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Abstract  
The aim of the present study was to evaluate the efficacy of 
intermittent hypoxic training (IHT) with 95 % of lactate thresh-
old workload (WRLT) on aerobic capacity and endurance per-
formance in well-trained cyclists. Twenty male elite cyclists, 
randomly divided into a hypoxia (H) group (n=10; age 22 ± 
2.7years; VO2max 67.8 ± 2.5 ml·kg-1·min-1; body height (BH) 
1.78 ± 0.05 m; body mass (BM) 66.7 ± 5.4kg; fat free mass 
(FFM) 59.3 ± 5.1kg; fat content (FAT%) 11.3 ± 2.1%), and a 
control (C) group (n = 10; age 23.5 ± 3.5years; VO2max 67.7 ± 
2.0 ml·kg-1·min-1; BH 1.79 ± 3.2 m; BM 69.2 ± 5.5 kg; FFM 
63.6 ± 4.8 kg; FAT% 7.9 ± 1.94 %) took part in the research 
project. The training program used during the experiment was 
the same for the both groups. For three weeks, the subjects in H 
group performed 3 training sessions per week in normobaric 
hypoxia environment  (IHT - O2 = 15.2%). During the elemental 
core of the IHT session, the intensity was set at 95% WRLT for 
30-min in 1st microcycle, 35-min in 2nd microcycle and 40-min 
in 3rd microcycle. The same training procedure was provided in 
C group,  yet the intensity of the main sessions were set at 100% 
WRLT in the normoxia environment. The results indicate a sig-
nificant (p < 0.05) increase in VO2max,VO2LT, WRmax, WRLT and 
change in lactate concentration (∆LA) during incremental test in 
H group. Also a significant (p < 0.05) decrease in time of the 
time trial was seen, associated with a significant increase (p < 
0.05) in average generated power (Pavg) and average speed (Vavg) 
during the time trial. The intermittent hypoxic training (IHT) 
applied in this research did not significantly affect the hemato-
logical variables considered: number of erythrocytes (RBC), 
hemoglobin concentration (HGB) and haematocrit value (HCT). 
Significant blood value increases (p < 0.05) were only observed 
in MCV in H group. This data suggests that intermittent hypoxic 
training at lactate threshold intensity and medium duration (30-
40min) is an effective training means for improving aerobic 
capacity and endurance performance at sea level. 
 
Key words: Intermittent hypoxic training (IHT), hypoxia, aero-
bic capacity, endurance performance, cycling. 
 

 
 
Introduction 

 
The concept of altitude or hypoxic training for sea-level 
sport performance improvement has been known for near-
ly 40 years. During this time, several strategies of such 
training regimens have been proposed, like live high - 
train high (LH-TH) or live high – train low (LH-TL). 

Another method of altitude training that has re-
ceived recent attention in sport science, as well as in sport 
training, is the live low - train high procedure (LL-TH). In 
this model of altitude training athletes live under nor-

moxic conditions and train in a natural, hypobaric or 
simulated normobaric hypoxic environment. Normobaric 
hypoxia can be simulated via nitrogen dilution, oxygen 
filtration or inspiration of hypoxic gas. Athletes typically 
use this equipment for simulated normobaric hypoxic 
environment   at rest (intermittent hypoxic exposure; IHE) 
or in conjunction with physical training, referred to as 
intermittent hypoxic training (IHT). Theoretically, the 
stress of hypoxic exposure, in addition to training stress, 
will compound the training adaptations experienced with 
normal endurance training and will lead to greater im-
provements in performance (Wolski et al., 1996). These 
systematic reductions in PO2 during the training process 
may trigger various biochemical and structural changes in 
skeletal muscle that favor oxidative processes (Geiser et 
al., 2001; Melissa et al., 1997; Terrados et al., 1990; Zoll 
et al., 2006).  

One of the hypothesis states that the hypoxic expo-
sition during training (IHT), similarly to the IHE, may 
stimulate serum erythropoietin synthesis (sEPO), which 
allows for an increase in erythrocyte count and improved 
oxygen supply to the working muscles. (Knaupp et al., 
1992; Powell et al., 2000). Unfortunately, numerous re-
searches did not support this hypothesis (Katayama et al., 
2004; Rodriguez et al., 2004; Roels et al., 2005). How-
ever, in the newest study, Hamlin et al. (2010) reported an 
increase in hemoglobin concentration and haematocrit 
value after IHT. 

