizontal force (M-Hf), and mean power output
(M-Po) of the three sprints in each set, as well as the total work
done (W) of the RSAgp (excluded the 4 sets of RSA test)
were the results for analysis. During the four sets of the RSA
tests, all players were required to exercise all-out in each 4-s
sprint bout and avoid any pacing strategy in repeating the tests.

Before the RSAgp, participants performed a 10-min stand-
ardized warm-up exercise including a 5-min motorized tread-
mill run at moderate intensity and a 5-min dynamic stretching
exercise mainly using the legs. Following capillary sampling
from fingertip for blood lactate measurement, and performance
of one bout of each activity and three bouts of 5-s submaximal
sprints on the non-motorized treadmill for warm-up purposes,
the RSAp protocol commenced. Exercise heart rate (HR) was
monitored using a Polar HR monitor (H6, Finland). Five min-
utes after the RSAgp, fingertip blood sampling was repeated.
The pre- and post-RSAgp blood samples were collected for
examining the change in blood lactate (ALa) using the Lactate
Scout+analyzer (EKF Diagnostics, UK). Within 30 min after
the RSAp, players were required to score from O to 10 based
on the CR-10 RPE scale (Borg et al. 1985) on how hard they
perceived the RSAp. The session rating of perceived exertion
(s-RPE) for quantifying the associated internal exercise stress
was then calculated as (Foster et al. 2001):

s — RPE (AU) = RPE score #* duration of the RSAgp(minute).

Yo-Yo intermittent recovery test-Level 1(Yo-Yo IR1)
The test consisted of 2 X 20-m intervals of running inter-

spersed by regular 10-s recovery periods. The players ran
back and forward the 20 m on ground by following the
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Intermittent Exercise Protocol

pre-set signal that control the speed. The speed of the inter-
mittent run increased progressively stage-by-stage. The play-
ers continued the intermittent run until fail to complete the
run in time twice. The total running distance covered was
the result.

Interventions

In this study, all players’ RST were performed on the same
Woodway non-motorized treadmill which was placed in a
hypoxic chamber with dimensions of 7 m (length) X5 m
(width) X 3 m (height). The O, concentration inside the
chamber can be adjusted within the range from 21% (sea-
level) to 11% (hypoxia) using Welltech hypoxic system
[HS500, Welltech, China].

The RST protocol was consisted of three sets of 5% 5-s
sprints interspersed with 25-s passive recovery at the ratio
of exercise to recovery of 1:5, and with 5-min passive recov-
ery in between sets (Brocherie et al. 2017). The treadmill
resistance was set at 20% of Ty,,... For CON,_,,, players
performed three sessions of the RST under normoxia on
alternate days per week for 2 weeks. The temperature was
kept at 22 °C. For RSH, players performed identical training
protocol under normobaric hypoxia, with inspired O, frac-
tion set at 13.5% corresponding to that of altitude of 3500 m,
three sessions per week for 2 weeks in RSH,_,,, and that for
5 weeks in RSH;s ;.. The specific RSH variables of inspired
O, fraction and ratio of exercise to recovery, as well as the
passive recovery modality have been shown to be able to
induce maximum stress of hypoxia in players during the
specific training (Tong et al. 2021). All players were blinded
to the hypoxic level during the intervention.

Prior to the repeated-sprint exercise in each session, play-
ers rested on a chair for 2 min in the hypoxic chamber. Their
peripheral capillary O, saturation (SpO,) was monitored
using a pulse oximeter (Masimo, USA). The SpO, displayed
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on the oximeter was hidden from them and was recorded at
the end of the monitoring period. Following three bouts of
5-s submaximal sprints (70-90% all-out effort) on the non-
motorized treadmill for warm-up purposes, the RST protocol
commenced. Exercise HR were monitored using the same
Polar HR monitor throughout the training session. s-RPE
was measured using the same CR-10 RPE scale. The veloc-
ity and power output of each sprint were recorded. At the
time when players demonstrated the adaptation to a given
external training load by significant increase in the average
of the mean power output of each set from original level in
consecutive two sessions, the load would be increased by
increasing the treadmill resistance with each increment of
1 kp.

