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Abstract  
This study aimed to investigate and compare the effects of re-
peated-sprint (RSH) and sprint interval training in hypoxia 
(SIH) on sea level running and cycling performance, and to 
elucidate potential common or divergent adaptations of muscle 
perfusion and -oxygenation as well as mitochondrial respiration 
of blood cells. Eleven team-sport athletes performed either RSH 
(3x5x10s, 20s and 5min recovery between repetitions and sets) 
or SIH (4x30s, 5min recovery) cycling training for 3weeks (3 
times/week) at a simulated altitude of 2,200m. Before and three 
days after the training period, a Wingate and a repeated cycling 
sprint test (5x6s, 20s recovery) were performed with a 30min 
resting period between the tests. Four to five days after the 
training, participants performed a repeated running sprint test 
(RSA, 6x17m back and forth, 20s recovery) and a Yo-Yo inter-
mittent recovery test (YYIR2) with 1 hour active recovery be-
tween tests. The order of the tests as well as the duration of the 
resting periods remained the same before and after the training 
period. During the cycling tests near-infrared spectroscopy was 
performed on the vastus lateralis. In four participants, mito-
chondrial respiration of peripheral blood mononuclear cells 
(PBMC) and platelets was measured before and after training. 
YYIR2 running distance increased by +96.7 ± 145.6 m after 
RSH and by +100.0 ± 51.6 m after SIH (p = 0.034, eta² = 0.449). 
RSA mean running time improved by -0.138 ± 0.14s and -0.107 
± 0.08s after RSH and SIH respectively (p = 0.012, eta² = 
0.564). RSH compared to SIH improved re-oxygenation during 
repeated sprinting. Improvements in repeated cycling were 
associated with improvements in re-oxygenation (r = 0.707, p < 
0.05). Mitochondrial electron transfer capacity normalized per 
PBMC count was decreased in RSH only. This study showed 
that cycling RSH and SIH training improves sea-level running 
performance. Our preliminary results suggest that RSH and SIH 
training results in different patterns of muscular oxygen extrac-
tion and PBMC mitochondrial respiration, without effect on 
platelets respiration. 
 
Key words: Repeated-sprint training, sprint interval training, 
altitude, adaptive mechanisms. 

 

 

Introduction 
 
In recent years, new hypoxia training concepts for team 
sport  athletes  have  emerged.  These  concepts,  original-

ly based  on  classical   normoxic   sprint   training,    
include 
repeated-sprint training (RSH) and sprint interval training 
(SIH) performed in hypoxia. Repeated-sprint training is 
characterized by repeated maximal exercise bouts of short 
duration (≤ 10 s) interspersed with brief recovery periods 
(usually ≤60 s) (Girard et al., 2011a; 2017). Sprint inter-
val training, in contrast, includes repeated bouts with a 
duration of approximately 30 s interspersed with 2–4 min 
of passive recovery (Buchheit and Laursen, 2013b). Simi-
lar to training in normoxia (Buchheit and Laursen, 2013a; 
Buchheit and Laursen, 2013b), slightly different anaero-
bic and aerobic energy contributions during RSH and SIH 
might be expected depending on bout and relief duration 
(Faiss et al., 2013a). Consequently, the physiological 
adaptations may differ to some extent as well. As com-
parative studies investigating different sprint training 
protocols in hypoxia are scarce, identification of possible 
divergent adaptations is difficult. For instance, RSH was 
found to enhance muscle perfusion (Faiss et al., 2015; 
Montero and Lundby, 2017) and changes in the propor-
tion of type IIx muscle fibers have been described after 
SIH (De Smet et al., 2016). Yet, it is unknown if SIH is 
equally able to enhance perfusion and RSH will change 
fiber type. Additionally, an enhanced anaerobic metabo-
lism (Faiss et al., 2013b; Puype et al., 2013) and increased 
muscle buffer capacity (Faiss et al., 2013a) have been 
reported for both, RSH and SIH, yet the magnitude of 
differences is hard to assess. Furthermore, Faiss et al. 
(2013b) reported decreases in factors involved in mito-
chondrial biogenesis after RSH, whereas no such data are 
available for SIH. Especially for this adaptation, the im-
portance of comparing different sprinting protocols as 
well as hypoxia doses is evident as applying a slightly 
different RSH protocol and including hypoxia living led 
to an opposite finding (i.e., increased mRNA levels for 
PGC - 1α) (Brocherie et al., 2018). 

