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Introduction
In tennis, players must possess well-developed technical and tacti-
cal skills and high fitness in order to cope with the physical demands 
of the game in competition [23, 38]. It has been suggested that com-
petitive tennis players need a mixture of fitness qualities such as 
speed, agility, repeated-sprint ability (RSA), and power, combined 
with well-developed aerobic fitness to achieve high levels of perfor-

mance [19]. Tennis competition has average points lasting less than 
10 s, with rest periods of approximately 20 s between points and 90 s 
after every second game [37]. Thus, the training of competitive ten-
nis players should focus on improving their ability to repeatedly per-
form high-intensity efforts and to recover rapidly between them 
[45]. For these reasons, physical exercise aiming to enhance both 
aerobic and anaerobic performance should be part of any tennis 
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Abstr act

This study examined the physiological, physical and technical 
responses to repeated-sprint training in normobaric hypoxia 
[RSH, inspired fraction of oxygen (FiO2) 14.5 %] vs. normoxia 
(RSN, FiO2 20.9 %). Within 12 days, eighteen well-trained tennis 
players (RSH, n = 9 vs. RSN, n = 9) completed five specific re-
peated-sprint sessions that consisted of four sets of 5 maximal 
shuttle-run sprints. Testing sessions included repeated-sprint 
ability and Test to Exhaustion Specific to Tennis (TEST). TEST’s 
maximal duration to exhaustion and time to attain the ‘onset 
of blood lactate accumulation’ at 4 mMol.L − 1 (OBLA) improve-
ments were significantly higher in RSH compared to RSN. 
Change in time to attain OBLA was concomitant with observa-
tions similar in time to the second ventilatory threshold. Sig-
nificant interaction (P = 0.003) was found for ball accuracy with 
greater increase in RSH ( + 13.8 %, P = 0.013) vs. RSN (–4.6 %, 
P = 0.15). A correlation (r = 0.59, P < 0.001) was observed be-
tween change in ball accuracy and TEST’s time to exhaustion. 
Greater improvement in some tennis-specific physical and 
technical parameters was observed after only 5 sessions of RSH 
vs. RSN in well-trained tennis players.
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training program. Because training time optimization is paramount 
due to intensive competition calendars, providing an ideal condition-
ing design is a significant challenge.

Improvement in fitness such as sprinting speed is generally 
thought to be training-specific, with specially designed speed pro-
grams shown to improve neuromuscular qualities [11, 50], where-
as repeated-sprint training programs have shown higher impact on 
single and repeated shuttle sprint performance [10, 20]. Different 
studies have explored the effects of repeated-sprint training in hy-
poxia (RSH) on high-intensity intermittent sport performance 
[7, 22, 27] and its putative benefits compared with similar training 
in normoxia (RSN) [17], but none specifically investigated tennis-
related performance. RSH appears as a promising training strategy 
in racquet sports to improve match-related performance [16]. With 
RSH, enhanced blood perfusion levels due to the compensatory 
vasodilation in response to the decreased oxygen content and im-
proved behavior of fast-twitch fibers are expected compared with 
RSN [13, 17, 18]. Furthermore, exercise prescription theory dictates 
that exercise training prescription should be as specific as possible 
to facilitate appropriate physiological adaptations [47]. Therefore, 
repeated-sprint training protocols should be based on work-to-rest 
ratios of actual RSA while playing the sport (adding hypoxia to this 
training serves to induce a larger metabolic stimulus resulting in 
greater adaptation). RSA describes the aptitude of an athlete to re-
cover and maintain maximal effort during subsequent sprints. Al-
though debated [48], this attribute is considered important to var-
ious intermittent activities (e. g., rugby, soccer, Australian football, 
ice/field hockey, tennis) [2].

RSH to improve endurance performance has also resulted in 
conflicting results. Galvin et al. [21] found significantly improved 
endurance performance whereas Hamlin et al. [28] did not using 
the same test (i. e., Yo-Yo intermittent recovery test level 1) after RSH 
in rugby players. More recently, Jones et al. [33] reported significant-
ly faster final running velocities in female field-hockey players during 
a 30–15 intermittent field test after RSH compared to control con-
ditions, whereas others have found little effect on 20 m shuttle run 
performance post-RSH in Australian football athletes [26]. The ef-
fect of a repeat-sprint training on subsequent specific test to ex-
haustion has not been researched in tennis to date. Although rack-
et sports can potentially benefit from physiological improvements 
by using RSH, there is a paucity of research that has identified its 
impact on tennis-specific performance.

Using a double-blind controlled design, this study aimed to in-
vestigate the effects of a tennis-specific RSH vs. RSN in well-trained 
players. Based on the effect of RSH studies [17, 21, 22], we hypoth-
esized that RSH would provide greater gains on RSA-related param-
eters than RSN. We also assumed that RSH would induce better re-
sistance to fatigue in tennis-specific intermittent tasks, observable 
mainly near exhaustion.