Statistical analyses

The Shapiro—Wilk normality test revealed that data for
all variables were normally distributed. The differences
in physical characteristics, Ty, and RST variables
(Tables 1 and 2) among the three groups (CON,_,.,

RSH, .., and RSHs_,,) were assessed using one-way
analysis of variance (ANOVA) with repeated measures.
To examine the differences in VO,,,,,, maximal sprint
velocity, Yo—Yo IR1, as well as the exercise stress vari-
ables and W, of RSAzp among trials (pre-, post-, 4-week
post-RST) and across the three groups (Tables 3 and 4),
two-way ANOVA with repeated measures were computed.
For the variables of the treadmill RSA test (Fig. 2a—d),
the differences among sets (1st—4th sets), across trials,
and between groups were assessed by applying three-
way ANOVA with repeated measures in two factors. Post
hoc analyses for ANOVA, using the Bonferroni test for
identifying simple main effects, were performed when a
significant interaction was detected. Partial eta squared
(np*) was used to indicate the effect size and to meas-
ure the main and interaction effects, where values of
0.04 =small, 0.25 =medium, and 0.64 =large effect size
(Ferguson 2009). The effect size of pairwise comparison
was revealed by calculating Cohen's d, where d=0.2, 0.5,
and 0.8 indicate small, medium, and large effect sizes,
respectively (Cohen 1988). Statistical significance was set
at p <0.05, and values are reported as means + SD.

Table 1 Physical characteristics
and the maximum braking

CON, , (n=12)

RSH, i (n=10) RSHy ., (n=10)

resistance on treadmill of the

1 cconte RSHL Age (years)

players i 2-wk> 2-wk> 1

and RSH, _, Height (cm)
Weight (kg)

Body fat percentage (%)
VO, (ml kg™ min~h)
HR,,, (beat min~")

Vi max I min™)

Trmax (kp)

20.6+1.4 20.0+1.2 195+1.3
173.3+5.1 175.8£4.2 173.4+4.3
71.2+9.6 71.5£5.6 65.1+£5.8
15.8+6.8 10.7+£1.8 12.5+3.7
61.4+3.9 58.4+29 61.4+39
189.7+9.9 187.4+10.0 189.7+9.9
131.6+14.6 132.5+17.7 131.6+14.6
309+3.2 32.0+2.6 30.5+£3.3

Mean +SD

VOZmax maximum oxygen uptake, HR

mae Maximum heart rate, V.. maximum minute ventilation, T,

maximum braking resistance on treadmill

Table 2 Averages of the O,
concentration in the hypoxic

CON, , (n=12)

RSH,., (n=10)  RSHs., (n=10)

chamber, and of the players’
SpO,, post-exercise HR, and
s-RPE during the intervention in
CON,_,\» RSH, ,x, and RSH;_;

O, concentration (%)
SpO, (%)
Post-exercise HR (b min™")

s-RPE (AU)

20.8+0.2 13.9£0.4* 13.84£0.2¢
F5.20)=2085.4 p<0.01 (0.99)

98.5+0.8 89.8+0.8° 90.1+1.0°
F.20)=378.4 p<0.01 (0.96)

168.8+7.1 165.4+5.7 168.1+8.0
F5.20)=0.70 p>0.05 (0.05)

130.0+13.9 137.9+18.4 144.6+5.3

Fl.20)=3.12 p>0.05 (0.18)

Mean + SD, one-way ANOVA (Groups): F-ratio, p value (7p%)

SpO, peripheral capiwllary O, saturation, HR heart rate, s-RPE session rating of perceived exertion

“Significant different from corresponding CON,_,, value at p <0.05
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Table3 VO,,,,, maximal sprint velocity, and Yo-Yo IR1 performance of the players before (Pre), immediate after (Post), and 4 weeks after