In regard to performance, RSH compared to 
normoxia training was found to improve sea-level repeat-
ed sprinting abilities (Brocherie et al., 2017; Faiss et al., 
2013b; Gatterer et al., 2014; Hamlin et al., 2017; Kasai et 
al., 2015) and to some extent intermittent endurance exer-
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cise performance (Galvin et al., 2013). SIH, in contrast, 
improved the anaerobic threshold to a greater extent 
(Puype et al., 2013). However, other reports suggest that 
adding hypoxia to both training modalities does not affect 
performance outcomes at all (De Smet et al., 2016; 
Montero and Lundby, 2015; 2017; Richardson and 
Gibson, 2015). 

As outlined before, muscle perfusion and oxygena-
tion changes might constitute adaptations related to per-
formance improvements after RSH whereas such changes 
have not yet been reported for SIH. Additionally, to the 
best of our knowledge, no study investigated actual mito-
chondrial function after RSH and SIH mostly because 
invasive procedures are necessary. Recent research, how-
ever suggests that the mitochondrial function of peripher-
al blood mononuclear cells (PBMC) may provide a meas-
ure of physical ability similar to skeletal muscle mito-
chondrial function (Tyrrell et al., 2015a). Moreover, high-
intensity interval training in normoxia enhanced oxidative 
phosphorylation of lymphocyte, which again indicates the 
usefulness of this analysis (Tsai et al., 2016). The effect 
of RSH and SIH on blood cells mitochondrial function is 
not established yet and its relationship to muscle 
oxygenation and performance has not been studied so far. 
Thus, the present study aimed at investigating and com-
paring the effects of RSH and SIH on sea level running 
and cycling performance, and to elucidate potential com-
mon or divergent adaptations of muscle perfusion and -
oxygenation as well as mitochondrial respiration of blood 
cells, possibly related to performance improvements.  
 
Methods 
 
Participants 
Twelve healthy subjects competing in intermittent sports 
(i.e. basketball, handball, soccer) at an amateur level (2-3 
regular training sessions per week and one competition 
game) were recruited and provided their written informed 
consent to participate in the study. The final sample size 
consisted of eleven participants (age 24.0 ± 2.4 yr., 
height: 1.83 ± 0.05 m, weight: 84.0 ± 9.3 kg) since one 
subject dropped out during the study due to personal rea-
sons. The study was approved by the Institutional Review 
Board of the Department of Sport Science of the Univer-
sity of Innsbruck. 
 
Design 
After performing the pretests as outlined in detail below, 
the participants were randomly assigned to a short (RSH, 
n = 6, age 24.8 ± 2.5 yr., height: 1.84 ± 0.04 m, weight: 
83.7 ± 10.7 kg) or long (SIH, n = 5, 23.0 ± 2.1 yr., height: 
1.82 ± 0.06 m, weight: 84.5 ± 8.5 kg) repeated-sprint 
training regime, stratified for the pretest outcomes of the 
repeated-sprint ability (RSA, mean sprint time) and the 
Yo-Yo intermittent recovery test level 2 (YYIR2, running 
distance). The subsequent training intervention lasted for 
3 weeks and included 3 training sessions per week (train-
ing procedures are detailed below). 3-5 days after the last 
training session, the posttests were performed using the 
same procedures described for the pretests. In a subgroup 
of 4 participants, venous blood samples were taken before 

and after the training intervention to analyze mitochondri-
al respiration of PBMCs. 
 
Measurements 
Before and 3 days after the training intervention, partici 
pants performed a 30 s anaerobic Wingate test followed 
by short repeated bursts of maximal cycling (5x6 s with 
20 s recovery). Tests were separated by 30 min of rest and 
were performed on a cycle ergometer (Cyclus II, RBM 
elektronik-automation GmbH, Germany). Since residual 
fatigue from the Wingate test was probable, the testing 
procedure was identical for all subjects and at all training 
phases, allowing for comparison of changes due to the 
training. The cycle ergometer was set at a fixed torque 
corresponding to 0.85 x body weight during the Wingate 
test and 0.95 x body weight during the repeated sprints. 
The outcomes of the Wingate and the repeated sprinting 
tests included the peak and the mean power output. For 
the Wingate test, the fatigue index was calculated as the 
performance loss per second. Performance decrement of 
the repeated cycling sprint was calculated according to 
Girard et al. (2011b) (i.e., [1 – (SUM of mean power 
output accumulated / (best mean power output × 6)] × 100 
for cycling)).  