Methods

Participants
The sample size was estimated gauging acceptable precision or 
confidence intervals using the approach developed for magnitude-

based inferences [30]. Based on the assumption that a between-
group difference in mean RSA time of 1.2 ± 1.1 % is meaningful 
[9, 12] and considering a within-subject SD (typical error) of 0.8 % 
[32], a sample size of > 7 participants per group would provide max-
imal chances of 0.5 and 25 % of type I and type II errors, respectively. 
Thus, 20 competitive tennis players (16 males and 4 females) vol-
unteered to participate in the study. They were all well-trained [i. e., 
international tennis number (ITN): 1 (elite) to 2 (advanced player)]. 
Participants were first contacted by email to inform them of the 
project. The information was disseminated to a list of players with 
the help of tennis coaches living in Paris and the surrounding re-
gion. The study was approved by the local ethical committees 
(French National Conference of Research Ethics Committees; 
Dijon), performed in accordance with the ethical standards report-
ed [29], and conformed to the recommendations of the Declara-
tion of Helsinki. Participants gave their written informed consent 
after having been fully informed about the experimental proce-
dure. Inclusion criteria were (i) age between 18 and 35 years old; 
(ii) a ranking allowing participation in a national team champion-
ship; and (iii) no previous experience of any exposure to normo-
baric hypoxia. Exclusion criteria were any history of altitude-relat-
ed sickness or health risks that would have compromised the par-
ticipant’s safety during the experiment. The athletes’ availability 
for an adapted 12-day microcycle had been considered to make 
their participation feasible.

Experimental design
Group assignments were blinded both to the participants and all 
investigators (except the principal investigator). Participants were 
told that they were all training in normobaric hypoxia but had no 
accurate information about the simulated altitude levels set in the 
hypoxic room. According to their competitive tennis level (known 
from their national ranking), they were matched into pairs and then 
randomly assigned into the following training groups: RSH (n = 10; 
8 males and 2 females; age 24.8 ± 5.1 years; weight 68.4 ± 11.2 kg; 
height 1.79 ± 0.07 m) or RSN (n = 10; 8 males and 2 females; age 
22.8 ± 4.1 years; weight 77.5 ± 10.7 kg; height 1.85 ± 0.07 m). Dur-
ing the study, 2 female participants (1 from each group) were with-
drawn due to injury. To determine the efficacy of the blinding pro-
cess, participants were requested to indicate on a Likert scale 
(100 m marks from 0 to 4000 m) the expected altitude level after 
each training session.

The experimental protocol included one testing session per-
formed in normoxia before (Pre-) and after (Post-) a 12-day RSH/
RSN training period (5 sessions respectively). Days 1, 3, 5, 9 and 11 
concerned RSH; days 2, 4, 8, 10 and 12 concerned RSN. The time 
of day for testing was controlled and matched both within and be-
tween groups.

Specific training sessions
All specific training sessions were performed in an air-conditioned 
(21 °C, ~55 % relative humidity) normobaric hypoxic room (size 
15.04 m × 8.54 m; b-Cat®, Tiel, Netherlands) (▶Fig. 1). For RSH, 
the inspired fraction of oxygen (FiO2) was set at 14.5 %, equivalent 
to ~3000 m, shown to not reduce peak power output during re-
peated-sprint efforts [27]. For careful blinding purpose, the hypox-
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ic system was also switched on during RSN sessions (FiO2 20.9 % 
equivalent to ~200 m) in order to create similar background noise.

Specific aerobic capacity
Participants’ physical performance was assessed using a testing 
battery performed in normoxia in a well-ventilated room at a con-
stant temperature of ~21 °C and ~55 % relative humidity. Pre- and 
Post-testing sessions were completed in the exact same sequence: 
(i) 20 min of standardized warm-up including athletic and acceler-
ation drills; (ii), RSA test; and (iii) after 40 min of rest, an incremen-
tal field test up to exhaustion [i. e., the so-called ‘test to exhaustion 
specific to tennis’ (TEST)] [4]. Participants were asked to arrive at the 
testing sessions in a rested and hydrated state (at least 3 h after a 
meal and having avoided strenuous training in the preceding 24 h).

TEST [4, 5] was selected to assess participants’ high-intensity 
intermittent performance. Briefly, TEST consisted of hitting balls 
thrown by a ‘HighTOF’ ball machine (Echouboulains, France) at con-
stant velocity [6], alternating forehand and backhand strokes. TEST 
has been previously reported to be relevant for tennis field testing 
and training purposes [4]. The TEST started with a 2-min ‘habitu-
ation’/warm-up phase where a ball frequency (BF) of 16 shots.
min − 1 with balls thrown to the central area of ​​the court (minimal 
lateral displacement) was adopted. After 1 min of passive rest (quiet 

standing), the first TEST stage began with a BF of 10 shots.min − 1, 
thereafter increased by + 2 shots.min − 1 every min until the stage 
corresponding to a BF of 22 shots.min − 1. Thereafter, the increment 
in BF was set at + 1 shots.min − 1 until exhaustion [4]. After each 
1-min stage, a 30-s passive recovery break (quiet standing) was im-
plemented.

Participants had to hit balls cross-court in a prescribed pattern. 
Slice strokes were not allowed because of their potential influence 
on ball positioning and therefore on TEST performance and asso-
ciated physiological responses. Participants were asked to perform 
TEST just as they would during official competitions. While they can 
visualize the areas in which they were aiming to play, they were told 
to “hit the ball with the best possible speed/accuracy ratio”. Fur-
ther, stroke involvement was motivated by ‘live’ (immediate) feed-
back. Based on previous results reporting range of ball velocities 
(BV) between 86 and 120 km.h − 1 (sub-maximum to maximum 
strokes), BV < 80 km.h − 1 was chosen as the criteria for unsuccess-
ful BV and ball accuracy (BA) [i. e., 50 % of balls landing outside the 
target zone], in accordance with the results obtained with elite 
players [5] at the end of each stage completed.