(4-week post) the intervention in CON,_,,, RSH,_;, and RSH;s_

Pre Post 4-week post F-ratios
VO,ay (ml kg™! min~") CON,_,x 61.4+39 60.5+5.1 / Tr: Fy 59,=1.63 p>0.05 (0.05)
RSH, 58.4+29 60.6+3.6 / G: Fp9,=2.64 p>0.05 (0.15)
RSH;_ 62.8+3.9 63.6+£3.5 / Tr x G: Fp59,=2.85 p>0.05 (0.16)
Maximal sprint velocity (m s~1) CON,_,x 5.06+0.27 5.20+0.26 / Tr: Fy29,=9.79 p<0.05 (0.25)
RSH,_ 5.10+0.24 5.28+0.22 / G: Fp29,=0.55 p>0.05 (0.04)
RSH;_ 5.08+£0.27 5.10+0.16 / Tr x G: Fp59,=1.82 p>0.05 (0.11)
Yo-Yo IR1 (m) CON,_,x 1333 +283 1391+ 376 1342 +425 Tr: Fp 55=15.8 p<0.05 (0.35)
RSH,_ 1340+172 1584 +287* 1532 +257* G: Fp29,=3.78 p<0.05 (0.21)
RSH;_ 1404 +322 1708 +362* 1588 +316* Tr x G: Fy54,=2.77 p<0.05 (0.16)
Mean + SD; two-way ANOVA [Trials (Tr) x Groups(G)]: F-ratio, p value (17/)2)
V0,,,.. maximum oxygen uptake, Yo-Yo IRI Yo-Yo intermittent recovery test-Level 1
*Significant different from corresponding pre-value at p <0.05
Table 4 ,HR’ ALa, s-RPE and Pre Post 4-Week post  F-ratios
Wi during the pre-, post-
and 4-week post-RSAgp in HR (b min™!) CON,,, 178+14 178 +11 175+17 Tr: Fp55=4.12 p<0.05 (0.12)
CONp.io RSHy.; and RSHs. RSH,,, 172+13 175£10 178210  G: F5,59,=0.7 p>0.05 (0.05)
RSHs ,,  176+14 184 +8* 183 +7* Tr x G: Fy53=2.69 p<0.05 (0.16)
ALa (mmol1™') CON,,, 858+2.68 920+3.03 9.17+2.87 Tr F.58=7.27 p<0.05 (0.21)
RSH, 6.71+2.43 8.16+2.95 8.26+3.13  G: F(559,=1.02 p>0.05 (0.07)
RSHsy  7.56£2.72 9.65+2.39 9.80+2.49 Trx G: Fs55=0.79 p>0.05 (0.06)
s-RPE (AU) CON, ,x 256+49 259+32 256 +47 Tr: F5 53=1.80 p>0.05 (0.06)
RSH, ., 259455 26940 278 +37 G: Fp29,=1.21 p>0.05 (0.08)
RSHs ., 285+28 266+34 291+32 Tr x G: Fy53,=1.59 p>0.05 (0.10)
Wi (KI) CON, ,x 261+29 281+22%  273+25 Tr: Fip58=14.7 p<0.05 (0.34)
RSH, ., 27727 287+25% 279424 G: Fp29,=1.39 p>0.05 (0.09)
RSHs ., 257+27 273+20%  261+19 Tr x G: F4 55,=0.85 p>0.05 (0.06)

Mean + SD; two-way ANOVA [Trials (Tr) x Groups(G)]: F-ratio, p value (1p%)

HR Post RSAgp heart rate, ALa change in blood lactate, s-RPE session rating of perceived exertion, Wy,

total work done

*Significant different from corresponding Pre value at p <0.05

Results

Table 1 shows the players’ physical characteristics and
Trmax- All variables did not vary among the CON,_,,,
RSH,_ . and RSHs ;.

All players in the CON,_,,, RSH,_,,, and RSHs_,,, were
able to complete the RST with attendance of 100%. No
adverse events were reported during training in either
group. The external training load of all players in CON,
and RSH, ,, were maintained at original level throughout
the intervention, while nine of the ten players in RSH;_,
had increased their treadmill resistance of 1 kp either in
the 3rd or 4th week of the 5-week RSH. Table 2 shows the
averages of the O, concentration in the hypoxic chamber,
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and of the players’ SpO,, post-exercise HR, and s-RPE
recorded in each training session during the intervention
period of the three groups. During the intervention, the O,
concentration inside the hypoxic chamber was not different
between RSH,_, and RSH; ., and both were significantly
lower than that of CON,_,,. The pre-exercise SpO, of the
players in RSH, _,, and RSH;_, declined significantly in
comparison with that of CON,_,, (Cohen’s d=10.9, 9.3),
while the alteration of SpO, between the two RSH groups
was not different. For the internal training load of the RST,
the post-exercise HR as well as the s-RPE among the three
training regimens were not different.

This study aims to examine the boosting effects of
CON,_,x vs RSH, ,,, and RSH,_,, vs RSH;_,, on the abil-
ity of team-sport players in performing VO, and maximal