On a separate day (day 4 and 5 after the last train-
ing session), participants performed the RSA and YYIR2 
test in a gym. The testing session started with performing 
the RSA test first, followed by the YYIR2 test. Tests were 
separated by 1 hour where participants freely moved in 
the gym. Similar to the cycling tests, residual fatigue 
could have influenced YYIR2 test outcome, but as testing 
procedures before and after the training period were the 
same, comparison of changes due to the training should 
be valid. The test procedures are outline elsewhere 
(Gatterer et al., 2014; 2015). Briefly, the RSA test con-
sisted of 6 x 34 m sprints (17 m back and forth) with 20 s 
of passive recovery between sprints. Participants started 
0.5 m ahead of a photocell system (Brower-Timing-
System, Utah, USA), sprinted linear 17 m, touched a cone 
with one hand and sprinted back through the timing sys-
tem as fast as possible. Best and mean RSA times were 
recorded. Furthermore, the performance decrement was 
calculated according to Girard et al. (2011b) (i.e., [total 
sprint time accumulated / (fastest sprint time × 6) – 1] × 
100). 

The YYIR2 consisted of repeated 2 x 20 m runs 
back and forth between the starting, turning, and finishing 
line at a progressively increasing speed until exhaustion. 
The speed was controlled by audio bleeps. Between each 
shuttle, the participants had a 10 s active rest period, con-
sisting of 2 x 2.5 m walking. The end of the test was con-
sidered when participants failed twice to reach the front 
line in time (objective evaluation) or if they felt unable to 
complete another shuttle (subjective evaluation) (Krustrup 
et al., 2006). The completed shuttle and the resulting 
distance covered were registered for analysis. 

During the Wingate tests and the repeated cycling 
sprints muscle oxygenation was measured continuously 
by NIRS (Niro 200, Hamamatsu Photonics K.K., Hama-
matsu City, Japan). The NIRS optical sensor was placed 
longitudinally over the distal part of the belly of the 
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vastus lateralis. NIRS provides the tissue oxygenation 
index (TOI) and the normalised total haemoglobin index 
(nTHI). TOI is the ratio of oxygenated to total tissue 
haemoglobin and reflects changes in tissue O2 saturation 
relative to rest, provides information on oxygen availabil-
ity and rate of oxygen utilization and, therefore, indicates 
crude alterations in tissue oxygen extraction (Boushel et 
al., 2001; Gatterer et al., 2013; Ihsan et al., 2013). The 
nTHI on the other hand represents a measure of total 
haemoglobin and is suggested to reflect blood flow 
(Highton et al., 2013; Montero and Lundby, 2017). Dur-
ing the Wingate test oxygen extraction, i.e. deoxygena-
tion, was calculated by subtracting the lowest TOI value 
during the test from the 1 min average before the start of 
the test. “Re-oxygenation” was calculated by subtracting a 
1 min average TOI value after the end of the test from the 
lowest value during the test. During the repeated sprints 
the average of the lowest values (representing oxygen 
extraction during each sprint) and the average of the high-
est values (representing re-oxygenation after each sprint) 
were calculated. Overall deoxygenation during the repeat-
ed-sprint test was calculated as the average of the lowest 
values minus the 1 min average before the start of the test. 
Overall “re-oxygenation” was calculated by subtracting a 
1 min TOI average after the end of the test from the aver-
age of the lowest values during the test. Moreover, re-
oxygenation during the sprints was calculated by subtract-
ing the average of the highest TOI values during the 
sprints from the average of the lowest values. nTHI 
changes during the Wingate test were calculated as the 
value at the end of the test minus a 1 min average before 
the test. Similar, nTHI changes during the repeated cy-
cling sprints were calculated as the mean of the highest 
nTHI values minus the 1 min average before the first 
sprint. 

Two to three minutes after both the Wingate test 
and the repeated sprints, capillary blood samples were 
obtained from the hyperaemized earlobe to measure lac-
tate concentration ([La], Biosen C line, EKF Diagnostics, 
Germany). Additionally, participants were asked to rate 
their perceived exertion (RPE) according to the 6-20 
BORG scale (Borg, 1974). 

