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Abstract

Repeated-sprint training in hypoxia (RSH) has been shown to
boost team-sport players’ repeated-sprint ability (RSA). Whether
players’ global inspiratory muscle (IM) and core muscle (CM)
functions would be altered concomitantly with RSH was not re-
ported. This study was designed to compare the concomitant al-
ternations in players’ RSA and their IM and CM functions during
a team-sport-specific intermittent exercise protocol (IEP) before
and after the intervention. Twenty players were assigned into ei-
ther RSH or control (CON) groups (n = 10 for each). RSH players
participated in 5-wk RSH (15 sessions, 3 sets 5x5-s all-out tread-
mill sprints interspersed with 25-s passive recovery under the hy-
poxia of 13.5%) while CON players had no corresponding train-
ing. The changes in RSA between pre- and post-intervention, and
the alterations in IM and CM functions that were revealed by
maximum inspiratory mouth pressure (Plmax) and sport-specific
endurance plank test (SEPT) performance, respectively, between
pre- and post-IEP and across pre- and post-intervention in the
RSH group were compared with that of CON. Following the 5-
wk RSH, players’ RSA improved significantly (>6%, p < 0.05)
while Plmax and SEPT performance did not alter (P > 0.05). Nev-
ertheless, PImax which declined markedly in pre-intervention IEP
(pre-IEP 155.4 £22.7 vs post-IEP 140.6 + 22.8 cmH20, p < 0.05)
was alleviated significantly in post-intervention IEP (152.2+27.4
vs 152.6 £ 31.8, p > 0.05), while the concomitant declined SEPT
performance in the pre-intervention IEP (155 + 24.6 vs 98.1 +
21.7 s, p < 0.05) was retained post intervention (170.7 + 38.1 vs
100.5 £ 33.4, p < 0.05). For the CON, all variables were un-
changed (p > 0.05). Such findings suggest that 5-wk RSH could
enhance players’ RSA but not global IM and CM functions.
Nonetheless, the decline in Plmax in pre-intervention IEP allevi-
ated significantly post intervention led to a postulation that play-
ers’ IM endurance, rather than strength, might improve with the
5-wk RSH regimen, while the possible improved IM endurance
did not advance the fatigue resistance of CM.

Key words: Intermittent hypoxic training, inspiratory muscle
strength, respiratory muscle training, maximum inspiratory
mouth pressure, sport-specific endurance plank test.

Introduction

It is known that the repeated-sprint ability (RSA) of players
in intermittent-type sports such as football and handball is
of the essence in determining their competitive edge in
matches (Mohr et al., 2005). In order to maximize players’
performance, various repeated-sprint training (RST) regi-
mens are inevitably adopted by sports teams in different

training periods (Ferrari Bravo et al., 2008; Turner and
Stewart, 2013). In the last decade, numerous investigations
supported the notion that RST carried out in a hypoxic con-
dition could boost the enhancement effects of RST on play-
ers’ sea-level RSA (Brocherie et al., 2017). The boosting
effects of repeated-sprint training in hypoxia (RSH) on
players’ RSA are mainly attributed to the cellular and mo-
lecular adaptive mechanisms emerged in exercising mus-
cles under severe hypoxia that eventually enhance the O,
availability and utilization of the fast-twitch fibres and pro-
mote their resynthesis of phosphocreatine following every
all-out sprint (Faiss et al., 2013; Millet et al., 2019). How-
ever, the extra stress induced by repeated sprints in hypoxia
was not solely imposed on working muscles, the reduced
oxygen availability might also influence other physiologi-
cal responses such as oxidative stress and ventilation (Gat-
terer et al., 2019). In hypoxia, the diminished arterial O,
pressure triggers the compensatory response of increased
pulmonary ventilation to maintain O, delivery to the tissues
(Constantini et al. 2021). As a result, work of breathing in-
creases. The increase in work of breathing coupling with
the reduced O, transport to the respiratory muscles as dur-
ing heavy endurance exercise in hypoxia have been shown
to exaggerate inspiratory muscle (IM) fatigue, mainly the
diaphragmatic fatigue (Vogiatzis et al., 2007). Nonetheless,
the long-term strenuous ventilatory work elicited during
exercise in other normoxia scenarios has been shown ef-
fective in enhancing one’s respiratory muscle function. It
was found that the aggregate ventilatory demand during 4-
wk high-intensity interval training could improve un-
trained healthy individuals’ respiratory muscle strength
and endurance (Dunham and Harms, 2012; Yalman et al.,
2021). However, the ventilatory demand during short-term
repeated-sprint cycling in normoxia was found not to in-
duce respiratory muscle fatigue (Minahan et al., 2015), im-
plying less effect on enhancement of the muscle function
with repeated-sprint training. Notwithstanding, in an ani-
mal model of sprint interval training in hypoxia, additional
ventilatory load resulted in greater increase in diaphragm
oxidative capacity compared with normoxia (Ogura et al.,
2005). It has been reported that the ventilatory work of ath-
letes’ global IM and associated sensation of breathing ef-
fort are the factors limiting their exercise tolerance in high-
intensity intermittent exercise (Tong et al., 2003; 2004).
Enhanced IM function through 4 - 6 weeks pressure-thresh-
old IM training could improve their tolerance of high-
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intensity intermittent bouts of running (Tong et al., 2008;
2010). Whether the added heavy ventilatory work during
short-term RSH would enhance the global IM function and
hence contribute to the boosting effects of RSH on sea-
level RSA have not been investigated.

In humans, both inspiratory and expiratory muscles,
apart from the performance of breathing work, are also re-
cruited for maintaining core stability in many non-respira-
tory activities (Al-bilbeisi and McCool, 2000). Specifically,
the respiratory muscles, in sports and exercise settings,
usually jointly work with other core muscles (CM) to opti-
mize the transfer of energy to the extremities by controlling
the position and motion of the torso over the pelvis (Kibler
et al., 2006). During RSH, ventilatory demand increases. It
was not known if, under such severe ventilatory stress, the
dual role of the respiratory muscles would lead to bilateral
enhancement in global IM and CM functions following the
short-term RSH. The purposes of this study were to exam-
ine the effects of 5-wk RSH on team-sport players’ RSA
and their global IM and CM functions. The alterations in
the RSA as well as the functions of the two muscle groups
during a team-sport-specific intermittent exercise protocol
(IEP) were compared before and after the intervention. It
was hypothesised that 5-wk RSH would concomitantly en-
hance players’ RSA and their IM and CM functions. The
improved muscle functions would promote their fatigue re-
sistance during the IEP.