European Journal of Applied Physiology (2023) 123:2699-2710 2705
(a) 60 M Pre-RST @ Post-RST A 4wk Post-RST (C) 230.00
55 ; 225.00
el i _ " e i
_50 i 2 Z 20000 o i* i *a PSS
o ¢ L * ' P noLe Ae s . o
E£45 ' 5 175.00 . 8. IZ' fa a
z = ' Ia
T 40 £ 150.00
< Trials: Fos= 15.5 p <0.01 (0.35) 3 . B
235 Sets: Fiagr= 12.5<0.01 (0.3) £ 125.00 Tnd!m Fa.sxﬁ* 27.9 p<0.01 (0.49)
8 Groups: F{1 29 = 5.33 p <0.05 (0.27) E Sets: Fisn =358 <001 (0.55)
30 Trials x Times: Fg,174)= 1.49 p >0.05 (0.03) = 100.00 Groups: . =7.82 p <0.05 (0.35)
Trials x Times x Groups: F(j2,174= 1.61 p >0.05 (0.1) Trials x Times: Fs,174=3.61 p <0.05 (0.11)
25 75.00 Trials x Times x Groups: F(j5,174y= 1.81 p <0.05 (0.11)
20 50.00
Ist 2nd 3rd 4thset Ist  2nd  3rd 4thset Ist  2nd 3rd 4thset Ist  2nd  3rd 4thset Ist  2nd  3rd 4thset Ist  2nd  3rd 4thset
CON,. RSH,.x RSHs.ox CONa.we RSHy. v« RSHs.yi
Repeated-Sprint Ability Test Repeated-Sprint Ability Test
(b) 5.0 (d) 1000
900 i ia a
o5 P L& . o g b 1Lk
¢ * " * i* ;* 800 b M cx * *
ih I I X * * 200 ¢ b . T a Ta T y a *
0 a : )
40 2 e f T T R {3 I r
600

Trials: Fo55= 314 p <0.01 (0.52)

Sets: Fzg7=28.1 <0.01 (0.49)

Groups: F{j29) = 1.31 p >0.05 (0.08)

Trials x Times: F(g,174= 3.40 p <0.05 (0.11)

Trials x Times x Groups: F(;5,174y= 1.90 p <0.05 (0.12)

Mean velocity (m.s™')
w w
° n

g
n

g
o

Ist  2nd  3rd 4thset Ist  2nd
CONp.i

3rd  4th set Ist  2nd  3rd 4thset
RSHa-we RSHs.vk

Repeated-Sprint Ability Test

Fig.2 a Peak velocity, b mean velocity, ¢ mean horizontal force,
and d mean power output across the four sets (Ist—4th sets) of the
repeated-sprint test held during the RSAgp in the three trials (pre-
RST, post-RST, 4-week post-RST) of the CON,_,,, RSH, ,,, and
RSHj_ ;. Three-way ANOVA (Trials x Sets x Groups): F-ratio, p
value (1p°); a significant different from corresponding Ist set value

sprint velocity tests, Yo—Yo IR1, and repeated sprints during
RSAgp the results of the comparisons between CON,_,, vs
RSH;_,,, were not reported. In Tables 3 and 4, and Fig. 2a—d,
all the selected variables of players’ exercise performance
prior to the RST were not different among the CON,_,,
RSH, . and RSHs ;.

RSH,_,, Vs CON,_,

The alterations in VO,,,,., maximal sprint velocity, and
Yo-Yo IR1 performance post RST are shown in Table 3.
In comparison with pre-RST values, VO, and maximal
sprint velocity did not change significantly post RST in
both RSH, ,,, and CON,_,.. For the performance of Yo—Yo
IR1 in RSH,_,,, significant improvements in the post-RST
and 4-week post-RST trials (Cohen’s d=1.03, 0.88) were
observed. Contrastingly, Yo—Yo IR1 performance in
CON,_, did not change.

Table 4 shows the post-exercise HR, ALa, s-RPE and
Wi during the RSAgp in the pre-, post- and 4-week post-
RST trials in CON,_,,, RSH, ;. and RSHj .. For the vari-
ables of post-exercise HR, ALa, s-RPE, there was no signifi-
cant difference among the pre-, post- and 4-week post-RST
trials in both CON and RSH groups. Nevertheless, the W,

500
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in pre-RST trial at p<0.05, b significant different from correspond-
ing Ist set value in post-RST trial at p <0.05, ¢ significant different
from corresponding 1st set value in 4-week post-RST trial at p <0.05,
*significant different from corresponding pre-RST value at p <0.05,
a significant different from corresponding CON,_,, value at p <0.05

of the RSAgp in the post-RST, but not the 4-week post-
RST, trial was significantly greater than that of pre-RST in
both groups (Cohen’s d, CON,_,, =0.78; RSH, ,, =0.38).
The increased W, was not different between the CON and
RSH groups.