TEST ended with participants’ voluntary exhaustion or was stopped 
by the investigators if: (i) participants felt exhausted or failed to reach 
and hit the ball twice in a row, or (ii) they were no longer able to per-

▶Fig. 1	 Hypoxic room fitted for repeated shuttle-run maximal sprint training a and description of a typical training session b.
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a

b
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form strokes with an acceptable execution technique and BV/BA de-
clined, as determined by one experienced tennis national coach. Spe-
cifically, participants were given a warning the first time they disre-
spected the rules, and were stopped on the second warning. TEST’s 
performance was measured as total time to exhaustion (TTE).

Evaluation of groundstroke performance
During TEST, groundstroke production was assessed via two main 
variables: BV and BA. BV (km.h − 1) was measured with the Play-
Sight® system (PlaySight Interactive, Ltd., Kokhav Ya’ir, Israel) which 
was approved by the International Tennis Federation (ITF) as a ten-
nis player analysis technology for all ITF-sanctioned tournaments. 
For instance, correlations were reported between competitive level 
and BA (r = 0.61) [1] or stroke ratings (i. e., a surrogate of BA) (r = 0.94) 
[49]. BV and BA data were averaged for each TEST stage. Finally, be-
cause BV and BA better reflect the overall stroke precision in tennis 
when combined, the tennis performance (TP index) [5] was calcu-
lated as the product of these two variables. Consequently, if one 
factor was unchanged (e. g., BV) and the other one increased (e. g., 
BA), TP followed the pattern of BA. To determine the mean of each 
parameter measured over the entire TEST, calculation was based 
on the values obtained for each TEST stage.

Physiological measurements
During TEST, expired air was analyzed (breath-by-breath measure-
ments) for oxygen consumption (V̇O2) using a portable gas analyz-
er (Metamax II CPX system, Cortex®, Leipzig, Germany). Gas and 
volume calibration of the measurement device was performed be-
fore each test according to manufacturer’s instructions. Heart rate 
(HR) was checked continuously (Suunto Ambit2®, Vantaa, Finland). 
Furthermore, 25 µL capillary blood samples were collected from 
fingertip and analyzed for blood lactate concentration (LT-1730; 
Arkray®, Kyoto, Japan) at the baseline, during TEST (i. e., during the 
30-s recovery periods after every stage until a value of 4 mMol.L − 1 
was obtained and thereafter every 2 stages), and 15 s after TEST 
exhaustion to assess maximal blood lactate concentration ([La]max).

Detection of the second ventilatory threshold (VT2) was done 
by analyzing the points of change in slope (breaks in linearity) of 
ventilatory parameters [24, 52]. VT2 was determined using the cri-
teria of an increase in both V̇E/V̇O2 and V̇E/V̇CO2[15]. VT2 assess-
ment was made by visual inspection of graphs of time plotted 
against each relevant respiratory variable measured during testing. 
All visual inspections were carried out by two experienced exercise 
physiologists. The results were then compared and averaged. The 
difference in the individual determinations of VT2 was < 3 %.

The onset of blood lactate accumulation (OBLA), defined as the 
exercise intensity corresponding to 4 mMol.L − 1 blood lactate con-
centration was also determined. By plotting each subject’s blood 
lactate concentration against time of TEST completion and visual-
ly connecting the data points, we estimated the time to attain 
OBLA. This physiological variable has been shown to be a good pre-
dictor of endurance performance [36].

Repeated-sprint ability
The RSA test consisted of ten 20-m sprints departing every 20 s 
performed in a back and forth format. Participants had to complete 
the distance in a straight line as fast as possible. Sprint times were 

measured to the nearest 0.01 s using photocells connected to an 
electronic timer (Witty, Microgate, Bolzano, Italy). During the first 
sprint, they were required to achieve at least 95 % of their criterion 
score (i. e., defined as the best of three single 20-m sprints inter-
spersed with 2 min of recovery) as a check of any pacing strategy. 
All of the athletes satisfied this criterion score. Three scores were 
calculated during the RSA test: best sprint time (RSAbest), cumulat-
ed sprint time (RSATT) and percentage of sprint decrement calcu-
lated as follows (Sdec) [25]: [(RSATT)/(RSAbest × 10) – 1] × 100 [25].

Statistical analysis
All data are expressed as the mean ± SD. Mean difference for change 
between Pre- and Post-training (in  %), and 95 % confidence inter-
val (95 % CI) were reported when appropriate. Changes in perfor-
mance and physiological variables were compared between Pre- 
and Post-training using paired sample t-test. For each t-test, effect 
sizes were calculated with Cohen’s d (d) with the following criteria: 
a d of < 0.2 is classified as a trivial, 0.2 to 0.4 as a small, 0.5 to 0.7 as 
a moderate and > 0.8 as a large effect. Mixed ANOVA with repeated 
measures [Time (Pre- vs. Post-) × Condition (RSH vs. RSN)] analysis 
was applied to compare performance and physiological variables. 
Pairwise differences were identified using the Tukey post hoc anal-
ysis procedure adjusted for multiple comparisons. ANOVA assump-
tions were verified before all statistical analyses. For each mixed 
ANOVA, partial eta squared (η2) was calculated as measures of ef-
fect size. Values of 0.01, 0.06, and above 0.14 were considered as 
small, medium, and large, respectively. Pearson’s product moment 
correlation analysis was employed to determine the relationships 
between technical parameters and TTE-relative changes. The fol-
lowing criteria were adopted to interpret the magnitude of r: < 0.1, 
trivial; 0.1–0.3, small; 0.3–0.5, moderate; 0.5–0.7, large; 0.7–0.9, 
very large; and 0.9–1.0, almost perfect. The null hypothesis was 
rejected at P < 0.05. Statistical analysis was performed using Sig-
maplot 3.5 software (Systat Software, San Jose, CA, USA).