For measurement of mitochondrial respiration, ve-
nous blood samples were taken from 4 participants (2 in 
each group) before and after the training intervention. 
Two 9 ml samples of whole blood were collected in 
VACUETTE® K3EDTA (tri-potassium ethylenedia-
minetetraacetic acid) in the morning after an overnight 
fasting and avoiding strenuous exercise for 48 h. The 
blood was transported within 1 hour after sampling to the 
diagnostic lab in thermo-insulating containers with hot-
cold-gel packs at room temperature and protected from 
light. Whole blood was counted on the Sysmex XN-350 
automated blood cell counter (Sysmex Corporation). 
Blood cells were isolated in 50 ml Leucosep® tubes 
(Greiner Bio-One) with 15 ml of Ficoll-Paque™ 
(Sumbalova et al., 2016). 18 ml of blood diluted 1:1 with 
DPBS was gently poured on the top of the polyethylene 
barrier and centrifuged at 1,000 g (10 min, acceleration 6, 
no brakes). The layer was collected containing peripheral 
blood mononuclear cells (PBMC) and platelets (PLT). 

PBMC were washed twice with 25 ml DPBS (120 g; 10 
min, acceleration 6, brakes 2), resuspended in 0.5 ml 
DPBS and counted (1:10 dilution) with the Sysmex XN-
350. For isolation of PLT, 5 ml of diluted plasma ob-
tained in the first centrifugation of diluted blood were 
combined with supernatant obtained in the first washing 
step of PBMC, and EGTA was added at 10 mM final 
concentration. After centrifugation at  1,000 g (10 min, 
acceleration 6, brakes 2) the sedi- 
ment was washed with 5 ml DPBS containing 10 mM 
EGTA (1,000 g; 5 min, acceleration 6, brakes 2), resus-
pended with 0.5 ml DPBS containing 10 mM EGTA and 
counted (1:10 dilution) with the Sysmex XN-350. Isolated 
blood cells were used for determination of respiratory 
characteristics of intact cells. In a typical measurement, 4 
million PBMCs or 200 million PLT were added into the 2 
ml chamber of the O2k High-Resolution FluoRespirome-
ter (Oroboros Instruments, Innsbruck, Austria). A simple 
titration protocol was used, including (1) ROUTINE res-
piration of intact cells (R), (2) noncoupled respiration 
induced by optimum concentrations of the uncoupler 
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) 
corresponding to electron transfer capacity (E), and (3) 
antimycin A-inhibitied respiration corresponding to resid-
ual oxygen consumption (Rox). (Pesta and Gnaiger, 2012) 
All measurements were performed at 37 °C in respiration 
medium MiR05 (Gnaiger et al., 2000) with addition of 10 
mM pyruvate. In all samples of isolated blood cells, cit-
rate synthase (CS) activity was determined and used as a 
marker for mitochondrial content. Oxygen fluxes of the 
PBMC fraction were corrected for the contribution by 
contaminating PLTs, and normalized per cell count and 
CS activity. The advantage of this method in an exercise 
training setting is that only blood samples are needed 
compared to muscle biopsies, which is a more invasive 
approach and disliked by many athletes. An obvious dis-
advantage is that so far, only limited research on this 
method exists and conclusive comparisons to the gold 
standard (i.e., analyzing mitochondrial function from 
muscle biopsies) are still lacking. 

 
Training 
The training intervention lasted for 3 weeks and the par-
ticipants trained 3 times/week. After a standardized warm 
up, including 10 min cycling at 100-150 watts, partici-
pants performed either a long (SIH, 4x 30s; 5min rest) or 
short (RSH, 3 sets of 5x10 s with 20 s rest between the 
intervals and 5 min rest between the series) normobaric 
hypoxia sprint training program as previously described 
in detail (Faiss et al., 2013b; Puype et al., 2013). The 
training was performed on a cycle ergometer (Cyclus 2) 
in a hypoxia chamber (LowOxygen, Germany) at a simu-
lated altitude level of approximately 2,200 m (FiO2: 
17.1%, Innsbruck). The Cycle ergometer was set at a 
fixed torque corresponding to 0.75 x body weight during 
the long intervals and 0.85 x body weight during the short 
repeated bouts. The torque was differently set to enable 
participants to deliver maximal power output in both 
training scenarios and not to limit power development due 
to either biomechanical insufficiencies related to exces-
sive pedaling frequency or load. During each session, 
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power output, oxygen saturation (SpO2), HR (Polar 
RS800CX, Finland), [La], and effort perception (RPE) 
were determined. A training altitude of 2,200 m was cho-
sen because this altitude level corresponds to the elevation 
of the natural altitude training facilities in the county and 
results might thus be indicative for training outcomes at 
these training centers. The selection is furthermore justi-
fied by the recommendation of Goods et al. (2014) to use 
moderate simulated altitude of 2,000 to 3,000 m when 
implementing hypoxic repeat sprint training for team-
sport athletes. Nonetheless, the altitude level of 2,200 m 
was lower than mostly applied during repeated-sprint 
training regimes (i.e., 2,800 – 3,000 m) (Brocherie et al., 
2017).  