In addition, some authors suggest that IHT may al-
so improve anaerobic exercise performance (Bonnetti et 
al., 2006; Hendriksen and Meeuwsen, 2003), possibly via 
increases in muscle buffering capacity (Gore et al., 2001) 
and increased glycolytic enzyme activity (Katayama et 
al., 2004). In one of the recent studies (Hamlin et al., 
2010), authors reported an improvement in mean power 
during the 30-s Wingate test after IHT.  

Current research results on the effectiveness of 
IHT for the enhancement of sea-level performance are 
ambiguous. Only a few studies (Green et al., 1999; Ham-
lin et al., 2010; Melissa et al., 1997; Terrados et al., 1990; 
Zoll et al., 2006) reported enhanced endurance perform-
ance at sea-level following IHT, although a number of 
research projects have failed to demonstrate improvement 
in sea-level performance after IHT (Morton and Cable, 
2005; Roels et al., 2007; Truijens et al., 2003). 

These conflicting reports on the efficacy of IHT in 
the literature may be due to methodological differences, 
including the type, volume and intensity of exercise in the 
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hypoxic environment, as well as the intensity of the hy-
poxic stimulus and the sports level of research subjects. 
The current research in this area generally has focused on 
training, where subjects preformed prolonged exercise 
with low (Hamlin et al., 2010; Hendriksen 
and Meeuwsen, 2003) or high intensity interval training, 
with low volume (PPO), in a hypoxic environment (Mor-
ton and Cable, 2005; Roels et al., 2005). There is also 
very limited data about the efficacy of IHT on aerobic 
capacity and sea-level performance, where well-trained 
subjects trained at lactate threshold intensities in a hy-
poxic environment, even though this IHT protocol seems 
efficient for endurance performance improvement (Du-
four et al. 2006; Zoll et al. 2006).On the other hand, using 
high intensity interval protocols  (Morton and Cable, 
2005; Roels et al., 2005) did not observe any significant 
changes in endurance performance and hematological 
variables. Finally, there are only few studies in competi-
tive athletes where all training sessions were (under hy-
poxic and normoxic conditions) controlled and registered.  

Therefore, the main objective of this work was to 
evaluate the efficacy of intermittent hypoxic training 
(IHT) with 95% of lactate threshold workload on aerobic 
capacity and endurance performance in well-trained 
cyclists. 

 
Methods 
 
Subjects 
Twenty male elite cyclists, with at least 6 years of na-
tional and international experience took part in the re-
search project. All of the tested athletes possessed current 
medical examinations, stating no contradictions to per-
form exhaustive exercise in a hypoxic environment. All 
subjects were randomly divided into a hypoxia (H) group 
(n = 10; age 22 ± 2.7 years; VO2max 67.8 ± 2.5 ml·kg-

1·min-1; body height (BH) 1.78 ± 0.05 m; body mass (BM) 
66.7 ± 5.4 kg; fat free mass (FFM) 59.3 ± 5.0 kg; fat con-
tent (FAT%) 11.3 ± 2.1%), which trained three times per 
week in a normobaric hypoxia environment, and a control 
(C) group, which exercised under normoxic conditions (n 
= 10; age 23.5 ± 3.5 years; VO2max 67.7 ± 2.0 ml·kg-1·min-

1; BH 1.79 ± 0.03 m; BM 69.2 ± 5.5 kg; FFM 63.6 ± 
4.8 kg; FAT% 7.9 ± 1.9 %). 

 The research project was approved by the Ethics 
Committee for Scientific Research at the Academy of 
Physical Education in Katowice, Poland. 