Results

Efficacy of the blinding procedure
Participants were not able to identify the group they were assigned 
to [i. e., they indicated similar simulated altitude: 2663 m (95 % CI: 
2316 to 3010 m) and 2422 m (95 % CI: 1849 to 2995 m) for RSH and 
RSN, respectively].

Aerobic capacity
The physiological responses to the on-court endurance test are 
summarized in ▶Table 1. TTE and time to VT2 increased from Pre- 
to Post-training for RSH ( + 14.6 %, P < 0.01, d = 1.04 and  + 23.6 %, 
P < 0.01, d = 1.16 respectively) and RSN ( + 7.9 %, P < 0.01, d = 0.55 
and  + 10.9 %, P < 0.01, d = 1.01). Significant interactions between 
time and condition were found for TTE (P < 0.01, η2 = 0.01) and time 
to VT2 (P = 0.02, η2 = 0.03) (▶Table 1). No significant interactions 
were found for the rest of outcome variables analyzed.

Change in time to attain OBLA after the training period was sig-
nificantly higher in RSH ( +  40.1 %, P = 0.03, d = 1.15) than in RSN 
( +  12.3 %, P = 0.24, d = 0.57).
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Technical parameters
In reference to Pre-, BV did not significantly improve ( + 0.2 %, 95 % 
CI: –3.3 to 3.7 %, P = 0.99, d = 0 for RSH, and  + 2.3 %, 95 % CI: 0.5 to 
4.1 %, P = 0.2, d = 0.27 for RSN, respectively) throughout the whole 
test (▶Fig. 2b) and at 100 % V̇O2max (–4.6 %, 95 % CI: –11.9 to 2.7 %, 
P = 0.16, d = 0.41 vs. –0.6 %, 95 % CI: –4.8 to 3.6 %, P = 0.65, d = 0.08).

Significant interactions were found for BA (P < 0.01, η2 = 0.08) 
and TP (P = 0.02, η2 = 0.04) (▶Fig. 2a, 2c). Although no changes 
were observed in RSN (–4.6 %, 95 % CI: –11.6 to 2.4 %, P = 0.15, 
d = 0.34 and –2.1 %, 95 % CI: –10.2 to 6 %, P = 0.44, d = 0.19 for BA 
and TP, respectively), BA and TP significantly increased from Pre- 
to Post- in RSH ( + 13.8 %, 95 % CI: 4.0 to 23.6 %, P = 0.01, d = 0.87, 
and  + 13.8 %, 95 % CI: 2.7 to 24.9 %, P = 0.03, d = 0.56). Similarly, 
BAmax and TPmax at 100 % V̇O2max were further increased in RSH 
( + 33.6 %, 95 % CI: 4.9 to 62.3 %, P = 0.01, d = 1.00 and  + 28.0 %, 95 % 
CI: –41.0 to 60.1 %, P = 0.04, d = 0.65) vs. RSN ( + 5.1 %, 95 % CI: 
–13.2 to –23.4 %, P = 0.59, d = 0.19 and  + 3.7 %, 95 % CI: –13.5 to 
20.9 %, P = 0.70, d = 0.13).

Significant small to moderate correlations were found between 
TP and TTE (r = 0.48, P = 0.04) (▶Fig. 3a), and between changes in 
BA throughout the whole test and TTE (r = 0.59, P = 0.01) (▶Fig. 3b).

Sprint-performance parameters
RSABest and RSATT were significantly different between groups (con-
dition effect). Pre- and Post-test performance results are summa-
rized in ▶Table 2. Concerning the effect of training, evolution in 
RSA performance remained unchanged after intervention in both 
RSH and RSN (interaction in ▶Table 2).

Discussion
To the best of our knowledge, this is the first study involving well-
trained to elite tennis players in hypoxic training. In partial agree-
ment with our initial hypothesis, the main finding of this study is that 
a 12-day RSH period induced larger benefits in tennis-specific phys-
ical/physiological and technical parameters than RSN. Collectively, 
these findings indicate that RSH is an effective intervention to devel-
op tennis-specific capabilities in well-trained tennis players.

Physiological measurements
In the present study, we found that RSH delayed fatigue during 
TEST and increased TTE with a two-fold higher improvement com-
pared with RSN. This finding is comparable to some previous RSH 
studies [17, 18]. For instance, Galvin et al. [21] recently showed a 
19 % additional benefit of RSH compared with RSN in rugby play-
ers’ high-intensity intermittent running performance (i. e., Yo-Yo 
intermittent recovery test level 1). Substantially higher perfor-
mance improvement was shown as practically relevant because 
Yo-Yo intermittent recovery tests correlate with physical perfor-
mance and the amount of high-intensity running in several inter-
mittent sports [21]. RSH also induced a significant increase in TTE 
during an ergocycle test, whereas no significant change was ob-
served in RSN [34]. Fatigue development was also delayed after 
RSH during a repeated-cycling sprint test performed until exhaus-
tion [17]. Of interest is that this beneficial effect of RSH on TTE was 
larger in upper-body exercise (i. e., double-poling sprint training in 
hypoxia) [18]. Likewise, improved specific test with ball hitting per-▶
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formance is transferable to tennis performance [2]. However, small 
changes were observed when using a continuous incremental test, 
indirect estimated V̇O2max and TTE as recently mentioned [8], 
thereby indicating that sport-specific aerobic field-based protocol 
may be preferred over laboratory-based continuous protocols due 
to an increase in ecological validity for performance measurement. 
For example, Brocherie et al. (2015) [7] reported similar improve-
ment in maximal aerobic velocity for either RSH or RSN using a 
modified version of the University of Montreal track test.