 
Statistical analyses 
Data analysis was performed using the SPSS statistical 
software package (PASW Statistic 21). Normal distribu-
tion of data was confirmed by the Kolmogorov Smirnov 
test. ANOVA with repeated measurement design (post 
hoc t-tests with Bonferroni correction, applied as ade-
quate) was applied to investigate training effects and 
changes in physiological variables between RSH and SIH. 
Effect sizes (ES, partial η²) were reported for the perfor-
mance and NIRS outcomes. Pearson correlation analyses 

were performed for the combined groups only to investi-
gate parameters related to performance changes. Due to 
technical problems (NIRS and Cyclus II device) and drop 
outs during single testing the number of participants var-
ies as shown in Tables 1 and 2. The level of significance 
was set at p< 0.05. The number of participants for evalua-
tion of blood cell respiration was limited to 2 participants 
per training mode, thus a descriptive statistical approach 
was applied for this data set. 
 
Results 
 
Table 1 summarizes the outcomes of the performance 
tests before and after the training period. Both RSH and 
SIH improved YYIR2 running distance and RSA mean 
and best time (time effect: training, p < 0.05) with no 
interaction effects (group x training, p < 0.05). Addition-
ally, the training improved Wingate as well as repeated 
cycling sprints mean and peak power output (time effect: 
training, p > 0.05) with a trend toward an interaction 
effect in repeated cycling sprints peak power output 
(group x training, p = 0.095). Improvements in YYIR2 
running distance was negatively associated with changes 
in Wingate and repeated cycling mean power (r = -0.743 
and r = -0.756, respectively, p < 0.05, Figure 1).  

 
Table 1. Running and cycling performance outcomes before and after SIH and RSH training 

 
SIH  RSH 

ANOVA, p-value 
(partial η²) 

n pre post ∆ n pre post ∆ 
time 
effect 

training 

interaction 
effect group 
x training 

Running
YYIR2, m 4 430.0±50.3 530.0±50.3 +100.0±51.6 6 486.7±134.9 583.3±215.6 +96.7±145.6 0.034 (0.449) 0.967 (0.000) 
RSA mean, s 4 6.60±0.26 6.50±0.26 -0.11±0.08 6 6.59±0.32 6.45±0.36 -0.14±0.14 0.012 (0.564) 0.700 (0.020) 
RSA best, s 4 6.29±0.28 6.19±0.29 -0.10±0.06 6 6.35±0.41 6.20±0.43 -0.15±0.18 0.031 (0.460) 0.637 (0.029) 
RSA %decrement 4 5.0±0.6 5.1±1.0 +0.2±0.5 6 3.8±1.7 4.1±1.9 +0.3±1.7 0.729 (0.016) 0.760 (0.012) 

Cycling
Wingate mean,W 5 789±90 821±112 +31.8±47.4 5 739±76 811±73 +71.6±34.5 0.004 (0.661) 0.168 (0.223) 
Wingate peak, W 5 1011±105 1132±129 +120.7±45.4 6 969±112 1099±120 +129.6±93.9 <.001 (.766) 0.852 (0.004) 
Wingate FI, W/s 5 19.8±2.7 21.7±3.4 +1.9±2.6 5 19.1±2.5 21.1±3.0 +2.0±4.5 0.124 (0.270) 0.967 (0.000) 
Wingate [La]  5 10.6±2.9 8.8±2.9 -1.8±2.2 6 10.3±2.5 10.7±2.3 +0.4±2.5 0.339 (0.102) 0.160 (0.206) 
Wingate RPE 5 17.0±1.4 16.2±1.3 -0.8±1.6 6 17.0±2.3 17.8±1.0 +0.8±1.7 0.975 (0.000) 0.144 (0.221) 
RS mean, W 5 1000±118 1056±122 +55.5±44.9 6 951±94 1043±89 +91.8±58.1 0.001 (0.703) 0.283 (0.126) 
RS peak, W 5 1141±109 1170±113 +28.5±37.2 6 1051±128 1155±134 +104.2±83.3 0.010 (0.544) 0.095 (0.279) 
RS % decrement 5 8.9±2.0 7.6±3.7 -1.4±3.0 6 8.5±4.2 8.8±2.9 +0.3±3.7 0.633 (0.026) 0.430 (0.071) 
RS [La] 5 10.8±1.9 10.2±3.5 -0.6±2.3 5 9.9±3.1 11.3±2.6 +1.4±2.1 0.602 (0.036) 0.183 (0.210) 
RS RPE 5 16.2±2.3 16.4±2.7 +0.2±1.3 4 16.3±1.0 17.5±0.6 +1.4±1.1 0.136 (0.288) 0.262 (0.175) 
YYIR2, Yo-Yo intermittent recovery test level 2; RSA, repeated-sprint ability; FI, fatigue Index;  [La], lactate concentration (mmol/L); RPE, rating of 
perceived exertion; RS, repeated cycling sprint 