 
Experimental design 
The research was conducted during the second phase of 
the preparatory period (March 2010). During this training 
phase, a considerable amount of training volume is dedi-
cated for lactate threshold improvement. The experiment 
had two series of testing, separated by four microcycles of 
training (25 days). The first series of testing was con-
ducted at the beginning of the experiment to determine 
initial values of analyzed variables. Three microcycles (3 
weeks) with progressive training loads were then applied, 
followed by a fourth recovery microcycle in which the 
training load was significantly reduced. After the recovery 
microcycle,  the  last  series of testing was preformed. The 

testing procedure in the second series of testing was ex-
actly the same as in first. Because of the high training 
intensity during the experiment, all subjects were on a 
high carbohydrate diet (Carbohydrates – 60%, Protein -
15%, Fats – 25%). The average daily intake of carbohy-
drates was set at 6-7g/kg of body mass. 

 
Experimental testing 
Each series of testing included two days of investigations. 
On the first day, before breakfast, resting blood samples 
were drawn from the antecubical vein to determine hema-
tological variables (hemoglobin concentration (HGB), 
haematocrit value (HCT), number of erythrocytes (RBC)). 
Body mass and body composition were then evaluated by 
electrical impedance (Inbody 720, Biospace Co., Japan). 
Three hours after a light breakfast, a progressive ergocy-
cle test was administered to determine maximal oxygen 
uptake and lactate threshold. Capillary blood samples 
were drawn at rest, after each workload and during the 3rd, 
6th, 9th, and 12th min of recovery for the evaluation of 
lactate concentration (LA). Also, capillary rest and post-
exercise blood samples were used to determine acid-base 
equilibrium and oxygen saturation of hemoglobin.  

After resting blood samples were drawn for bio-
chemical evaluations, a progressive test was applied to 
determine maximal oxygen uptake and lactate threshold 
(LT). The LT was determined by the D-max method 
(Cheng et al., 1992), because in one of our previous stud-
ies (Czuba et al., 2009), we observed that the workload 
associated with lactate threshold, as determined by the D-
max method during a progressive test, was not signifi-
cantly different from that determined for the maximal 
lactate steady state (MLSS), for both male and female 
cyclists. 

The progressive test (T3x40) was performed on an 
ergocycle Excalibur Sport (Lode BV, Netherlands), be-
ginning with a workload of 80W, which was increased by 
40W every 3 minutes until volitional exhaustion. Starting 
at a higher load and increasing it by a greater margin 
(50W) would not allow for a precise determination of the 
lactate threshold, which was one of the major objectives 
of this paper. The criteria of reaching VO2max included a 
plateau in values of VO2 or a gradual decrease in peak 
VO2 during the maximal workload.   

During the progressive test, the following variables 
were constantly registered: heart rate (HR) (S810i, Polar 
Electro, Finland), minute ventilation (VE), oxygen uptake 
(VO2) and expired carbon dioxide (CO2) (MetaLyzer 3B-
R2, Cortex, Germany). During this test all cyclists were 
instructed to remain seated.   

 After 24h of rest, all subjects preformed a simu-
lation 30km time trial in a hilly terrain. While performing 
the time trial the subjects were occasionally allowed to 
take a standing position to improve their riding comfort.  
Every test was performed on a individual bike of each 
cyclist, which was connected to a Virtual Reality cycle 
trainer (Fortius, Tacx). Resting and post-exercise blood 
samples were drawn from the antecubical vein to deter-
mine creatine kinase activity (CK) and values of HGB, 
HCT and RBC. Also, capillary blood samples were drawn 
at rest, after each 10 km of the time trial (10, 20, 30km) to  
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determine lactate concentration (LA), acid-base equilib-
rium and oxygen saturation of hemoglobin. During the 
time trial, the following variables were constantly regis-
tered: heart rate, speed, cadence and power (PowerTap 
Pro+, CycleOps). Before every time trial, the cycletrainer 
and power meter were calibrated for each bike. During the 
test, subjects could ingest only ad libitum water.  The 
same experimental procedure was applied during the 
second series of testing.    