Methods

Participants

Due to the possible gender difference in the sensitivity to
the arterial O, desaturation (Billaut and Smith, 2009), only
male participants were included in the present study. 20
university team-sport players (football: 12, handball: 8)
who volunteered to participate in this study were assigned
into either experimental or control groups (n = 10 for each).
The sample size was estimated by the priori, two-tailed
power calculation at an alpha of 0.05 and a power of 80%,
and based on our previous study findings of alterations in
maximal static inspiratory pressure (ES: 2.21) following
IM training in team-sport players (Tong et al., 2008). After
being fully informed of the experimental procedures and
possible exercise- and blood test-induced discomfort, play-
ers 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

Figure 1 is the overview of the study design. Within a week
prior to the intervention, players’ RSA during the IEP, and
their IM and CM functions before and after the IEP were
assessed. Afterwards, each two players with matched pre-
IEP IM function were randomly assigned into RSH or
CON group. For examining the effects of RSH on players’
RSA and their IM and CM functions during the IEP, 5-wk
RSH was implemented in RSH group. The RSH was car-
ried out on a non-motorized treadmill (Force 3, Woodway,
USA) which was placed inside a normobaric hypoxic
chamber (HS500, Welltech, China). Players were blinded
to the hypoxic level throughout the study. CON players did
not participate in the repeated-sprint training while the
sport-team training of both groups during the intervention
period were identical. Following two days after the last
training session, the RSA and muscle function assessments
were repeated in both groups. The changes in the RSA be-
tween pre- and post-intervention, and the alterations in IM
and CM functions between pre- and post-IEP and across
pre- and post-intervention in the RSH group were com-
pared with that of CON. For controlling the diurnal varia-
tion influences, all exercise tests were scheduled at the
same time of day. In avoidance of residual fatigue induced
by preceded exercise test, all the tests were separated by a
minimum of two days. During the study period, all players
were instructed to maintain their dietary habits. Prior to
each test, players refrained from eating for at least two
hours, 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 lung function, aerobic capacity and per-
centage of body fat were assessed. Afterwards, the maxi-
mum treadmill braking resistance (Trmax) and the maximal
sprint velocity of the players on the Woodway non-motor-
ized treadmill were determined individually for subsequent
treadmill ergometry use (Shi et al., 2023). The Trmax (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% Trmax,
each separated by 14 s of standing recovery. The highest
velocity obtained in a single second from the three sprints
was the result (Zois et al., 2013). Following preliminary
testing, players were familiarized with the assessments of
the IM and CM functions, as well as the IEP.

Preliminary tests Pre-intervention IEP trial

& Pre-IEP N 5 POST-IEP RSH: 1 session/day, 3 days/week Pre-IEP K POST-IEP
Familiarization | p1,, RPE | Ploss CON: no training Pl RPE | Pl
2 x| w . ez | o -
trials sepr | Wemuwe ‘ La RSA La | RPB | SEPT sepr | Wemue | La HIA La I RPB | SEPT
A single RSH session
1% set 3 set
SpO: | Warm up | 5x S-ssprints interspersed | S-min passive | _ _ 5 x 5-s sprints interspersed | 5-min passive | Cool down
with 25-s passive recovery recovery

5-wk intervention Post-intervention 1EP trial

with 25-s passive recovery recovery

Figure 1. The overview of the study design. |EP team-sport-specific intermittent exercise protocol, Plnax maximum inspiratory
pressure, SEPT sport-specific endurance plank test, La blood lactate, RSA repeated-sprint ability, RPE rating of perceived

exertion, RPB ratings of perceived breathlessness.
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The familiarization trial introduced the testing equipment
and protocols of the specific muscle function tests to the
players, and provided them with experience of exercising
at assigned velocities of walking and running on the tread-
mill in the IEP.

Experimental trials

Inspiratory muscle and core muscle function tests

The maximum inspiratory mouth pressure at quasi-zero
flow (Plnax in cmH>0O) provided a surrogate measure of
global IM strength (Laveneziana et al., 2019). It was meas-
ured by performing maximal inspiratory efforts at residual
volume against a semi-occluded rubber-scuba-type mouth-
piece with a 1 mm orifice. The change in the mouth pres-
sure during the maximal inspiratory maneuver was de-
tected by a differential pressure transducer coupled with a
signal conditioner (Collins, Braintree, MA, USA). The
maximal inspiratory efforts were repeated at least 5 times
until the results were stable (vary by <10% in consecutive
three maneuvers), and the highest value was recorded for
analysis.

Global CM function was assessed by complying
with the protocol of the sport-specific endurance plank test
(SEPT) reported previously (Tong et al., 2014a). This test
requires players to maintain the prone bridge in good form
throughout the following stages with no rest in between:
(a) hold the basic plank position for 60 s; (b) lift the right
arm off the ground and hold for 15 s; (c) return the right
arm to the ground and lift the left arm for 15 s; (d) return
the left arm to the ground and lift the right leg for 15 s; (e)
return the right leg to the ground and lift the left leg for 15
s; (f) lift both the left leg and right arm from the ground and
hold for 15 s; (g) return the left leg and right arm to the
ground, and lift both the right leg and left arm off the
ground for 15 s; (h) return to the basic plank position for
30 s; (i) repeat the steps from (a) to (i) until the mainte-
nance of the prone bridge failed.

The formation of the prone bridge during the SEPT
in all trials were standardized by using identical body pos-
ture. It referred to the distances between the left and right
elbows (medial epicondyle), the left and right feet (1% met-
atarsal), the elbow and feet on the left and right sides of the
body, and the hip position. The distances among elbows
and feet were measured during the familiarization trial
while players were comfortably performing the prone
bridge on a bench. Further, two elastic strings of ~80 cm
length which were attached horizontally to a pair of vertical
scales were placed beside the bench during the test. The
two strings maintained at a distance of 10 cm were adjusted
up and down until a height was reached that was at the
same level as the players’ hip (the iliac crest was evenly in
between the two strings). This setting acted as a reference
for the objective monitoring of hip displacement during the
test. The measured distances among the elbows and feet, as
well as the hip height, were consistent in all experimental
trials. During the assessment, the test administrator sat one
meter away from the bench with the seat height adjusted to
a level so that the hip displacement of the players could be
monitored horizontally. The players were then asked to
maintain the prone bridge throughout the test with maxi-
mum effort. For each time that the hip was beyond either
of the reference lines, a verbal warning was given. The test
was terminated when the hip failed to be maintained at the
required level after receiving two consecutive warnings.
The measured time to the limit of tolerance was used as the
index of global CM function.

Team-sport-specific intermittent exercise protocol

IEP was performed on the Woodway non-motorized tread-
mill with braking resistance set at 5% Trmax for ~30 min
(Shi et al., 2023). It 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 dash-
ing (4.6%), and 24 3-s sprinting (4.1%) activities.

R4
Max test 1 teat 2

3.8

Velocity (m.s!)

Intermittent Exercise Protocol

RS54 RS
tegt 3 t5it 3-c Sprint (24 bouts)

4-3 Dash (20 bouts)

6-5 Run (36 bouts)

8- Jog (56 bouts)

2-5 Walk (75 bouts)

8-5 atand (42 bouts)

Figure 2. The order of the six activities and the four sets of repeated-sprint test in the team-sport-specific intermittent exercise
protocol are shown. On the left of the chart is the assigned velocity of each activity of a sample player whose maximal sprint

velocity was 5.4 m-s’l.
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The speed for each foregoing activity was defined at 0%,
20%, 35%, 50%, 70% and 100% of the maximal sprint ve-
locity, respectively. During the IEP, all players were re-
quired to perform the six activities by complying with the
velocity assigned. Figure 2 is the order of the activities in
the IEP and the assigned velocity of each activity of a sam-
ple player whose maximal sprint velocity was 5.4 m's™'. In
addition, 4 sets of RSA test each composed of 3 x 4-s all-
out sprints at 20% Trmax, With 14-s passive recovery in be-
tween, were incorporated into the IEP at the beginning (1
set), middle (2 sets), and end (1 set) of the protocol. During
each sprint, the alterations in the velocity and power output
were recorded at 25 Hz using the Woodway Force 3.0 soft-
ware. The average of the mean velocity (M-Vel) and mean
power output (M-Po) of the sprints were the players’ per-
formance. Besides, the total work done (W) of the IEP
(excluded the 4 sets of RSA test) was also recorded using
the same software.