 
 

 

 
 
 

                Figure 1. Relationship between changes in cycling performance and YYIR2 running performance.  
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During repeated cycling sprints de- and re-oxygenation 
was changed over time (time effect: training, p < 0.05) 
with greater deoxygenation and re-oxygenation in the 
RSH group (interaction: group x training, p < 0.05) (Table 
2). Improvements in repeated cycling and Wingate mean 
power were associated with re-oxygenation during the 
sprints after training (r = 0.707 and r = 0.713, respective-
ly, p < 0.05, Figure 2). Table 3 shows individual changes 
of the PBMC respiration before and after the training. 

The  maximum  electron  transfer (E) capacity nor- 

malized per PBMC count was decreased in RSH after the 
training, whereas in SIH it was affected to a lesser extent. 
The E capacity normalized for CS activity showed a de-
crease after the training in all participants. A similar pat-
tern was observed for changes in TOI and PBMC respira-
tion (differentiated for O2 flow per cell count and O2 flux 
per citrate synthase activity; Table 3). Respiration of 
PLTs was not affected by any training modality (data not 
shown).  

   
Table 2. Near infrared spectroscopy outcomes before and after SIH and RSH training 

 
SIH  RSH 

ANOVA, p-value 
(partial η²) 

n pre post ∆ n pre post ∆ 
time 
effect  

training 

interaction
effect group 
x training 

NIRS (cycling) 
Tissue oxygenation index [%]

Wingate (deoxygenation) 5 -18.8±9.7 -20.3±11.3 -1.5±5.9 4 -20.9±10.7 -22.2±13.6 -1.3±3.4 .429 (.092) .943 (.001) 
Wingate (re-oxygenation) 5 16.0±6.9 18.5±8.7 2.5±4.9 4 18.0±11.1 19.7±12.8 1.7±2.5 .174 (.246) .770 (.013) 
RS (deoxygenation) 5 -17.2±4.4 -18.0±4.8 -.7±2.3 5 -15.4±6.4 -25.3±11.1 -9.9±5.8 .005 (.642) .012 (.570) 
RS (re-oxygenation) 5 17.4±5.0 20.0±3.6 2.6±3.4 4 17.8±6.0 29.5±7.6 11.7±1.8 <.001 (.889) .002 (.764) 
RS (re-oxygenation during sprints) 5 15.9±3.4 16.2±3.3 .3±2.3 5 12.9±8.0 19.7±7.8 6.8±5.9 .037 (.438) .053 (.391) 

Normalised total haemoglobin index (au)
Wingate (increase) 5 .037±.065 .051±.087 .014±.08 5 .049±.117 .059±.111 .011±.067 .634 (.034) .950 (.001) 
RS (increase) 5 .047±.024 .086±.130 .039±.134 5 .034±.077 .112±.073 .079±.074 .126 (.268) .579 (.040) 
NIRS, near infrared spectroscopy; RS, repeated cycling sprint  

 
 

 

 
 

 
 

      Figure 2. Relationship between changes in cycling performance and re-oxygenation during the sprints.  
 

Table 3. PBMC respiration (high-resolution respirometry) and muscle de- and re-oxygenation (NIRS) before and after training. 
  O2 flow corrected for Rox Overall sprinting O2 flux corrected for Rox Repeated sprinting
  IO2 [amolꞏs-1ꞏcell-1] Δ De-oxygenation Δ Re-oxygenation JO2/CS [pmolꞏs-1ꞏIU-1] Δ Re-oxygenation 
  before after Δ TOI [%] TOI [%] before after Δ [TOI%] 
RSH 1 R 5.1 4.0    1.17 1.31   
 E 23.4 13.7 -9.7 -9.7 12.82 5.39 4.43 -0.96 -2.9 
RSH 2 R 3.6 3.0    0.93 0.94   
 E 21.4 8.0 -13.4 -19.8 12.4 5.54 2.48 -3.06 5.8 
SIH 1 R 2.9 4.9    1.08 1.37   
 E 16.8 16.0 -0.7 -2.3 7.7 6.34 4.49 -1.86 2.9 
SIH 2 R 3.3 5.5    1.13 1.26   
 E 18.4 23.5 5.1 1.24 -0.44 6.24 5.36 -0.88 -1.84 
RSH1, RSH2 – participants with RSH training, SIH1, SIH2 – participants with SIH training. ROUTINE respiration (R) and electron transfer capacity 
(E) were determined as described in the methods section. IO2 – oxygen flow per cell count [amolꞏs-1ꞏcell-1 = pmolꞏs-1ꞏ10-6 cells], JO2 – oxygen flux per 
mitochondrial marker citrate synthase activity [pmolꞏs-1ꞏIU-1] 37. Respiration was corrected for the contribution from PLTs contaminating the PBMC 
fraction. Rox – residual oxygen consumption. 
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Discussion 
 