The increase in time to attain OBLA was higher in RSH than in 
RSN. This finding is concomitant with a larger improvement in time 
of VT2 occurrence in RSH compared with RSN. These variables have 
been shown to correlate with endurance performance, have been 
used to prescribe exercise training loads, and are useful to monitor 

adaptation to training [3]. It has been previously demonstrated that 
cycling power output corresponding to OBLA improved by  + 7 % 
during an incremental test after RSH only [44]. This is in line with 
the enhanced buffer capacity or upregulation of genes involved in 
pH control previously reported after RSH [17, 44]. Potential under-
lying mechanisms might arise from upregulation of genes previ-
ously associated to RSH as phosphofructokinase, monocarboxylate 
transporter-1 protein (MCT-1) [44], carbonic anhydrase III or lac-
tate dehydrogenase [17]. This improvement in VT2 is of practical 
importance because it has been deemed to be a better marker of 
submaximal endurance performance than V̇O2max and because VT2 
was correlated with competitive levels in male tennis players 
(r = 0.55; P = 0.001) [1].

▶Fig. 2	 Comparison within and between type of intervention (RSH vs. RSN) and changes in ball velocity (BV) a, ball accuracy (BA) b and tennis 
performance index (TP) c.  * P < 0.05, significantly different from Pre-.  * *  P < 0.01, significantly different from Pre-.  * * * P < 0.001, significantly differ-
ent from Pre-. #P < 0.05, significant time × condition interaction. ##P < 0.01, significant time × condition interaction. .
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Based on our overall present results, i. e., because neither V̇O2max 
nor RSATT improved post-training in the RSH group, we can assume 
some physiological adaptations to explain the improvements in 
time to attain OBLA and TTE. We hypothesized that RSH would in-
duce beneficial adaptations mainly due to the improved blood per-
fusion level inducing enhanced oxygen utilization. With maximal 
effort intensities, specific skeletal muscle adaptations (molecular 
level) may arise through the oxygen-sensing pathway (i. e., capil-
lary-to-fiber ratio, fiber cross-sectional area, myoglobin content 
and oxidative enzyme activity such as citrate synthase) that either 
do not occur in normoxic conditions or, if they do, they do so to a 
lesser degree [16, 31, 51, 53]. Additionally, exercising in hypoxia is 
known to trigger a compensatory vasodilatation to match an in-
creased oxygen demand at the muscular level [13].

Technical performance measurements
Changes in TP during TEST were mainly caused by the improved BA 
and cannot be explained by a lack of involvement in ball hitting in 
favor of lower energy consumption. We did not find significant dif-
ferences in BV between RSH and RSN from Pre- to Post-test as nor 
for 100 % V̇O2max. Moreover, the level of engagement in strokes is 
also confirmed by the exhaustion criteria (i. e., VEmax, HRmax, 
[La]max) that were similar in both groups.

BA significantly increased in RSH, whereas it decreased in RSN. 
While we cannot rule out a potential learning effect in both groups, 
it seems that RSH favored some fatigue resistance-related adapta-
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(TP) and time to exhaustion (TTE) a and between changes in ball 
accuracy (BA) and TTE b.
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tions, potentially transferable to technical performance. However, 
few investigations conducted on the effects on cognitive skills (e. g., 
visual search and decision-making) in the hypoxic condition have 
demonstrated their effects on attention, perception, executive 
functioning and short-term memory [39]. Although it is accepted 
that hypoxia adversely affects cognitive function (i. e., reaction 
time, short-term memory, complex attention, executive function 
and cognitive flexibility), hypoxia acclimatization might influence 
decision-making in a positive way [43]. Can we presume some di-
rect influence of RSH on central nervous system or peripheral re-
sistance to fatigue improvements? On the one hand, during acute 
hypoxic fatiguing exercise such as RSA, performance decrements 
could be explained by a reduced neural drive to the musculature, 
arising secondary to a stronger reflex inhibition due to brain hypox-
ia [35]. On the other hand, frontal lobe oxygenation has been re-
cently assessed under hypoxic stress and remained unchanged 
whatever the exercise intensity following regulation of cerebral 
blood flow during sprint exercise on a cycle ergometer [14]. Stud-
ies on cerebral oxygenation kinetics during RSH would be of inter-
est to measure this effect over time and to explain why the RSH 
group remained more accurate near exhaustion in tennis-specific 
patterns.

No RSH-induced putative changes in RSAbest and 
RSATT

The results observed during RSA tests partly concur with some pre-
vious team-sport RSH studies, which found that RSH equally im-
proved RSA performance compared with RSN [7, 21, 26, 42]. In con-
trast, Brocherie et al. [8] indicated that meta-analysis’ aggregated 
findings show a greater beneficial effect of RSH vs. RSN for improv-
ing mean RSA outcomes. Although the present findings add to the 
debate [40], they question the type of drills used (more or less spe-
cific motor skills) during training and testing sessions, as well as the 
optimal combination of training variables (e. g., exercise-recovery 
ratio, session frequency). In addition, we cannot ignore that the 
present study includes a moderate hypoxic dose while the mean of 
the RSH studies recently meta-analyzed [8] was 9.4 ± 3.1 RSH ses-
sions including 1216 ± 527 s sprinting duration over a 27.3 ± 8.4 
days period.