Before the IEP, pre-IEP Pl and SEPT perfor-
mance were assessed. After that, a standardized warm-up
exercises including a 5-min motorized treadmill run at
moderate intensity and a 5-min dynamic stretching exer-
cise mainly using the legs were performed. Following ca-
pillary sampling from fingertip for blood lactate measure-
ment, 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 IEP commenced. Ex-
ercise heart rate (HR) was monitored using a Polar HR
monitor (H6, Finland). Five minutes after the IEP, identical
blood sampling was repeated for examining the change in
blood lactate (ALa) using the Lactate Scout+ analyzer
(EKF Diagnostics, UK). Following the blood sampling,
players were required to score from 0 to 10 based on the
Borg CR-10 scale (Borg et al., 1985) on how hard they per-
ceived the IEP - ratings of perceived exertion (RPE), and
how heavy they sensed their breathing effort during the ex-
ercise - ratings of perceived breathlessness (RPB). The ses-
sion RPE (s-RPE) and RPB (s-RPB) for quantifying the as-
sociated internal exercise stress were then calculated as:

s-RPE/RPB (AU) = RPE/RPB score * duration of the IEP
(minute) (McLaren et al., 2017)

Immediately following the perceptual ratings, post-IEP PI-
max measurement and SEPT were carried out successively.

Repeated-sprint training in hypoxia

The RSH protocol has been reported in our recent study
(Shi et al., 2023). Briefly, each RSH session consisted of
three sets of 5 x 5-s sprints interspersed with 25-s passive
recovery at the ratio of exercise to recovery of 1:5, and with
S-min passive recovery in between sets; one session per
day, three days per week for five weeks (Figure 1). The
specific RSH protocol has been shown effective to induce
maximum stress of hypoxia in players during the training,
and to enhance their RSA (Tong et al. 2021; Shi et al.,
2023). The repeated sprints were performed on the same
Woodway non-motorized treadmill with the braking re-
sistance set at 20% of Trmax. All the trainings were taken
place in the Welltech normobaric, hypoxic chamber (35

m?, 105 m?) with the O concentration inside the chamber
set at 13.5%. During the intervention, all players were
blinded to the hypoxic level.

Prior to the repeated-sprint exercise in each session,
players’ peripheral capillary O, saturation (SpO.) was
monitored using a pulse oximeter (Masimo, USA) for two
minutes while they were resting on a chair in the hypoxic
chamber. The SpO, was recorded at the end of the moni-
toring period. Thereafter, following three bouts of 5-s sub-
maximal sprints (70 - 90% all-out effort) on the non-mo-
torized treadmill for warm-up purposes, the RSH protocol
commenced. The mean power output of each set of the re-
peated sprints was recorded. At the time when the average
of the mean power output of the three sets increased signif-
icantly from original level in consecutive two sessions, the
treadmill resistance would be increased with each incre-
ment of 1 kp.

Statistical analyses

The Shapiro-Wilk normality test revealed that data for all
variables were normally distributed. The differences in
physical characteristics between the RSH and CON groups
(Table 1) were assessed using paired sample ¢ test. To ex-
amine the differences in the exercise stress variables and
the perceptual variables, as well as the exercise perfor-
mance variables of the IEP between the pre- and post-in-
tervention trials and across the RSH and CON groups (Ta-
ble 2 and Table 3), two-way ANOVA with repeated
measures were computed. For the Plmax and SEPT (Figure
3 and Figure 4), the differences between Pre- and Post-1EP,
across trials, and among groups were assessed by applying
three-way ANOVA with repeated measures in two factors
(IEP and trials). 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 measure the main and interaction effects, where val-
ues of 0.04 = small, 0.25 = medium, and 0.64 = large effect
size (Ferguson, 2009). The effect size of pairwise compar-
ison 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.

Results

In this study, players’ physical characteristics (Table 1) and
their Trmax (30.0 £ 3.1 vs 31.2 = 1.6 kp) were not varied
between RSH and CON. Both groups completed all the ex-
perimental trials and intervention. No adverse events were
reported in either group. During the 5-wk intervention,
RSH players participated in the specific training with at-
tendance of 100%. Two participants had increased their
treadmill resistance training load by 1 kp, others were
maintained at original level throughout the intervention.
For the hypoxic condition during the 5-wk RSH, the aver-
aged O, partial pressure in the hypoxic chamber was 13.8
+ 1.0%, and the SpO, of the players was 90.1 + 1.9%.
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Table 1. Physical characteristics of the players in RSH and CON.

RSH (n =10) CON (n=10) t-ratios

Age (yrs) 19.6 + 1.3 20.9+2.1 1=1.63,p=0.12,d=0.74
Height (cm) 174 + 4 176 £5 t=0.95,p=0.36,d=0.44
Weight (kg) 65.7+6.2 70.7+7.1 t=1.67,p=0.11,d=0.75
Body fat percentage (%) 11.9+3.6 12.0+ 3.8 =0.06, p=0.11, d = 0.03
FVC () 448 +0.69 470+0.75 t=0.67,p=0.51,d =031
FEV1 () 3.95+0.67 3.92+0.72 t=0.09,p=0.92,d4=0.04
FEV1/FVC (%) 88.3+7.3 83.3+8.0 t=1.45,p=0.16,d=0.65
12-s MVV (I'min™) 174 + 30 176 + 32 t=0.1,p=0.92,d=0.06

VOzmax (ml-kg!.-min’") 61.8+3.7 61.5+3.7 t=0.17,p=0.87, d = 0.08
HRmax (beat'min™) 191 +8 190+ 11 t=0.16,p=0.87,d=0.1

VEmax (I'min™") 136 + 20 133+ 16 t=0.36,p=0.72,d=0.17

Mean £SD; t-test: t-ratio, p value, Cohen’s d, FVC, forced vital capacity; FEV, forced expiratory volume in 1 s; 12-s MVV,
maximum voluntary ventilation measured in 12 s; VOzpax, Vimar and HR,0r, maximum oxygen uptake, minute ventilation and
heart rate, respectively, recorded in maximum graded treadmill test.

Table 2. The Post-IEP HR, s-RPE, s-RPB, and ALa during pre- and post-intervention IEP in RSH and CON.