In this study, players’ RSA were assessed by measuring
the P-Vel, M-Vel, M-Hf, and M-Po in the four sets of RSA
test that were held during the RSAgp. The alterations in
the RSA variables among the four tests in the pre-, post-,
and 4-week post-RST trials, and their interactions across
CON,_,«» RSH,_,;, and RSH;s_, are shown, respectively,
in Fig. 2a—d. In the pre-, post- and 4-week post-RST trials,
the changes in the P-Vel during the RSA tests, in compari-
son with the corresponding 1st set value, were generally not
significant in both CON,_., and RSH,_,, (Fig. 2a), with only
a minor decrease found in the 3rd set during the 4-week
post-RST trial in CON,_,, (Cohen’s d=1.43). Following the
2-week RSH in RSH, ., the P-Vel in the post-RSH trial,
in comparison with the corresponding pre-RSH value, did
not alter, while a significant increase in P-Vel was noted in
the 3rd set of the 4-week post-RSH trial (Cohen’s d=2.05).
Related change was not found in CON,_,..

For the time course of M-Vel (Fig. 2b), marked decrease
in the pre-RST trial was observed in both groups, with
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the M-Vel in the 3rd set of the RSA test reduced sig-
nificantly from the Ist set (Cohen’s d, CON,_,, =0.99,
RSH,_,,=0.67). Following the 2-week intervention, the
decreased M-Vel was still observed in the post- and 4-week
post-RST trials (Cohen’s d=0.86,>0.77) in CON,_,,,
while the decrease in M-Vel was absent in RSH, . In
comparison with corresponding pre-RSH value, signifi-
cant increases in M-Vel were found in the 2nd to 4th sets of
the post- and 4-week post-RSH trials in RSH,_,, (Cohen’s
d>1.18,>1.06). M-Vel did not increase in CON,_,,, post
intervention.

In pre-RST trial, M-Hf and M-Po (Fig. 2c, d) during the
RSAgp decreased markedly from the 1st set of the RSA test
in both CON,_,,, and RSH,_, (Cohen’s d>0.89,>0.94).
The declines in the two variables did not occur post RSH
in RSH,_,,,, while the decrease in M-Po was still observed
in CON,_ (Cohen’s d >0.97). In comparison with the cor-
responding pre-RST value, significant increase in M-Hf and
M-Po in the 2nd to 4th sets of the RSA test were found
in RSH,_,; (Cohen’s d >0.93), but not in CON,_,,,. The
increased post-RST M-Hf and M-Po in RSH,_,,, were sig-
nificantly greater than the corresponding CON,_,, values
(Cohen’s d >0.92). Four weeks after the intervention, the
two increased variables diminished, returning to pre-RST
level. Marked decrease in M-Hf and M-Po during the RSA;p
recurred in the 4-week post-RSH trial in both CON,_,, and
RSH,_,, (Cohen’s d >0.76,>0.93) despite the variables in
selected timepoints were still greater than corresponding
pre-RSH or CON values (Cohen’s d >1.08).

RSH;_, vs RSH,_,.

In consistent with RSH, ,, post-RSH VO,,,,, and maxi-
mal sprint velocity in RSHs_,,, did not change, while the
performance of the Yo-Yo IR1 following the 5-week RSH
improved significantly (Cohen’s d, post-RSH=0.89, 4-week
post-RSH=0.58, Table 3). The improvements, either in
post-RSH or 4-week post-RSH trial, did not differ between
the two RSH groups.

The increase in W, reported in the RSH,_,, during the
RSAgp in the post-RSH, but not the 4-week post-RSH, trial
was also observed in the RSH;_;, (Cohen’s d=0.67), and
the changes between the two RSH groups were not differ-
ent. Moreover, the differences in ALa and s-RPE among
the pre-, post- and 4-week post-RSH trials and across the
RSH,_, and RSHj_,, were also not significant. Nonethe-
less, increased post-exercise HR in the post-RSH and 4-week
post-RSH trials were recorded in the RSH;_,; (Cohen’s
d=11.4,11.1, Table 4).

In RSH,_,,., the changes in the four RSA variables across
the four sets of the RSA test during the pre-RSH RSAgp
were in line with those reported in RSH,_, (Fig. 2a—d).
Furthermore, the increases in P-Vel and M-Vel post RSH
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(Cohen’s d>0.98,>1.09), as well as the persistence of the
two RSA variables throughout the RSA; in the post- and
4-week post-RSH trials, that were recorded in RSH,_,;,
were also observed in RSHj_,;, and the increased P-Vel and
M-Vel were not different between the two groups. For the
M-HTf and M-Po, the increases in the two RSA variables post
RSH in RSH;_,; (Cohen’s d>1.52,>1.41), as well as their
lack of decline throughout the RSAp in the post-RSH trial
were consistent with those in RSH, ;.. The increased M-Hf
and M-Po did not differ between the two groups. Nonethe-
less, the recurrence of the decrease in M-Hf and M-Po, that
occurred in the 4-week post-RSH trial in RSH,_,,, was not
observed in RSH;_,,, despite the differences in M-Hf and
M-Po in the 4-week post-RSH trial were not significant
between the two groups.