 
Training program 
The training program used during the experiment was the 
same for both groups, but with individual training zones 
for every cyclist (Table 1). For three microcycles (three 
weeks), the subjects in group H preformed three training 
sessions per week in a normobaric hypoxic environment 
(O2=15.2%; simulation of 2,500-2,600m). Each training 
sessions in the hypoxic environment consisted of a 15-
min warm-up, followed by 30-40 min of elemental core 
training and a cool-down of 15-min. The warm-up resis-
tance was set at 60% of the lactate threshold workload 
(WRLT) for each cyclist for 5-min; then increased by 10% 
of WRLT every 5-min (60%-5min, 70%-5min, 80%-
5min). During the core element of the session, the inten-
sity was set at 95% WRLT for 30-min in the first microcy-
cle, 35-min in second microcycle and 40-min in third 

microcycle. After a 15-min cool-down in the hypoxic 
environment, where resistance was set at 55% WRLT, 
cyclists in group H preformed a 2h ride at 60-75% WRLT 
under normoxia conditions. In the present study the inten-
sity related to the lactate threshold (%WRLT) during every 
hypoxic and normoxic training session in both groups was 
registered in watts and controlled by power meters (Pow-
erTap Pro+, CycleOps).   

The same training procedure was provided for 
group C, but  the intensity during the main part of the 
training session was set at 100% WRLT in comparison to 
the normoxia environment. These training sessions were 
also conducted in the laboratory, with the hypoxic genera-
tor  set  at  a  concentration  of oxygen  equal to 21%. The  

normobaric hypoxia environment was simulated by a 
HYP-123 Hypoxic Generator (Hypoxico). During the 
hypoxic training sessions the HYP-123 generator was 
connected to the Altitude Trainer (Hypoxico), where 
airflow was 126 l/min (7600 l/hr). None of the subjects in 
group H had problems with higher ventilation rates, be-
cause minute ventilation in this group at lactate threshold 
workload oscillated between 85 -100 l/min. Also, the 
workload applied during the core of IHT sessions were 
5% lower than WRLT. The subjects in H group during 
hypoxia sessions trained on their own bicycles, fixed on 
an electromagnetic trainer (Fortius, Tacx); therefore, the 
laboratory training was very similar to a natural cycling 
training. The cyclists drank ad libitum electrolyte drinks 
through a straw. During every hypoxic session in group 
H, FIO2  (In-Line O2 Port with Handi O2 Monitor, Max-
tec),  heart rate (S810i, Polar Electro) and blood oxygen 
saturation SpO2 were registered (Pulsox-3, Minolta). In 
the hypoxic (H) group, values of SpO2 during the core 
element of IHT session varied from 80 to 85%, whereas 
the control (C) group’s SpO2 remained between 95-94%.   
Besides registering the intensity of the training process 
during the first and last hypoxic training session, capillary 
blood samples were drawn to determine LA, acid-base 
balance and saturation of hemoglobin. The blood samples 
were taken at rest, after warm-up and during the core 
element of the protocol, every 10 minutes (10, 20, 30, 40 
minutes). During the second microcycle, additional blood 
samples were drawn at the end of the session (35-min). It 
must be underlined, that the lactate concentration was 
significantly higher in group H – lactate paradox, but its 
concentration did not raise more than 1 mmol·l-1 in the 
last 20 minutes of the final the trainings session. Also, at 
the beginning of each microcyle, and after one day off, 
resting blood samples were drawn from the antecubical 
vein to determine changes in hematological variables 
(HGB, HCT, RBC).  
 
Statistical analysis 
The obtained data were analyzed statistically with the use 

 
Table 1. Training program during the experiment     

Day Microcyle 1 Microcyle 2 Microcyle 3 Microcyle 4 
1 Day off Day off Day off Day off 
2 T1 + 2h endurance training (60-

75% of WRLT) 
T2 + 2h endurance training 
(60-75% of WRLT) 

T3 + 2h endurance training (60-
75% of WRLT) 

Day off 

3 3h of endurance training 60-
75% of WRLT with accent of 
speed (2x6x10s-max) 

3:30h of endurance training 
60-75% of WRLT with accent 
of speed (2x6x10s-max) 

4h of endurance training 60-
75% of WRLT with accent of 
speed (2x6x10s-max) 

1h active recovery 
ride <55% WRLT 

4 T1 + 2h endurance training (60-
75% of WRLT) 

T2 + 2h endurance training 
(60-75% of WRLT) 