Pre- intervention

Post-intervention

IEP IEP F-ratios
a . - . 2 —

PostIEPHR o TTEH s G Fo= 065, b= 043, Mo = 0.04
(b-min”) o Ugy== 10 Ugg==1 Inx G: Fiuisy=5.10, p = 0.04, 1p? = 0.22
RDPB RSH 201 =24 27834 Tn: Foi = 0.06, p = 0.81, np? <0.01

- G: Fuis = 0.02, p = 0.88, np? <0.01
) Con DAESAS e In x G: Fiy= 3.04, p = 0.1, p? = 0.15
RPE RSH 285 28 269 = 38 Tn: Fim=0.19, p = 0.67, np? = 0.01

) G: Fa,18=0.07, p= 0.8, np? <0.01
(AU) o 212y 2eee Inx G: Fiiisy=3.10,p = 0.1, np? = 0.15
\La RSH 732+ 274 10122509 In: Faug=7.59,p=0.01, np? = 0.3

i G: Fiuis = 030, p = 0.59, np? = 0.02
-1
(mmol-I") CON 734+3.14 8.85+3.49 Inx G: Fa,8=0.64, p = 0.43, np* = 0.03

Mean +SD; Two-way ANOVA [Intervention (In) x Groups(G)]: F-ratio, p value, np?% ¢ significant different from corresponding
Pre-intervention IEP value at p < 0.05; Post-IEP HR post-intermittent exercise protocol heart rate; s-RPE session rating of per-
ceived exertion; s-RPB session ratings of perceived breathlessness; 4La change in blood lactate.

Table 3. The total work done (Wrot) during pre- and post-intervention IEP; and the average of the mean velocity
(M-Vel) and mean power output (M-Po) across the four sets of the repeated-sprint test held during pre- and post-

intervention IEP in RSH and CON.

Pre-intervention

Post-intervention

IEP IEP F-ratios
W RSH 253+ 23 272+£20° In: Fois=10.3 p = 0.005, np? = 0.36
ot
G: Fu,18=2.20p=0.16, np>*=0.11
(KJ) oy 2R AR Inx G: Fiiig= 5.66 p = 0.03, np? = 0.24
RSH 405018 429+0.189  In: Faum=11.1 p=0.004, np? = 0.38
(R:n\sle'; CON 416+0.18 416+0.19 G: Fui =0.17p=0.9, p* <0.01
160, 160, In x G: Fis=11.8 p = 0.003, np? = 0.40
VP RSH 700 = 66 804 73 @ In: Fas= 12.7 p = 0.002, np = 0.41
’ G: Fa,18=0.03 p = 0.87, np*<0.01
W) Com ez fon =0 In x G: Fis=17.4 p = 0.001, np? = 0.49

Mean £SD; Two-way ANOVA [Intervention (In) x Groups(G)]: F-ratio, p value, np?; * significant different from corresponding Pre-Inter-

vention IEP value at p <0.05.

Table 2 shows the post-exercise HR, s-RPB, s-RPE
and ALa during the IEP in the pre- and post-intervention
trials in RSH and CON. All the variable prior to the inter-
vention were not varied between RSH and CON. In com-
parison to pre-intervention level, post-exercise HR and
ALa increased significantly (Cohen’s d = 0.62, 1.06) in
post-intervention trial in RSH, but not CON. For the per-
ceptual variables of s-RPB and s-RPE, no alteration was
found post intervention in both groups.

The Wrot, M-Vel and M-Po of RSH and CON dur-
ing the IEP in the pre- and post-intervention trials are
shown in Table 3. In the pre-intervention trial, the three
variables were not different between the RSH and CON.
Following the intervention, significant increase in Wrot, M-

Vel and M-Po (Cohen’s d = 0.88, 1.33, 1.49) were ob-
served in RSH, while it did not alter in CON.

The alterations in the players’ Pln.x and in their per-
formance of SEPT following IEP in the pre- and post-in-
tervention trials are shown, respectively, in Figure 3 and 4.
In the pre-intervention trial, the Pln.x of RSH and CON,
which were not varied before the IEP, declined after the
exercise in similar magnitude (RSH: pre-IEP 155.4 +22.8,
post-IEP 140.6 = 22.8 cmH,0, p < 0.05, Cohen’s d = 0.65;
CON: 152.8 £ 17.5, 142.7 + 20.1 cmH»0, p < 0.05, Co-
hen’s d=0.51). Following the intervention, the pre-IEP PI-
max did not change significantly from the pre-intervention
level in both groups. However, the decline in the Ply.x after
completing the IEP was attenuated in RSH (152.2 + 27.4,
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152.6 + 31.8 cmH>0, p > 0.05). The attenuation was not
observed in CON (156.5 + 17.8, 147.6 £ 22.7 cmH,0, p <
0.05, Cohen’s d = 0.44).

For the global CM function, players’ performance
in the SEPT prior to the pre-intervention IEP was not dif-
ferent between RSH and CON. The SEPT performance de-
clined significantly in the players after the IEP (RSH: pre-
IEP 155 +24.6, post-IEP 98.1 = 21.7 s, p < 0.05, Cohen’s
d=245; CON: 171.3 £43, 117.7 £ 28.4 s Cohen’s d =

1.4), with which the magnitude of the decline was not dif-
ferent between the two groups. Following the intervention,
the pre-IEP SEPT performance did not change significantly
from the pre-intervention level in both groups. Moreover,
the decline in the post-IEP SEPT performance was not at-
tenuated in either group (RSH: 170.7 £ 38.1, 100.5 + 33.4,
p <0.05, Cohen’s d = 1.96; CON: 168.1 + 40.3, 106.1 +
34.9, Cohen’s d = 1.65).
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Figure 3. The changes in the maximum inspiratory pressure (PImax) of players in performing the team-sport-specific intermit-
tent exercise protocol (Pre-IEP vs Post-IEP) before and after intervention in the RSH and CON. 3-way ANOVA (Intervention x IEP
x Group): F-ratio, p value, np*.
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(Intervention x IEP x Group): F-ratio, p value, np>.
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Discussion

This study was designed to investigate whether 5-wk RSH
in team-sport players would result in enhancements of their
global IM and CM functions concomitant with the increase
in RSA demonstrated in an endurance-type team-sport spe-
cific IEP. The present findings show that despite of marked
improvements in the RSA variables in IEP (M-Vel: 6.2 +
4.4%, M-Po: 15.3 = 8.4%) were observed immediately fol-
lowing the 5-wk RSH, RSH players’ global IM and CM
functions revealed by the pre-IEP Pl,.x and SEPT perfor-
mance, respectively, did not alter significantly. Neverthe-
less, Plmax which declined markedly in pre-intervention
IEP was alleviated significantly in post-intervention IEP,
while the concomitant declined SEPT performance in the
pre-intervention IEP was retained post intervention. For
the CON, all the responses in the variables of RSA (M-Vel:
-0.04 + 1.1%, M-Po: -0.1 + 2.5%) as well as IM and CM
functions were unchanged following the intervention pe-
riod. Accordingly, the study hypothesis that 5-wk RSH
would enhance players’ RSA was accepted, while the part
of the enhancement of IM and CM functions was challeng-
ing. Nonetheless, the hypothesis associated to the promo-
tion of IM fatigue resistance during the IEP is discussable.