Discussion

This study was designed to investigate whether team-sport
players participate in a short-term, low-volume RST regi-
men (3 sessions wk~! for 2 weeks) under hypoxia could
boost up the RST effects on the RSA during an endurance-
type team-sport specific intermittent exercise protocol; and
whether the boosting effects on the specific RSA could be
augmented by a corresponding RSH regimen with longer
training duration and associated greater training volume
(3 sessions wk™! for 5 weeks). The present findings show
that marked enhancement in the RSA variables and in their
sustainability of best performance during the RSA;p were
noted in RSH, ., immediately and 4 weeks following the
2-week RST regimen in hypoxic, while the alterations in
the RSA in CON,_, were not significant. Nevertheless, the
immediate training effects of the 2-week RSH appeared to
be diminished 4 weeks after the intervention. For the RSH
carried out for 5 weeks in RSH;_,,, the enhanced RSA
immediately following the hypoxic training did not differ
from that of RSH,_;, while the immediate training effects
of the RSH on the RSA variables and their sustainability of
best performance during the RSA;p, were well-maintained
4 weeks post training. Accordingly, the study hypothesis
that 2-week RST in hypoxia would boost up the immediate
and residual training effects of the corresponding normoxic
RST on the RSA of team-sport players during the RSAgp
was partially supported, while the one associated to the dose
effect of RSH on the RSA was challenging.

RSH, ,,, vs CON,

The beneficial effects of low-volume RSH have been veri-
fied repeatedly in previous studies using various RSA tests.
Gatterer et al. (2015) found that eight sessions of RSH in
12 days in soccer players could enhance their meantime



European Journal of Applied Physiology (2023) 123:2699-2710

2707

of 6 x40-m sprints in a greater extent by comparing with
that resulted from normoxia. Faiss et al. (2015) reported
greater improvement after six sessions of RSH in 2 weeks
in skiers’ ability to repeat the 10-s double-poling sprint.
Furthermore, the six RSH sessions in 3 weeks was shown
to benefit the enhancement of the performance of 8 X 20-m
sprints in rugby players (Hamlin et al. 2017). To the best of
our knowledge, the present study is the first randomized-
controlled investigation demonstrating the boosting effects
of a short-term, low-volume RSH regimen on the enhance-
ment of RSA of team-sport players during a protocol used
for prolonged intermittent-type sport simulation. In compari-
son with the RST under normoxia, it was found that the six
sessions of RSH held in 2 weeks could enhance the players’
RSA to a greater extent, particularly revealing in the M-Vel,
M-Hf, and M-Po, and eventually allowed them to sustain
the best sprint performance throughout the RSAp. The
greater enhancement of the RSA in RSH, ., than CON, .,
was in line with the alterations in the Yo—Yo IR1 perfor-
mance in the two groups. It is known that the Yo—Yo test is
with high reliability in evaluating the ability of the players
to perform intense football-specific repeated high-intensity
run (Bangsbo and Mohr 2012). The corresponding changes
in the performances of the RSA and Yo-Yo test following
the 2-week RSH might be empirical evidence to support the
potentiality of the specific RSH regimen in acutely boost-
ing up players’ repeated-sprint capacity in endurance-type
team sports.

Following the RSH in RSH, ., players’ maximal velocity
in the 4-s sprint and VO,,,,, did not increase significantly.
These are in accordance with the previous notions that the
boosting effects of RSH were evident mainly in athletes’
sustainability of the best sprint performance during repeated
sprints rather than the peak performance of a single bout of
the repeated sprints or their VO,,... (Brocherie et al. 2017).
The lack of alteration in the maximal sprint velocity, which
highly depends upon the capacity for using high-energy
phosphates (Serresse et al. 1988), might partly associate
with the less improvement in P-Vel during the post-RSH
RSAp. It also reflected that the markedly increase in M-Vel
recorded during the repeated-sprint protocol was not likely
to be the result of augmentation of corresponding P-Vel. For
the negligible change in VO,, ., it was concomitant with
the increases in W, M-Hf and M-Po during the post-RSH
RSAzp with no changes in ALa, and s-RPE, suggesting that
the extra enhancement of the RSA at sea-level following the
RSH was possibly to be the results of the potential adaptive
mechanisms emerged in skeletal muscles. Indeed, the long-
term severe challenge imposed on the functional reserve of
O, diffusing capacity in fast-twitch fibres (FT) during RSH
have been shown to induce maximal compensatory vasodila-
tion and angiogenesis to increase the microvascular O, deliv-
ery of the muscles (Casey and Joyner 2012; Faiss et al. 2013;