Practical applications
With the modern tennis game becoming increasingly dynamic and 
tournament schedules more demanding, the importance of adapt-
ed strategy to physical fitness is well accepted [46]. Further adap-
tations by using upper body (e. g., with ball hitting) during RSH with 
its positive influence on RSA and muscle blood perfusion [18] ap-
pear more suitable than extending the length of the protocol. We 
suppose that this intervention can be programmed 2-3 times per 
season in order to develop or maintain the athletes’ aerobic capac-
ity and BA.

From a practical point of view, this study seems useful for ten-
nis players preparing for competition. Details on a periodized RSH 
microcycle for a 12-day “in-season” period were provided and can 
be used by staff involved in highly trained athletes.

The RSH method can be performed with new hypoxic technolo-
gies (e. g., normobaric hypoxic room to reduce the inspired oxygen 

fraction via nitrogen dilution or oxygen filtration). In a recent me-
ta-analysis, the mean simulated altitude used in the RSH studies 
included ranged from 2900–3500 m [8]. Although it seems that 
“higher may not be better” because a simulated altitude of 4000 m 
may potentially blunt absolute training quality [27], it is recom-
mended that a simulated altitude of ~3000 m must be employed 
when implementing RSH in intermittent-sport athletes. Even if no 
research has yet compared RSH under normobaric vs. hypobaric 
conditions, mounting evidence indicates that hypobaric hypoxia 
likely induces more severe physiological responses (oxygen satu-
ration and heart rate) than normobaric hypoxia [41]. This would 
suggest that performance, as well as physiological and biomechan-
ical alterations, may be different when sprinting repeatedly at ter-
restrial altitude. Consequently, altitude between 2000 m and 
2500 m would probably be relevant in this condition.

Limitations and perspectives
Tennis performance is multifactorial and there are basic perfor-
mance skills like psychological, tactical or strategic capabilities that 
are not even evaluated. Relating to the extra weight of the porta-
ble analyzer and the impact of the mask for gas analysis, it is pos-
sible that it may have slightly affected technical performance in 
both training groups and during Pre- and Post- Tests sessions.

The constitution of both groups by favoring the balance of the 
levels of play created differences in values in sprints and V̇O2max, 
and possible misunderstandings. However we stayed focused on 
the analysis of the effects of training and their comparison between 
conditions.

To investigate the mechanisms underlying the RSH-induced im-
provement in BA, studies on oxygenation (muscle and brain), as 
done by Curtelin et al. [14] during sprints on a cycle ergometer in 
hypoxia, would be worthwhile. Adding cognitive tests would also 
be valuable for understanding psychological/cognitive function.

With the methodological constraints encountered when con-
ducting study with “near” elite athletes, it was impossible – due to 
different individualized schedules (compared with team sports) – 
to plan other Post-testing sessions to investigate the delayed ef-
fects of RSH as Hamlin et al. did recently [28]; the inclusion of a 
control group would have also been beneficial to determine its ef-
fect.

Conclusion
With a low hypoxic dose (5 sessions) over a 12-day period, repeat-
ed-sprint training in hypoxia improved total time to exhaustion in 
a tennis-specific aerobic test. Larger and concomitant improve-
ments in time to attain the ‘onset of blood lactate’ at 4 mMol.L − 1 
and time of the second ventilatory threshold occurrence were ob-
served in RSH compared with RSN. Such innovative training also 
contributed to improved technical performance, particularly the 
ball accuracy near exhaustion (100 % V̇O2max). The gains in repeat-
ed-sprint ability were of a similar extent following both training in-
terventions.

Repeated-sprint training in hypoxia could provide an effective 
strategy as compared with similar training in normoxia to improve 
performance and to delay technical impairments near exhaustion 
in tennis players.

E130



Brechbuhl C et al. Effects of Repeated-Sprint Training …  Sports Medicine International Open 2018; 1: E123–E132

Acknowledgements
The authors thank the doctor Bernard Montalvan (Chief of the med-
ical department of the French Tennis Federation) for his relevant 
advice for the building and the medical supervision during the ex-
perimentation. We acknowledge all players and coaches for their 
enthusiastic participation in this project. A particular gratitude to 
the French Tennis Federation for making the facilities of the new 
national tennis training center available for the experiment.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1]	 Baiget E, Fernandez-Fernandez J, Iglesias X, Vallejo L, Rodriguez FA. 
On-court endurance and performance testing in competitive male 
tennis players. J Strength Cond Res 2014; 28: 256–264

[2]	 Baiget E, Iglesias X, Rodriguez FA. Maximal aerobic frequency of ball 
hitting: A new training load parameter in tennis. J Strength Cond Res 
2017; 31: 106–114

[3]	 Bentley DJ, Newell J, Bishop D. Incremental exercise test design and 
analysis: Implications for performance diagnostics in endurance 
athletes. Sports Med 2007; 37: 575–586

[4]	 Brechbuhl C, Girard O, Millet GP, Schmitt L. On the use of a Test to 
Exhaustion Specific to Tennis (TEST) with ball hitting by elite players. 
PloS one 2016; 11: e0152389

[5]	 Brechbuhl C, Girard O, Millet GP, Schmitt L. Technical alterations 
during an incremental field test in elite male tennis players. Med Sci 
Sports Exerc 2017; 49: 1917–1926