The present investigation shows that hypoxia cycling 
train- 
ing including either long (SIH) or short (RSH) duration 
repeated sprints and recovery intervals improved sea level 
cycling and running performance to a similar extent. 
How- 
ever, athletes who improved most during the cycling task 
showed less improvement during running (Figure 1). 
Additionally, outcomes indicate an influence of the type 
of training on TOI during repeated cycling. RSH com-
pared to SIH led to higher de- and re-oxygenation during 
repeated sprinting. Increases in re-oxygenation during 
sprinting were associated with improvements in Wingate 
and repeated cycling mean power output. Additionally, 
this study suggests for the first time that RSH modifies 
mitochondrial function in PBMC. 

In the present study, the magnitude of the perfor-
mance gains were similar between RSH and SIH and 
comparable to the results of studies investigating these 
training regimes individually (Faiss et al., 2013b; Gatterer 
et al., 2014; Galvin et al., 2013; Hamlin et al., 2017; 
Kasai et al., 2015; Puype et al., 2013). Data suggest that 
the two training regimes can interchangeable be used to 
improve athletes performance. Additionally, similar 
changes in [La] and RPE after the Wingate and repeated 
cycling sprint test were recorded indicating that anaerobic 
metabolism and perception of effort were similarly affect-
ed by both training regimes. Nonetheless, when consider-
ing the medium to large effect size (Table 1), cycling 
power output and [La] data indicate that RSH compared 
to SIH might be favorable for performance improvements 
(Δ repeated cycling sprint mean power: 55.5 ± 44.9 vs. 
91.8 ± 58.1 W and Δ Wingate mean power:= 31.9 ± 47.4 
vs. 71.6 ± 34.5 W, for the 30 s and 10 s group, respective-
ly) and increases in anaerobic contribution (Δ Wingate 
[La]: -1.8 ± 2.2 vs. 0.4 ± 2.5 mmol/L; Δ repeated cycling 
sprint [La]: -0.6 ± 2.3 vs. 1.4 ± 2.1 mmol/l, for the 30 s 
and 10 s group, respectively). The somewhat higher over-
all training volume during RSH compared to SIH (overall 
sprinting time: 1350 s vs. 1080 s for RSH and SIH, re-
spectively) might have led to these differences, which 
however have to be confirmed by further studies with a 
larger sample size. NIRS data on the other hand suggest a 
clear beneficial effect of RSH compared to SIH. De- and 
re-oxygenation during repeated sprinting were improved 
after RSH compared to SIH, indicating that both oxygen 
extraction and restoration of oxygen levels were en-
hanced. Accordingly, in studies investigating RSH, 
changes in the concentration of desoxyhemoglobin as 
well as total hemoglobin/myoglobin during repeated 
sprinting and in the recovery phase have been reported 
(Faiss et al., 2013b; 2015; Montero and Lundby, 2017). 
The major benefit of a higher re-oxygenation during short 
rest phases is a faster re-synthesis of phosphocreatine 
(McMahon and Jenkins, 2002; Tomlin and Wenger, 
2001). Thus, higher re-oxygenation might be one mecha-
nism responsible for performance improvements, which is 
supported by the positive correlation between changes in 
performance  and  re-oxygenation during the sprints (Fig- 