Hellsten and Hoier 2014). Such physiological adaptations
to RSH inevitably augment the O, utilization and improve
the removal of waste metabolites in FT, allowing them to
behave more closely to their oxidative efficient slow-twitch
counterparts, and eventually facilitating the resynthesis of
phosphocreatine following every all-out sprint (Cleland et al.
2012). These peripheral changes in addition of the benefi-
cial adaptations arise through oxygen-sensing pathways (i.e.,
increases in vascularization and acid—base regulatory capac-
ity), and up-regulation of transcriptional factors involved
in O,-signaling and O,-carrying capacity might have con-
tributed to the RSH-resulted augmentation of RSA (Millet
et al. 2019).

Four weeks following the RSH, the sustainability of the
best performance in M-Hf and M-Po that had been observed
in the post-RSH trial throughout the RSAzp declined,
although the RSA variables at selected timepoints were
still higher than the corresponding pre-RSH or control val-
ues. The declines in the M-Hf and M-Po suggested that the
immediate training effects of the 2-week RSH appeared to
be diminished 4 weeks after the intervention. Brocherie et al.
(2018) have shown that the transcriptional regulations in
skeletal muscles triggered by 14 days of passive normobaric
hypoxic exposure with the addition of six sessions of RSH
returned to baseline levels by 3-week post-intervention. The
associated adaptations in blood perfusion and O, extraction
in the FT which are reliant on regular hypoxic stress to main-
tain genetic expression were inevitably reduced, and eventu-
ally attenuated the boosted-up performance of the muscles
(Hamlin et al. 2017). Nevertheless, Yo—Yo IR1 performance
in the 4-week post-RST trial did not fall concomitantly from
the post-RSH level. This was in line with the RSH-enhanced
M-Vel that was well-maintained throughout the 4-week post-
RST RSAgp although sprinting acceleration has been shown
to be associated with the ability to produce and apply high
levels of force in the horizontal direction (Hermosilla-Palma
et al. 2022). Our current findings could not clearly explain
the different responses in the RSA variables. Speculatively,
the impact on the central motor drive during the RSH, inde-
pendent of the muscular adaptations that were favorable to
FT force output, might have up-regulated musculoskeletal
stiffness, potentially leading advantages to stride frequency
and associated velocity of the repeated sprints and the maxi-
mal intermittent run (Bishop and Girard 2013).

RSH, . vs RSH,.

In comparison with RSH, ,,, the augmented training vol-
ume by lengthening the training duration in RSH;_, did
not lead to marked greater enhancements in the RSA vari-
ables [average of increases from pre-RST levels in four RSA
tests in RSHy_, vs RSH,_;: P-Vel 4.2% (range 1.6-6.1%)
vs 5.1% (3.3-6.7%); M-Vel 6.0% (2.4-8.7%) vs 7.3%
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(4.7-9.5%); M-Hf 10.2% (4.9-14.7%) vs 7.5% (2.8-10.6%);
M-Po 16.3% (7.5-23.5%) vs 13.7% (6.8-18.1%), p > 0.05].
Although the enhancement of the Yo—Yo IR1 performance
tended to be greater following the 5-week RSH (22.2% vs
18.3%, p>0.05), the difference did not achieve the signifi-
cance level. The trivial differences between the two training
regimens in the responses of the RSA and the Yo-Yo IR1
performance to the RSH implied that most of the 5-week
RSH-induced alterations in the players” RSA were accom-
plished within the six sessions held in the first 2 weeks. The
lack of marked contribution from the training sessions in
later 3 weeks to their RSA leads to postulations that the up-
regulation process in the skeletal muscle adaptation to the
RSH and associated augmented perfusion and O, extraction
in FT plateaued out in the first 2 weeks of the 5-week RSH,
or there might be factors limiting players’ RSA performance
despite possible greater adaptations had been induced in
FT after the relative prolonged intervention. The possible
factors, such as various neurally mediated mechanisms in
working musculatures as well as their motor unit recruitment
strategies, which are independent of muscle metabolism,
have been shown critical in fatigue resistance over repeated
sprints (Girard et al. 2011). Nonetheless, one should note
that the 2-week RSH had boosted up the players’ sustainabil-
ity of the best sprint performance efficaciously throughout
the RSAzp. We, therefore, could not exclude the possibility
that the duration of ~30 min of the RSA g, adopted in the
present study might have not adequately to demonstrate the
potential superiority of the 5-week RSH in sustaining the
best sprint performance. This speculation was further sup-
ported by the evidence of the recurrence of the declines of
the M-Hf and M-Po that was only observed in the 4-week
post-RSH trial of RSH, ., but not in that of RSH5_,,,.. The
present findings could not clearly explain the discrepancies
between the two RSH regimens in the maintenance of the
residual boosting effects on players’ RSA during the RSAgp.
Nevertheless, we noted that the M-Hf and M-Po augmented
greatly during the post-RSH RSAzp in RSH,_, , suggesting
that there might be a considerable reserve in musculature in
counteracting the inevitable diminution of the RSH-induced
adaptations in consequence of the removal of the hypoxic
stimulations in the 4 weeks following the intervention. The
marked augmentations of the M-Hf and M-Po might have
been entailed from the more desirable physiological adap-
tations in musculature resulting from the relative greater
training volume in the 5-week RSH (Bishop et al. 2019).
Nevertheless, we should not neglect the possibility that the
prolonged RSH on non-motorized treadmill in RSHy_,, in
comparison with RSH, ., might have favoured the morpho-
logical and neurological adaptations in players’ leg muscles
to increase greater strength that might benefit fatigue resist-
ance during the 4-week post-RSH RSA;, (Folland and Wil-
liams 2007; Franks et al. 2012). Moreover, the enhanced
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RSA in the post- and 4-week post-RSH trials might have
also due to players’ concurrent sport-team training. None-
theless, the possible influence of the sport-team training was
thought to be trivial based on the fact that marked changes
in the RSA variables had never been observed in CON,_,.
Regardless, the residual boosting effects of the 5-week RSH
on the RSA that could be maintained for at least 4 weeks
post training, in a practical sense, are advantageous to play-
ers in optimizing their conditioning manoeuvre particularly
during pre-season preparatory phase.