In this study, although the net influence of hypoxia
on the results of RSH was not examined with the corre-
sponding training in normoxia, the augmentation of play-
ers’ RSA in post-intervention IEP are in line with our re-
cent findings of the boost in RSA following identical 5-wk
RSH regimen in team-sport athletes (Shi et al., 2023). Such
boosting effects on RSA have been found to maintain in
players for at least 4 weeks after the intervention (Shi et al.,
2023). Apart from those hypoxia-related adaptations and
associated augmented perfusion and O, extraction in leg’s
fast-twitch fibres, the favourable residual boosting effects
of RSH on RSA was partly ascribed to the possible mor-
phological and neurological adaptations in players’ leg
muscles resulting from the treadmill training that increase
greater leg strength and fatigue resistance in repeating the
sprints (Folland and Williams, 2007; Franks et al., 2012).
However, the present study did not find concomitant en-
hancement in players’ global IM strength after going
through the 5-wk RSH. Previous studies have demon-
strated that increase in IM strength with specific IM train-
ing could improve players’ abilities in performing repeated
sprint and high-intensity intermittent bouts of running,
with attenuations of the breathing effort sensation and IM
metaboreflex during the exercise were the potential under-
lying mechanisms (Tong et al., 2010; Archiza et al., 2018;
Cavalcante et al., 2019). The lack of improvement in global
IM strength following the RSH suggests that players’ en-
hanced RSA could not be attributed to any perceptual or
physiological adaptations in relation to the increase in IM
strength resulting from the heavy ventilatory demand dur-
ing the RSH. The contradiction of the present findings to
the significant increases in respiratory muscle strength re-
ported previously in untrained individuals after 4-wk high-
intensity interval training (5 x 1-min cycling at 90% of
peak work rate interspersed with 3-min recovery) could not
be explained clearly (Dunham and Harms, 2012; Yalman
et al., 2021). It was noted that respiratory muscle adapta-

tions to exercise training appear to be dose dependent, i.e.
exercise training-induced increases in respiratory muscle
function require a significant training volume (Shei, 2018).
The hypoxia-induced hyperventilation elicited during the
low-volume RSH regimen might have not effectively over-
loaded players’ IM in the same way as that achieved previ-
ously in relative high-volume exercise trainings (Dunham
and Harms, 2012; Yalman et al., 2021) and in low-volume
specific IM training with pressure-threshold resistance im-
posed (Tong et al., 2008; Shei, 2018).

In post-intervention IEP, despite the RSH players’
M-Po and Wr, increased, the resultant impairment in Plyax
and increases in s-RPB and s-RPE during the exercise did
not exacerbate further. In opposite, the decline in the Plnax
compared to that occurred in pre-intervention trial was
markedly attenuated, and there was no further increase in
s-RPB and s-RPE. Although players’ ventilatory responses
during the IEP have not been measured on site in avoidance
of potential disturbances in perceived breathing effort sen-
sation and repeating maximal sprints, large decreases in
pulmonary ventilation and associated ventilatory work fol-
lowing RSH were not likely according to the findings in
previous RSH studies (Galvin et al., 2013; Giovanna et al.,
2022). It is therefore reasonable to postulate that players’
IM endurance might have been improved in the same way
as that resulting from respiratory muscle endurance train-
ing to counteract exercise-induced diaphragmatic fatigue
(Verges et al., 2007).

In fact, respiratory muscle endurance appears to
vary as a dependent function of exercise training (Powers
et al., 1997). It has been reported that a 16% increase in
respiratory muscle endurance was detected following long-
term running training in untrained individuals (Robinson
and Kjeldgaard, 1982). Likewise, significant increase in
swimmers’ IM endurance was found after a 12-wk training
program (Clanton et al., 1987). In line with these findings,
small but significant increases in oxidative and antioxidant
enzyme activities in both inspiratory and expiratory mus-
cles, as well as fast-to-slow shift myosin heavy chain
isoforms within the costal diaphragm have been found in
animals after various intensities of chronic training
(Sugiura et al., 1990; Powers et al., 1992). In addition, the
increase in citrate synthase activity and alterations in myo-
sin heavy chain isoforms within Type II isoforms in ani-
mals’ diaphragm resulting from 9-wk sprint interval train-
ing in hypoxia were greater in comparison to that in
normoxia (Ogura et al., 2005). Interestingly, the increase
in respiratory muscle endurance in runners following 6-wk
isocapnic hyperpnoea training under hypoxic conditions
(SpOs set at 90-80%) was found not different from that of
their normoxic counterparts when similar ventilatory vol-
ume (50 - 60% 12-s maximal voluntary ventilation for 30
mins) and pattern (tidal volume fixed at 60% vital capacity)
were performed by both groups throughout the training pe-
riod (Katayama et al., 2019). Accordingly, the possible im-
proved IM endurance in players following the 5-wk RSH
is likely to be the integrated results of the adaptations in IM
mediated by the two different stimulus sources of RST and
hypoxia. However, the current data could not identify the
net effects of the hypoxia on boosting up the potential RST-
induced changes in IM endurance.
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It has been reported that the increases in maximal
glycolytic enzyme activity and Na™-K*-pump capacity in
locomotor muscles following 7-wk sprint interval training
underlay the augmented maximum power output over four
repeated 30-s efforts on a cycle ergometer (MacDougall et
al., 1998). Further, the increases in carbonic anhydrase
mRNA concentration and lactate dehydrogenase activity in
cyclists’ leg muscles after 8 sessions of RSH were greater
in comparison with their normoxic counterparts while the
change in citrate synthase activity post intervention was not
significant in both groups (Faiss et al., 2013). The en-
hanced buffer capacity together with the unchanged mito-
chondrial enzyme activity indicates that there would be a
shift from aerobic to anaerobic glycolytic activity in loco-
motor muscles during post-RSH repeated-sprint exercise
(Faiss et al., 2013). On the other hand, the additional ven-
tilatory load in animals during sprint interval training in
hypoxia resulted in greater reduction in diaphragmatic lac-
tate dehydrogenase activity and increase in citrate synthase
activity in comparison to normoxia (Ogura et al., 2005).
The increased oxidative capacity of the respiratory muscles
is likely to increase the lactate uptake and improve the lac-
tate removal from circulating blood (Bigard et al., 1992).
Indeed, increased respiratory endurance in athletes follow-
ing 4-wk isocapnic hyperpnoea training have been found
to reduce whole-body blood lactate during intense endur-
ance exercise (Spengler et al., 1999). Accordingly, the in-
creased ALa in consequence of the augmented M-Po and
Wrot in post-intervention IEP appears to be the net results
of the possible RSH-induced physiological adaptations in
locomotor and respiratory muscles, respectively, in pro-
ducing and consuming lactate.

It has been shown that the restoration of power out-
put during repeated sprints is more associated with the
quantity of muscle phosphocreatine resynthesis than the re-
covery of muscle pH (Mendez-Villanueva et al., 2012).
Hence, the attenuation of IM metaboreflex secondary to the
enhancement of IM strength and the resultant reductions in
whole-body metabolite accumulations was considered as
an important underlying mechanism for the enhancements
of team-sport players’ RSA, as well as their tolerance of
maximum intense intermittent run, following a specific IM
training (Tong et al., 2008, Archiza et al., 2018; Cavalcante
et al., 2019). Indeed, the augmented fatigue resistance in
respiratory muscles following either specific strength or
endurance training has been shown to lead to reduction or
delay of the metaboreflex arising from the muscles and,
consequently, enhancement of exercise performance (Illi et
al., 2012). Whether the attenuation of Py« decline in post-
intervention IEP following the 5-wk RSH had contributed
to the augmentation of players’ RSA in IEP awaits further
investigation.