ure 2).  
A remarkable finding is that RSH and SIH seem to 

differently affect mitochondrial respiration of PBMCs, 
whereas platelet respiration remained unchanged. Few 
data are available on the effects of physical training on 
blood cell mitochondrial function (de Lucas et al., 2014; 
Tsai et al., 2016), whereas PBMC and PLT respiration is 
becoming progressively established as a biomarker of 
mitochondrial dysfunction in degenerative diseases (Li et 
al., 2015; Sjövall et al., 2010). The number of tested par-
ticipants is not adequate to draw firm conclusions from 
the present preliminary study; nonetheless, it seems that 
O2 flow per cell count was reduced in RSH and unaffect-
ed by SIH, whereas O2 flux per mitochondrial marker 
showed comparable reductions after both training types 
(Table 3). The exact meaning of these changes in relation 
to mitochondrial dysfunction in stress and disease states 
needs to be explored in further studies. It could be specu-
lated that in the amateur participants the unusual high 
training intensity and volume in combination with hypox-
ia, especially during RSH might have an impact on mito-
chondrial function due to excess reactive oxygen species 
(ROS) production (Pialoux et al., 2006; Trentadue et al., 
2012), as was shown during overtraining (Kadaja et al., 
2010). In accordance, Faiss et al. (2013b) found reduc-
tions in mRNA expression of genes implicated in mito-
chondrial biogenesis after RSH. Such changes might 
explain why most studies investigating RSH did not find 
improvements in aerobic capacity (Brocherie et al., 2017; 
Hamlin et al., 2017). Additionally, interleukin-6 (IL-6) 
produced during exercise could have played a role in 
PBMC respiration. IL-6 acts as an anti-inflammatory 
factor in muscles and as a pro-inflammatory factor in the 
blood stream (Pedersen et al., 2001), with different effects 
on PBMC and PLT. In fact, Tyrell et al. reported a nega-
tive correlation between plasma IL-6 and PBMC respira-
tion (Tyrrell et al., 2015b). In contrast, O2 flow per cell 
count seems to be less affected by SIH training (Table 3). 
One might speculate that the more anaerobic characteris-
tic of the training (i.e., the 5 min rest between the 30 s 
sprints likely allowed the aerobic system to return to near-
ly resting levels permitting a O2 deficit to occur at sprint 
onset (Buchheit and Laursen, 2013a)) might have led to 
lower ROS production of the mitochondria (Fisher-
Wellman and Bloomer, 2009) and thus might have pre-
served mitochondrial function. Accordingly, this type of 
training, next to improve anaerobic capacity, was shown 
to enhance performance at the anaerobic threshold, which 
indicates up-regulation of muscular oxidative capacity 
(Puype et al., 2013). A further interesting finding was that 
TOI changes gathered from muscle show some compara-
ble patterns to the mitochondrial PBMC respiration (Ta-
ble 3) indicating some connection. Further studies are 
needed to explore the meaning of this finding. 

A secondary outcome of this study was that cy-
cling sprint training is able to improve running perfor-
mance as was found by others (Hamlin et al., 2017). Thus, 
similar to the conclusion of Hamlin et al. (2017) both 
types of training (RSH and SIH) might be recommended 
as an opportunity to relieve on-feet training stress without 
reducing overall performance in intermittent sports in-
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volving large amounts of running exercise. However, it 
should be considered that athletes who improved most 
during the cycling task might improve less during running 
(Figure 1), highlighting individual responses. 

Some limitations of the present study have to be 
acknowledged. The number of participants was low and 
due to drop outs and malfunction of measurement devices 
some data was lost. Nonetheless, the present study gives 
some insight into the specific performance changes and 
mechanisms of adaptations of RSH and SIH. A further 
issue that needs consideration is the somewhat different 
training volume of the two groups outlined before. The 
sprinting protocols have been selected as they represent 
typical protocols described in the literature; as such, out-
comes represent characteristic training outcomes of the 
two training regimes. Clearly, a possible effect of the 
different training volume on the results cannot be exclud-
ed. Moreover, this study lacks normoxia control groups, 
thus, it cannot be stated whether hypoxia training leads to 
different adaptations compared to normoxia training. 
However, this study was not designed to investigate the 
effects of hypoxia compared to normoxia training but to 
study if the two types of training i.e. RSH and SIH differ 
in regard to performance outcomes and mechanisms of 
adaptation.  

 
Conclusions 
 
This study showed that RSH and SIH training performed 
on a cycle ergometer improves normoxia running perfor-
mance even though the specificity of adaptation has to be 
recognized. Additionally, RSH and SIH training seem to 
lead to different adaptations in regard to muscular oxygen 
extraction and mitochondrial respiration of PBMC. 
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Key points 
 

 Cycling RSH and SIH improve sea level cycling 
and running performance to a similar extent. 

 RSH compared to SIH led to higher de- and re-
oxygenation during repeated sprinting. 

 RSH conceivably modifies mitochondrial function 
in PBMC.  
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