[6]	 Brechbuhl C, Millet G, Schmitt L. Accuracy and reliability of a new 
tennis ball machine. J Sports Sci Med 2016; 15: 263–267

[7]	 Brocherie F, Girard O, Faiss R, Millet GP. High-intensity intermittent 
training in hypoxia: A double-blinded, placebo-controlled field study in 
youth football players. J Strength Cond Res 2015; 29: 226–237

[8]	 Brocherie F, Girard O, Faiss R, Millet GP. Effects of repeated-sprint train-
ing in hypoxia on sea-level performance: A meta-analysis. Sports Med 
2017; 47: 1651–1660

[9]	 Buchheit M, Laursen PB, Kuhnle J, Ruch D, Renaud C, Ahmaidi S. 
Game-based training in young elite handball players. Int J Sports Med 
2009; 30: 251–258

[10]	 Buchheit M, Mendez-Villanueva A, Delhomel G, Brughelli M, Ahmaidi S. 
Improving repeated sprint ability in young elite soccer players: 
repeated shuttle sprints vs. explosive strength training. J Strength 
Cond Res 2010; 24: 2715–2722

[11]	 Buchheit M, Mendez-Villanueva A, Quod M, Quesnel T, Ahmaidi S. 
Improving acceleration and repeated sprint ability in well-trained 
adolescent handball players: Speed versus sprint interval training. Int  
J Sports Physiol Perform 2010; 5: 152–164

[12]	 Buchheit M, Millet GP, Parisy A, Pourchez S, Laursen PB, Ahmaidi S. 
Supramaximal training and postexercise parasympathetic reactivation 
in adolescents. Med Sci Sports Exerc 2008; 40: 362–371

[13]	 Casey DP, Joyner MJ. Compensatory vasodilatation during hypoxic 
exercise: Mechanisms responsible for matching oxygen supply to 
demand. J Physiol 2012; 590: 6321–6326

[14]	 Curtelin D, Morales-Alamo D, Torres-Peralta R, Rasmussen P, 
Martin-Rincon M, Perez-Valera M, Siebenmann C, Perez-Suarez I, 

Cherouveim E, Sheel AW, Lundby C, Calbet JA. Cerebral blood flow, 
frontal lobe oxygenation and intra-arterial blood pressure during 
sprint exercise in normoxia and severe acute hypoxia in humans.  
J Cereb Blood Flow Metab 2018; 38: 136–150

[15]	 Davis JA. Anaerobic threshold: Review of the concept and directions 
for future research. Med Sci Sports Exerc 1985; 17: 6–21

[16]	 Faiss R, Girard O, Millet GP. Advancing hypoxic training in team sports: 
From intermittent hypoxic training to repeated sprint training in 
hypoxia. Br J Sports Med 2013; 47: (Suppl 1): i45–i50

[17]	 Faiss R, Leger B, Vesin JM, Fournier PE, Eggel Y, Deriaz O, Millet GP. 
Significant molecular and systemic adaptations after repeated sprint 
training in hypoxia. PLoS One 2013; 8: e56522

[18]	 Faiss R, Willis S, Born DP, Sperlich B, Vesin JM, Holmberg HC, Millet GP. 
Repeated double-poling sprint training in hypoxia by competitive 
cross-country skiers. Med Sci Sports Exerc 2015; 47: 809–817

[19]	 Fernandez-Fernandez J, Ulbricht A, Ferrauti A. Fitness testing of tennis 
players: How valuable is it?  Br J Sports Med 2014; 48: (Suppl 1): i22–i31

[20]	 Fernandez-Fernandez J, Zimek R, Wiewelhove T, Ferrauti A. High-inten-
sity interval training vs. repeated-sprint training in tennis. J Strength 
Cond Res 2012; 26: 53–62

[21]	 Galvin HM, Cooke K, Sumners DP, Mileva KN, Bowtell JL. Repeated 
sprint training in normobaric hypoxia. Br J Sports Med 2013; 47: (Suppl 1): 
i74–i79

[22]	 Gatterer H, Philippe M, Menz V, Mosbach F, Faulhaber M, Burtscher M. 
Shuttle-run sprint training in hypoxia for youth elite soccer players: A 
pilot study. J Sports Sci Med 2014; 13: 731–735

[23]	 Girard O, Brocherie F, Millet GP. Effects of altitude/hypoxia on single- 
and multiple-sprint performance: a comprehensive review. Sports Med 
2017; 47: 1931–1949

[24]	 Girard O, Chevalier R, Leveque F, Micallef JP, Millet GP. Specific 
incremental field test for aerobic fitness in tennis. Br J Sports Med 
2006; 40: 791–796

[25]	 Girard O, Mendez-Villanueva A, Bishop D. Repeated-sprint ability – 
Part I: Factors contributing to fatigue. Sports Med 2011; 41: 673–694

[26]	 Goods PS, Dawson B, Landers GJ, Gore CJ, Peeling P. No additional 
benefit of repeat-sprint training in hypoxia than in normoxia on 
sea-level repeat-sprint ability. J Sports Sci Med 2015; 14: 681–688

[27]	 Goods PS, Dawson BT, Landers GJ, Gore CJ, Peeling P. Effect of different 
simulated altitudes on repeat-sprint performance in team-sport 
athletes. Int J Sports Physiol Perform 2014; 9: 857–862

[28]	 Hamlin MJ, Olsen PD, Marshall HC, Lizamore CA, Elliot CA. Hypoxic 
repeat sprint training improves rugby player's repeated sprint but not 
endurance performance. Front Physiol 2017; 8: 24