T3 + 2h endurance training (60-
75% of WRLT) 

1h active recovery 
ride <55% WRLT 

5 Strength endurance (gym) 
Upper body 
1h active recovery ride <55% 
WRLT 

Strength endurance (gym) 
Upper body 
1h active recovery ride <55% 
WRLT 

Strength endurance (gym) Up-
per body 
1h active recovery ride <55% 
WRLT 

6 T1 + 2h endurance training (60-
75% of WRLT) 

T2 + 2h endurance training 
(60-75% of WRLT) 

T3 + 2h endurance training (60-
75% of WRLT) 

7 4h of endurance training (60-
75%  WRLT)with strength 
endurance(4x10min uphill; 95-
105% WRLT) 

4:30h of endurance training 
(60-75%  WRLT)with strength 
endurance(4x10min uphill; 95-
105% WRLT) 

5h of endurance training (60-
75%  WRLT)with strength en-
durance(4x12min uphill; 95-
105% WRLT) 

 
Testing 

T1- Training in the lab - 15-min of warm-up (60,70,80%WRLT), 95%WRLT – group H or 100%WRLT – group C for 30-min and  cool-down of 15-min 
at 60%WRLT. T2- Training in the lab - 15-min of warm-up (60,70,80%WRLT), 95%WRLT – group H or 100%WRLT – group C for 35-min and cool-
down of 15-min at 60%WRLT. T3- Training in the lab - 15-min of warm-up (60,70,80%WRLT), 95%WRLT – group H or 100%WRLT – group C for 40-
min and cool-down of 15-min at 60%WRLT 
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Table 2. Average values of considered variables registered during progressive ergocycle test in the hypoxic  
and control groups. Data are means (±SD). 

Variable Phase 1 Phase 2 
 Hypoxic Control Hypoxic Control 
WRmax (W) 380 (30) 383 (19) 405 (33) * 384 (18) 
WRLT (W) 280 (27) 270 (19) 303 (32) * 270 (19) 
%WRmax at LT 73.5 (3.2) 70.2 (3.4) 74.6 (2.1) 70.1 (3.1) 
VO2max (ml·min-1) 4520 (273 ) 4667 (264) 4703 (348) * 4653 (233)  
VO2max(ml·kg-1·min-1) 67.5 (2.5) 67.7 (2.0)  70.5 (1.5) *  67.6 (1.8 ) 
VO2LT (ml·min-1) 3666 (238) 3575 (190) 4000 (310) * 3610 (151) 
VO2LT (ml·kg-1·min-1) 55.5 (3.5) 51.7 (.8) 59.8 (1.6) * 53.2 (1.5) 
% VO2max at LT 81.8 (5.2) 76.3 (2.2) 84.8 (2.6) 78.1 (1.5) 
VEmax (l·min-1) 171.1 (13.1)  178.1 (7.6) 179.9 (16.1) * 176.4 (6.7)  
RERmax 1.09 (.02) 1.09 (.01) 1.09 (.01) 1.1 (.01) 
HRmax (bpm) 195 (5) 194 (6) 192 (3) 193 (4.9) 
Delta LA (mmol·l-1) 8.23 (.65) 8.43 (.80) 9.1 (.87) * 8.12 (1.1) 

                       * p < 0.05. 
 

of Statistica 9.0 (StatSoft). The results were presented as 
arithmetic means and standard deviations (SD). To deter-
mine the influence of training in a normobaric hypoxia 
environment on aerobic capacity and cycling performance 
at sea level, the two-way ANOVA (group & training) 
with repeated measures was applied. When significant 
differences in F ratio were found, the post hoc Tukey’s 
test was used. To determine significant differences in 
values of lactate concentration between the first and last 
IHT session, the t-test for paired samples was applied. 
The level of statistical significance was set at p < 0.05.  
 
Results 
 
The average values of the variables during the progressive 
ergocycle test and time trial (TT), are presented in Tables 
2 and 3. 