In pre-intervention IEP, the decline in Pl was
concomitant with the impairment of SEPT performance in
players. Following the 5-wk RSH, both the pre-IEP Pl
and SEPT performance did not alter. Although the current
findings could not clearly demonstrate the dual role of the
IM in breathing and core stability during exercise, related
evidence has been shown in following two studies: During
intense running to exhaustion, runners’ heavy ventilatory
work that induced IM fatigue could independently lead to

global CM fatigue (Tong et al., 2014b). In contrast, 4-wk
pressure-threshold IM training which markedly improved
runners’ Ply.x could concomitantly result in tiny but signif-
icant enhancement in their SEPT performance (Tong et al.,
2016). In the present study, the impaired SEPT perfor-
mance of players during IEP did not gain any benefit from
the attenuation of the IEP-induced decline in Pl in post-
intervention trial. The revived Pln.x concomitant with no
corresponding improvement in post-IEP SEPT perfor-
mance could not be clearly explained, and yet these find-
ings suggest that the underlying mechanisms for the revival
of the post-IEP Pl.x in post-intervention trial might not be
identical to those for the improved Plm.c in response to
pressure-specific IM training (Tong et al., 2016). It was
noted that IM training using voluntary isocapnic hyperp-
noea requires individual to perform the targeted ventilation
at higher flow rates with which the increase in airways re-
sistance at these higher flows would be minimal (HajGhan-
bari et al., 2013). Such flow-specific IM training has been
shown favourable in improving related muscle endurance
capacity, while the increase in IM strength or Pln.x was
trivial (Romer and McConnell, 2003; HajGhanbari et al.,
2013). The present data could not reveal whether this sce-
nario also existed during the 5-wk RSH and led to solely
the enhancement of players’ IM endurance. Further evi-
dence on related muscle endurance resulting from RSH is
required._Regardless, the lack of improvement in pre- and
post-IEP SEPT performance in post-RSH trial suggests
that the effect of 5-wk RSH on players’ global CM function
is negligible.

In the present study, here are some limitations that
deserve discussion. The lack of corresponding RST in
CON might limit the interpretation of the net effect of hy-
poxia on RSH-resulted counteraction of IEP-induced Plyax
decline. Nonetheless, the present findings that players’ IM
fatigue induced by team-sport specific IEP alleviated fol-
lowing 5-wk RSH, to our best knowledge, are novel and
have not been reported. Besides, the present study did not
measure players’ ventilatory responses during the 5-wk
RSH and IEPs in avoidance of the interference created by
ventilatory measurement device in perceptual and sprint
performances, related evidence referred for elucidating our
findings are postulated. Ventilatory measurement taken
place at selected time points rather than throughout the
RSH session or IEP in future studies may be helpful to ex-
tricate from the dilemma. In this study, the alteration in the
IM function following RSH was only revealed by measur-
ing players’ Plnax that was relevant to IM strength. The in-
clusion of measurement of ventilatory endurance may pro-
vide further evidence about the potential enhancement in
respiratory muscle endurance after the intervention. Lastly,
it has been suggested that only a significant volume of ex-
ercise training could induce training adaptations in the res-
piratory muscles as related adaptations to the exercise
training are likely to be dose dependent (Shei et al., 2018).
Despite long-term hypoxic training may not be practical in
real team-sport training settings, to study further whether
an RSH regimen longer than 5 weeks would induce marked
improvements in respiratory muscle strength and endur-
ance in players may bring further insight into this specific
ergogenic aid.
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Conclusion

In conclusion, 5-wk RSH markedly improved players’
RSA in IEP while their pre-IEP Ply.x and SEPT perfor-
mance did not alter. In pre-intervention IEP, both Pl and
SEPT performance declined markedly. In post-interven-
tion IEP, despite of significant increases in M-Po and W,
corresponding Plma decline attenuated and the s-RPB was
unchanged. In contrast, the decline in SEPT performance
in pre-intervention IEP was retained in post-intervention
trial. Such findings lead to a postulation that players’ IM
endurance, rather than strength, was improved with the 5-
wk RSH regimen, while the possible improved IM endur-
ance did not advance the fatigue resistance of CM in SEPT.
In this study, although the enhancement of players’ RSA in
post-intervention trial was found in accompanying with al-
leviation of IM fatigue, the current findings are not suffi-
cient to assess if the alleviated IM fatigue had played a role
in boosting the RSA. To examine the corresponding alter-
ations in the RSH-resulted enhancements in players’ RSA
with manipulations of their exercising ventilatory work and
associated alleviation of Plna decline may inspire further.

Acknowledgements

This research was funded by Macao Polytechnic University (RP/ESCSD-
04/2020). The experiments comply with the current laws of the country
in which they were performed. The authors have no conflict of interest to
declare. The datasets generated during and/or analyzed during the current
study are not publicly available but are available from the corresponding
author who was an organizer of the study.

References

Al-bilbeisi, F. and McCool, F.D. (2000) Diaphragm recruitment during
nonrespiratory activities. American Journal of Respiratory and
Critical Care Medicine 162(2 Pt 1), 456-459.
https://doi.org/10.1164/ajrcem.162.2.9908059

Archiza, B., Andaku, D.K., Caruso, F.C.R., Bonjorno, J.C., Jr, Oliveira,
C.R., Ricci, P.A., Amaral, A.C.D., Mattiello, S.M., Libardi,
C.A., Phillips, S.A., Arena, R., and Borghi-Silva, A. (2018) Ef-
fects of inspiratory muscle training in professional women foot-
ball players: a randomized sham-controlled trial. Journal of
Sports Sciences 36(7), 771-780.
https://doi.org/10.1080/02640414.2017.1340659

Bigard, A. X., Brunet, A., Serrurier, B., Guezennec, C.Y. and Monod, H.
(1992) Effects of endurance training at high altitude on dia-
phragm muscle properties. Pflugers Archiv : European Journal
of Physiology 422(3), 239-244.
https://doi.org/10.1007/BF00376208

Billaut, F. and Smith, K. (2009) Sex alters impact of repeated bouts of
sprint exercise on neuromuscular activity in trained athletes. Ap-
plied Physiology, Nutrition, and Metabolism 34(4), 689-699.
https://doi.org/10.1139/H09-058

Borg, G., Ljunggren, G. and Ceci, R. (1985) The increase of perceived
exertion, aches and pain in the legs, heart rate and blood lactate
during exercise on a bicycle ergometer. European Journal of Ap-
plied Physiology and Occupational Physiology 54(4), 343-349.
https://doi.org/10.1007/BF02337176

Brocherie, F., Girard, O., Faiss, R. and Millet, G.P. (2017) Effects of Re-
peated-Sprint Training in Hypoxia on Sea-Level Performance: A
Meta-Analysis. Sports Medicine (Auckland, N.Z.) 47(8), 1651-
1660. https://doi.org/10.1007/s40279-017-0685-3

Cavalcante, Silva, R.L., Hall, E. and Maior, A.S. (2019) Inspiratory mus-
cle training improves performance of a repeated sprints ability
test in professional soccer players. Journal of Bodywork and
Movement Therapies 23(3), 452-455.
https://doi.org/10.1016/j.jbmt.2019.01.016

Clanton, T.L., Dixon, G.F., Drake, J. and Gadek, J.E. (1987) Effects of
swim training on lung volumes and inspiratory muscle condition-
ing. Journal of Applied Physiology 62(1), 39-46.
https://doi.org/10.1152/jappl.1987.62.1.39

Cohen, J. (1988) Statistical power analysis for the behavioral sciences.
2" ed. Hillsdale, MI, Lawrence Erlbaum Associates.