[29]	 Harriss DJ, Macsween A, Atkinson G. Standards for ethics in sport and 
exercise science research: 2018 update. Int J Sports Med 2017; 38: 
1126–1131

[30]	 Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive 
statistics for studies in sports medicine and exercise science. Med Sci 
Sports Exerc 2009; 41: 3–13

[31]	 Hoppeler H, Vogt M. Muscle tissue adaptations to hypoxia. J Exp Biol 
2001; 204: 3133–3139

[32]	 Impellizzeri FM, Rampinini E, Castagna C, Bishop D, Ferrari Bravo D, 
Tibaudi A, Wisloff U. Validity of a repeated-sprint test for football. Int J 
Sports Med 2008; 29: 899–905

[33]	 Jones B, Hamilton DK, Cooper CE. Muscle oxygen changes following 
sprint interval cycling training in elite field hockey players. PLoS One 
2015; 10: e0120338

[34]	 Kasai N, Mizuno S, Ishimoto S, Sakamoto E, Maruta M, Goto K. Effect of 
training in hypoxia on repeated sprint performance in female athletes. 
Springerplus 2015; 4: 310

E131



Brechbuhl C et al. Effects of Repeated-Sprint Training …  Sports Medicine International Open 2018; 1: E123–E132

Training & Testing Thieme

[35]	 Katayama K, Amann M, Pegelow DF, Jacques AJ, Dempsey JA. Effect of 
arterial oxygenation on quadriceps fatigability during isolated muscle 
exercise. Am J Physiol Regul Integr Comp Physiol 2007; 292: 
R1279–R1286

[36]	 Kindermann W, Simon G, Keul J. The significance of the aerobic-anaer-
obic transition for the determination of work load intensities during 
endurance training. Eur J Appl Physiol Occup Physiol 1979; 42: 25–34

[37]	 Kovacs MS. Applied physiology of tennis performance. Br J Sports Med 
2006; 40: 381–385. discussion 386

[38]	 Kovacs MS. Tennis physiology: Training the competitive athlete. Sports 
Med 2007; 37: 189–198

[39]	 McMorris T, Hale BJ, Barwood M, Costello J, Corbett J. Effect of acute 
hypoxia on cognition: A systematic review and meta-regression 
analysis. Neurosci Biobehav Rev 2017; 74: 225–232

[40]	 Millet GP, Brocherie F, Faiss R, Girard O. Clarification on altitude 
training. Exp Physiol 2017; 102: 130–131

[41]	 Millet GP, Faiss R, Pialoux V. Last word on Point: Counterpoint: 
Hypobaric hypoxia induces different responses from normobaric 
hypoxia. J Appl Physiol (1985) 2012; 112: 1795

[42]	 Montero D, Lundby C. No improved performance with repeated-sprint 
training in hypoxia versus normoxia: A double-blind and crossover 
study. Int J Sports Physiol Perform 2017; 12: 161–167

[43]	 Niedermeier M, Weisleitner A, Lamm C, Ledochowski L, Fruhauf A, 
Wille M, Burtscher M, Kopp M. Is decision making in hypoxia affected 
by pre-acclimatisation? A randomized controlled trial. Physiol Behav 
2017; 173: 236–242

[44]	 Puype J, Van Proeyen K, Raymackers JM, Deldicque L, Hespel P. Sprint 
interval training in hypoxia stimulates glycolytic enzyme activity. Med 
Sci Sports Exerc 2013; 45: 2166–2174

[45]	 Reid M, Morgan S, Whiteside D. Matchplay characteristics of Grand 
Slam tennis: Implications for training and conditioning. J Sports Sci 
2016; 34: 1791–1798

[46]	 Reid M, Schneiker K. Strength and conditioning in tennis: Current 
research and practice. J Sci Med Sport 2008; 11: 248–256

[47]	 Reilly T, Morris T, Whyte G. The specificity of training prescription and 
physiological assessment: a review. J Sports Sci 2009; 27: 575–589

[48]	 Schimpchen J, Skorski S, Nopp S, Meyer T. Are “classical” tests of 
repeated-sprint ability in football externally valid? A new approach to 
determine in-game sprinting behaviour in elite football players. J 
Sports Sci 2016; 34: 519–526

[49]	 Smekal G, Pokan R, von Duvillard SP, Baron R, Tschan H, Bachl N. 
Comparison of laboratory and “on-court” endurance testing in tennis. 
Int J Sports Med 2000; 21: 242–249

[50]	 Venturelli M, Bishop D, Pettene L. Sprint training in preadolescent 
soccer players. Int J Sports Physiol Perform 2008; 3: 558–562

[51]	 Vogt M, Puntschart A, Geiser J, Zuleger C, Billeter R, Hoppeler H. 
Molecular adaptations in human skeletal muscle to endurance training 
under simulated hypoxic conditions. J Appl Physiol (1985) 2001; 91: 
173–182

[52]	 Waasermann KHJ, Sue DY, Stringer WW, Whipp BJ. Principles of 
Exercise Testing and Interpretation: Including Pathophysiology and 
Clinical Applications. 4th ed. Philadelphia: Lippincot Williams & 
Wilkins; 2005

[53]	 Zoll J, Ponsot E, Dufour S, Doutreleau S, Ventura-Clapier R, Vogt M, 
Hoppeler H, Richard R, Fluck M. Exercise training in normobaric 
hypoxia in endurance runners. III. Muscular adjustments of selected 
gene transcripts. J Appl Physiol (1985) 2006; 100: 1258–1266

E132