Limitations

In the present study, there are some limitations deserve dis-
cussion. The duration of ~30 min of the RSAp appeared to
be not adequate to fully reveal the potential differences in
the time course of the RSA variables of players, especially
in the post-RSH trial, among experimental groups. A team-
sport-specific intermittent exercise protocol last for 45 min
or longer may possibly increase its discriminative power in
examining the within- and between-group differences in the
RSA variables among experimental trials. Moreover, the
lack of normoxic control group for the 5-week intervention
could not identify the net beneficial effects of hypoxia during
the RSH on player’s RSA. Yet the comparison of the training
effects of RSH between RSHj_,, and RSH,_, in the present
study could demonstrate the characteristics of the two RSH
regimens for which the information would assist sport-team
coaches in optimizing the conditioning of players using dif-
ferent RSH regimens in different phases of a training year.
Furthermore, the sprints performed on the treadmill during
the RSA tests were linear in nature, unlike those sprints per-
formed during a real game with multiple changes of direc-
tion. To include an additional test specifically designed to
assess the repeated sprinting ability when changing direc-
tion may improve the relevance of the study outcomes to
a game situation. Besides, this study did not provide suf-
ficient evidence about the relevant RSH-induced structural
and molecular changes in skeletal muscles, the mechanisms
referred for elucidating our findings are postulated. Related
measurements are suggested to be included in future studies.
Finally, the present findings of RSA in response to the two
RSH regimens were obtained from male collegiate athletes
during pre-season phase, the applications of the current find-
ings as guidelines in writing a training plan for the purpose
of in-season conditioning in elite professional athletes, or in
female athletes who had been demonstrated with arterial O,
desaturation to be less sensitive to hypoxic stimuli (Billaut
and Smith 2009), should be with cautions. Further investiga-
tions aimed at the responses of these special populations to
the RSH during competition period are suggested.

In conclusion, 2-week and 5-week RST under hypoxia
could comparably boost up the effects of the RST on the
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performance of multiple RSA tests held during a team-sport-
specific intermittent treadmill exercise protocol in men’s
players immediate post training. Four weeks from the last
training session of the 2-week RSH, the boosting effects
on the players’ RSA appeared to be diminished, although
selected RSA variables were still higher than the corre-
sponding pre-training or normoxic-control levels. In con-
trast, the 4-week residual training effects of the 5-week RSH
could be well-maintained at immediate post training levels.
The present findings suggest that six sessions of RSH held
in 2 weeks may act as a reliable shock microcycle training
regimen in prolonged intermittent-type team sports to boost
up players’ RSA by at most 4 weeks. For the 5-week RSH
regimen, the relative long-term maintenance of the training
effects on the RSA of team-sport players may facilitate them
in building up repeated-sprint foundation during preparatory
phase before competition season.
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