The two-way analysis of variance showed a statis-
tically significant effect of the two main factors (group & 
training) on registered variables during progressive ergo-
cycle test, such as: maximal oxygen uptake (VO2max), 
oxygen uptake at the lactate threshold workload (VO2LT), 
maximal workload (WRmax), lactate threshold workload 
(WRLT), maximal minute ventilation (VEmax) and delta (∆) 
values of lactate concentration (∆LA) (Table 2). Addi-
tionally, a significant effect of the two main factors during 
the time trial (TT) occurred in the final result expressed in 
time (T), average power (Pavg),  average heart rate (HRavg), 
delta values of creatine kinase activity (∆CK) and lactate 
concentration (Table 3). The intermittent hypoxic training 
(IHT) applied in this research did not significantly effect 
the analyzed hematological variables of RBC, HGB, HCT 
and red blood cell distribution width (RDW). Significance 

within the two main factors occurred only in MCV values 
(Table 4).   

The training program used in this research did not 
affect body mass and body composition significantly 
(Table 5). 

 
Post hoc analysis 
The statistical analysis indicated that the IHT caused a 
significant (p < 0.05) increase in maximal workload 
(WRmax) during the incremental test (T3x40) by 6.6% in H 
group, as well as an 8,3% increase in the workload meas-
ured at the lactate threshold.  During the experiment, 
absolute values of maximal oxygen uptake (VO2max) in-
creased significantly (p < 0.05) by 4% in H group. Similar 
changes were observed in values of oxygen uptake at 
lactate threshold (VO2LT) in this group, which increased 
significantly (p < 0.05) by 9.1%. Also, values of maximal 
minute ventilation (VEmax) and ∆LA during T3x40 in H 
group were significantly (p < 0.05) higher in comparison 
to baseline levels. Training in C group did not caused 
significant changes in any of the above variables. 

Additionally, a significant (p < 0.05) decrease by 
2.6% in time of TT was observed after 3 weeks of IHT, 
which was accompanied by a significant (p<0.05) in-
crease in Pavg (5.6%) (Table 3). The analysis of the gener-
ated power during TT in both groups demonstrate that 
values of average power generated between 10 and 20 km 
(Pavg 10-20km), as well as between 20 and 30 km (Pavg 20-

30km), were significantly (p < 0.05) increased by 4.7% and 
6.9%, respectively, after IHT (Figure 1).  The changes in 
the average power generated at the first 10km (Pavg 0-10km) 
were non-significant in both groups, but there was ten-
dency towards increased values.  

 
Table 3. Average values of considered variables registered during time trial in the hypoxic and control groups. 
Data are means (±SD). 

Variable Phase 1 Phase 2 
 Hypoxic Control Hypoxic Control 
Time (s) 3100 (122) 3106 (47) 3018 (150) * 3088 (95) 
Pavg (W) 303 (23) 310 (20) 320 (34) * 312 (21) 
HRavg (bpm) 178 (5 ) 175 (4 ) 175 (5) * 177 (5) 
 ∆ CK  29.6 (9.4) 26.7 (3.6) 22.7 (9.8) * 29.6 (4.2) 
∆ LA0-10km (mmol·l-1) 5.77 (1.41) 5.96 (1.51) 4.90 (1.70) 5.74 (1.30) 
 ∆ LA0-20km (mmol·l-1) 5.03 (.95) 5.05 (1.42) 3.77 (1.80) * 4.97 (1.59) 
 ∆ LA0-30km (mmol·l-1) 5.35 (1.21) 6.36 (2.26) 6.83 (2.09) * 6.82 (2.17) 

                       * p < 0.05. 
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Table 4. Average values of the analyzed hematological variables in hypoxic and control groups during the    
experiment. Data are means (±SD).   

Variable Phase 1 Phase 2 
 Hypoxic Control Hypoxic Control 
RBC (106/µl) 4.91 (.28) 5.10 (.39) 5.02 (.28) 5.18 (.22) 
HCT (%) 43.10 (.01) 45.00 (.03) 45.00 (.01) 46.00 (.02) 
HGB (mmol·l-1) 9.36 (.36) 9.6 (.76) 9.45 (1.90) 9.60 (.61) 
RDW (%) 11.50 (.16) 11.90 (.36) 11.90 (.35) 12.20 (.39) 
MCV (fl) 87.6 (2.66) 86.95 (2.04) 90.52 (3.11) * 87.15 (1.44) 

                                 * p < 0.05. 
 