Constantini, K., Bouillet, A.C., Wiggins, C.C., Martin, B.J. and Chapman,
R.F. (2021) Ventilatory Responsiveness during Exercise and
Performance Impairment in Acute Hypoxia. Medicine and Sci-
ence in Sports and Exercise 53(2), 295-305.
https://doi.org/10.1249/MSS.0000000000002466

Dunham, C. and Harms, C.A. (2012) Effects of high-intensity interval
training on pulmonary function. European Journal of Applied
Physiology 112(8), 3061-3068. https://doi.org/10.1007/s00421-
011-2285-5

Faiss, R., Léger, B., Vesin, J. M., Fournier, P. E., Eggel, Y., Dériaz, O.,
and Millet, G.P. (2013) Significant molecular and systemic ad-
aptations after repeated sprint training in hypoxia. PloS One 8(2),
€56522. https://doi.org/10.1371/journal.pone.0056522

Ferguson, C.J. (2009) An effect size primer: A guide for clinicians and
researchers. Professional Psychology, Research and Prac-
tice 40(5), 532-538. https://doi.org/10.1037/a0015808

Ferrari Bravo, D., Impellizzeri, F.M., Rampinini, E., Castagna, C.,
Bishop, D. and Wisloff, U. (2008) Sprint vs. interval training in
football. International Journal of Sports Medicine 29(8), 668-
674. https://doi.org/10.1055/s-2007-989371

Folland, J.P. and Williams, A.G. (2007) The adaptations to strength train-
ing: morphological and neurological contributions to increased
strength. Sports Medicine (Auckland, N.Z.) 37(2), 145-168.
https://doi.org/10.2165/00007256-200737020-00004

Franks, K.A., Brown, L.E., Coburn, J.W., Kersey, R.D. and Bottaro, M.
(2012) Effects of Motorized vs Non-Motorized Treadmill Train-
ing on Hamstring/Quadriceps Strength Ratios. Journal of Sports
Science and Medicine 11(1), 71-76.
https://pubmed.ncbi.nlm.nih.gov/24137064/

Galvin, HM., Cooke, K., Sumners, D.P., Mileva, K.N. and Bowtell, J.L.
(2013) Repeated sprint training in normobaric hypoxia. British
Journal of Sports Medicine 47(Suppl 1), 74-79.
https://doi.org/10.1136/bjsports-2013-092826

Gatterer, H., Menz, V., Untersteiner, C., Klarod, K. and Burtscher, M.
(2019) Physiological factors associated with declining repeated
sprint performance in hypoxia. Journal of Strength and Condi-
tioning Research 33(1), 211-216.
https://doi.org/10.1519/JSC.0000000000001891

Giovanna, M., Solsona, R., Sanchez, A.M.J. and Borrani, F. (2022) Ef-
fects of short-term repeated sprint training in hypoxia or with
blood flow restriction on response to exercise. Journal of Physi-
ological Anthropology 41(1), 32.
https://doi.org/10.1186/s40101-022-00304-1

HajGhanbari, B., Yamabayashi, C., Buna, T.R., Coelho, J.D., Freedman,
K.D., Morton, T.A., Palmer, S.A., Toy, M.A., Walsh, C., Sheel,
A.W., and Reid, W.D. (2013) Effects of respiratory muscle train-
ing on performance in athletes: a systematic review with meta-
analyses. Journal of Strength and Conditioning Research 27(6),
1643-1663.
https://doi.org/10.1519/JSC.0b013e318269f73f

Illi, S.K., Held, U., Frank, I. and Spengler, C.M. (2012) Effect of respira-
tory muscle training on exercise performance in healthy individ-
uals: a systematic review and meta-analysis. Sports Medicine
(Auckland, N.Z.) 42(8), 707-724.
https://doi.org/10.1007/BF03262290

Katayama, K, Goto K, Ohya T, Iwamoto E, Takao K, Kasai N, Sumi, D.,
Mori, H., Ishida, K., Shimizu, K., Shiozawa, K., and Suzuki, Y.
(2019) Effects of Respiratory Muscle Endurance Training in Hy-
poxia on Running Performance. Medicine and Science in Sports
and Exercise 51(7), 1477-1486.
https://doi.org/10.1249/MSS.0000000000001929

Kibler, W.B., Press, J. and Sciascia, A. (2006) The role of core stability
in athletic function. Sports Medicine (Auckland, N.Z.) 36(3),
189-198. https://doi.org/10.2165/00007256-200636030-00001

Laveneziana, P., Albuquerque, A., Aliverti, A., Babb, T., Barreiro, E.,
Dres, M., Dubé, B.P., Fauroux, B., Gea, J., Guenette, J.A., Hud-
son, A.L., Kabitz, H.J., Laghi, F., Langer, D., Luo, Y.M., Neder,
J A., O'Donnell, D., Polkey, M.I., Rabinovich, R.A., Rossi, A.,
Series, F., Similowski, T., Spengler, C.M., Vogiatzis, 1., and
Verges, S. (2019) ERS statement on respiratory muscle testing at
rest and during exercise. The European Respiratory Jour-
nal 53(6), 1801214. https://doi.org/10.1183/13993003.01214-
2018

MacDougall, J.D., Hicks, A.L., MacDonald, J.R., McKelvie, R.S., Green,
H.J. and Smith, K.M. (1998) Muscle performance and enzymatic



776

Repeated-sprint training in hypoxia alters inspiratory muscle function

adaptations to sprint interval training. Journal of Applied Physi-
ology 84(6), 2138-2142.
https://doi.org/10.1152/jappl.1998.84.6.2138

McLaren, S.J., Smith, A., Spears, I.R. and Weston, M. (2017) A detailed
quantification of differential ratings of perceived exertion during
team-sport training. Journal of Science and Medicine in
Sport 20(3), 290-295.
https://doi.org/10.1016/j.jsams.2016.06.011

Mendez-Villanueva, A., Edge, J., Suriano, R., Hamer, P. and Bishop, D.
(2012) The recovery of repeated-sprint exercise is associated
with PCr resynthesis, while muscle pH and EMG amplitude re-
main depressed. Plos one 7(12), €51977.
https://doi.org/10.1371/journal.pone.0051977

Millet, G.P., Girard, O., Beard, A. and Brocherie, F. (2019) Repeated
sprint training in hypoxia - an innovative method. Deutsche
Zeitschrift fur Sportmedizin 70(5),115-122.
https://doi.org/10.5960/dzsm.2019.374

Minahan, C., Sheehan, B., Doutreband, R., Kirkwood, T., Reeves, D. and
Cross, T. (2015) Repeated-sprint cycling does not induce respir-
atory muscle fatigue in active adults: measurements from the
powerbreathe® inspiratory muscle trainer. Journal of Sports Sci-
ence and Medicine 14(1), 233-238.
https://pubmed.ncbi.nlm.nih.gov/25729312/

Mohr, M., Krustrup, P. and Bangsbo, J. (2005) Fatigue in soccer: a brief
review. Journal — of  Sports  Sciences 23(6),  593-599.
https://doi.org/10.1080/02640410400021286

Ogura, Y., Naito, H., Aoki, J., Uchimaru, J., Sugiura, T. and Katamoto,
S. (2005) Sprint-interval training-induced alterations of Myosin
heavy chain isoforms and enzyme activities in rat diaphragm: ef-
fect of normobaric hypoxia. The Japanese Journal of Physiology
55(6), 309-316. https://doi.org/10.2170/jjphysiol.R2132

Powers, S. K., Coombes, J. and Demirel, H. (1997) Exercise training-in-
duced changes in respiratory muscles. Sports Medicine 24(2),
120-131. https://doi.org/10.2165/00007256-199724020-00004

Powers, S. K., Grinton, S., Lawler, J., Criswell, D. and Dodd, S. (1992)
High intensity exercise training-induced metabolic alterations in
respiratory muscles. Respiration physiology 89(2), 169-177.
https://doi.org/10.1016/0034-5687(92)90048-2

Robinson, E.P. and Kjeldgaard, J.M. (1982) Improvement in ventilatory
muscle function with running. Journal of Applied Physiology:
Respiratory, Environmental and Exercise Physiology 52(6),
1400-1406. https://doi.org/10.1152/jappl.1982.52.6.1400

Romer, L.M. and McConnell, A.K. (2003) Specificity and reversibility of
inspiratory muscle training. Medicine and Science in Sports and
Exercise 35(2), 237-244.
https://doi.org/10.1249/01.MSS.0000048642.58419.1E

Shei, R.J. (2018) Recent Advancements in Our Understanding of the Er-
gogenic Effect of Respiratory Muscle Training in Healthy Hu-
mans: A Systematic Review. Journal of Strength and Condition-
ing Research 32(9), 2665-2676.
https://doi.org/10.1519/JSC.0000000000002730

Shi, Q., Tong, T.K., Nie, J., Tao, D., Zhang, H., Tan, X. and Kong, Z.
(2023) Repeated-sprint training in hypoxia boosts up team-sport-
specific repeated-sprint ability: 2-week vs 5-week training regi-
men. European Journal of Applied Physiology 123(12), 2699-
2710. https://doi.org/10.1007/s00421-023-05252-x

Spengler, C.M., Roos, M., Laube, S.M. and Boutellier, U. (1999) De-
creased exercise blood lactate concentrations after respiratory
endurance training in humans. European Journal of Applied
Physiology and Occupational Physiology 79(4), 299-305.
https://doi.org/10.1007/s004210050511

Sugiura, T., Morimoto, A., Sakata, Y., Watanabe, T. and Murakami, N.
(1990) Myosin heavy chain isoform changes in rat diaphragm are
induced by endurance training. The Japanese Journal of Physi-
ology 40(5), 759-763. https://doi.org/10.2170/jjphysiol.40.759

Tong, T.K., Fu, F.H., Chow, B.C., Quach, B. and Lu, K. (2003) Increased
sensations of intensity of breathlessness impairs maintenance of
intense intermittent exercise. European Journal of Applied Phys-
iology 88(4-5), 370-379.
https://doi.org/10.1007/s00421-002-0724-z

Tong, T.K., Fu, F.H., Chung, P.K., Eston, R., Lu, K., Quach, B., Nie, J.
and So, R. (2008) The effect of inspiratory muscle training on
high-intensity, intermittent running performance to exhaustion.
Applied Physiology, Nutrition, and Metabolism 33(4), 671-681.
https://doi.org/10.1139/H08-050

Tong, T.K., Fu, F.H., Eston, R., Chung, P.K., Quach, B. and Lu, K. (2010)
Chronic and acute inspiratory muscle loading augment the effect

of a 6-week interval program on tolerance of high-intensity in-
termittent bouts of running. Journal of Strength and Condition-
ing Research 24(11), 3041-3048.
https://doi.org/10.1519/JSC.0b013e3181bf033b

Tong, T.K., Fu, F.H., Quach, B. and Lu, K. (2004) Reduced sensations of
intensity of breathlessness enhances maintenance of intense in-
termittent exercise. European Journal of Applied Physiol-
ogy 92(3), 275-284. https://doi.org/10.1007/s00421-004-1094-5

Tong, T.K., McConnell, A.K., Lin, H., Nie, J., Zhang, H. and Wang, J.
(2016) "Functional" inspiratory and core muscle training en-
hances running performance and economy. Journal of Strength
and Conditioning Research 30(10), 2942-2951.
https://doi.org/10.1519/JSC.0000000000000656

Tong, T.K., Tao, E.D., Chow, B.C., Baker, J.S. and Jiao, J.J. (2021) Acute
performance responses to repeated treadmill sprints in hypoxia
with varying inspired oxygen fractions, exercise-to-recovery ra-
tios and recovery modalities. European Journal of Applied Phys-
iology 121(7), 1933-1942.
https://doi.org/10.1007/s00421-021-04628-1

Tong, T.K., Wu, S. and Nie, J. (2014a) Sport-specific endurance plank
test for evaluation of global core muscle function. Physical Ther-
apy in Sport 15(1), 58-63.
https://doi.org/10.1016/j.ptsp.2013.03.003

Tong, T.K., Wu, S., Nie, J., Baker, J.S. and Lin, H. (2014b) The occur-
rence of core muscle fatigue during high-intensity running exer-
cise and its limitation to performance: the role of respiratory
work. Journal of Sports Science and Medicine 13(2), 244-251.
https://pubmed.ncbi.nlm.nih.gov/24790475/

Turner, A.N. and Stewart, P.F. (2013) Repeat sprint ability. Strength and
Conditioning Journal 35(1), 37-41.
https://doi.org/10.1519/SSC.0b013e3182824¢ca4

Verges, S., Lenherr, O., Haner, A.C., Schulz, C. and Spengler, C.M.
(2007) Increased fatigue resistance of respiratory muscles during
exercise after respiratory muscle endurance training. American
Journal of Physiology. Regulatory, Integrative and Comparative
Physiology 292(3),  1246-1253.  https://doi.org/10.1152/aj-
pregu.00409.2006

Vogiatzis, 1., Georgiadou, O., Koskolou, M., Athanasopoulos, D., Kosti-
kas, K., Golemati, S., et al. (2007) Effects of hypoxia on dia-
phragmatic fatigue in highly trained athletes. The Journal of
Physiology 581, 299-308. https://doi.org/10.1113/jphys-
101.2006.126136

Yalman, A., Telli Atalay, O., Unver, F., Senol, H. and Taskin, H. (2021)
The sub-acute effects of high-intensity interval training in
healthy young adults: respiratory parameters, aerobic capacity
and perceived stress. The Journal of Sports Medicine and Physi-
cal Fitness 61(5), 617-624. https://doi.org/10.23736/S0022-
4707.21.10897-7

Zois, J., Bishop, D., Fairweather, 1., Ball, K. and Aughey, R.J. (2013)
High-intensity re-warm-ups enhance soccer performance. Inter-
national  Journal of Sports Medicine 34(9), 800-805.
https://doi.org/10.1055/s-0032-1331197

Key points

e 5-wk repeated-sprint training in hypoxia (RSH) enhanced
team-sport players’ repeated sprint ability in a team-sport-
specific intermittent exercise protocol (IEP), while their
global inspiratory muscle strength did not alter.

e Nevertheless, IEP-induced inspiratory muscle fatigue in
players alleviated significantly following RSH.

e However, the alleviation of global inspiratory muscle fa-
tigue following RSH did not advance the fatigue re-
sistance of core muscles during the IEP.
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