A significant (p < 0.05) increase in Pavg and non-
significant changes in body mass (BM) in H group caused 
significant (p < 0.05) increases in values of average speed 
(Vavg) during TT, by 2.8%.  Also a significant (p < 0.05) 
decrease in average heart rate (HRavg) during TT occurred 
after IHT. Non-significant changes in HRmax during T3x40 
in H group could have been caused by a significant (p < 
0.05) increase in maximal workload (WRmax) in this 
group. The IHT caused a significant decrease (p < 0.05) 
in the delta (∆) values of CK by 23.3% during TT. Addi-
tionally, there were marked decreases in delta (∆) values 
of lactate concentration after 10 km (∆LA0-10km) and 20 
km (∆LA0-20km), but only changes in ∆LA0-20km in H group 
were significantly (p<0.05) decreased (23.7%). However, 
inversely proportional changes occurred in the delta (∆) 
values of lactate concentration after 30km (∆LA0-30km). 
The ∆LA0-30km significantly increased (p < 0.05) by 27.4% 
after IHT. However, t-test results showed that lactate 
concentration during the first and last IHT session signifi-
cantly decreased in group H.  

The values of chosen hematological variables, such 
as red blood cells (RBC), hemoglobin concentration 
(HGB), hematocrit value (HCT) and red blood cell distri-
bution width (RDW), were not affected by IHT (Table 4). 
However, there was a tendency for a slight increase in the 
resting values of these variables after IHT. The only sig-
nificant increase (p < 0.05) observed was in values of 
mean cell volume (MCV) in H group (Table 4).  
 
Discussion  
The aim of present study was to determine whether IHT 
with lactate threshold workload intensity would enhance 
sea-level aerobic capacity and endurance performance in 
well-trained cyclists. The unique aspect of this research 
project included highly trained athletes and a well de-
signed intensive training program. The most important 
finding from the present study is that the 3 week training 
program, associated with 3 IHT sessions per week 
(180min per week, where 90 - 120min per week corre-
sponded to a workload equal to 95% of the lactate thresh-
old), significantly improved aerobic capacity (VO2max by 
4%) and endurance performance (time in TT by 2.6%) in 

well-trained cyclists at sea-level. However, only a few 
well-designed and well-controlled studies on trained sub-
jects have reported increments in hemoglobin concentra-
tion or/and hematocrit value (Bonetti et al., 2006; Gore et 
al., 2006; Hamlin et al., 2010), while other studies do not 
show significant changes in serum erythropoietin and 
erythrocyte count following IHE/IHT (Katayama et al., 
2004; Marshall et al., 2008; Rodriguez et al., 2004; Roels 
et al., 2005).  

Efficiency of the oxygen transport system is most 
often evaluated by maximal oxygen uptake (VO2max). 
Theoretically, intermittent hypoxic training (IHT) may 
increase aerobic capacity and endurance performance at 
sea-level by several adaptive changes. However, research 
findings on IHT as an effective protocol for enhancing 
aerobic capacity and sport performance at sea-level are 
inconclusive. Few well-controlled studies support this 
theory (Dufour et al., 2006; Zoll et al., 2006). 

Dufour et al. (2006) observed a significant im-
provement in VO2max, and in running speed at the second 
ventilatory threshold (VT2), by 5% and 4%, respectively, 
after 6 weeks of intermittent hypoxic training, without 
changes in blood O2-carrying capacity. Moreover, the 
time in an all-out running test increased only in the ex-
perimental group, without significant modifications in 
VO2 kinetics.  The subjects in the control and experimen-
tal groups continued their usual running training program 
with two additional sessions with intensity at the second 
ventilatory threshold. Athletes in the experimental group 
preformed these sessions in a hypoxic environment. 

In another study, Roels et al. (2005) also observed 
a significant improvement in values of VO2max after high 
intensive interval (IHT) sessions, but there were non-
significant differences in mean power output during a 10-
min cycle time trial and hematological variables after 
IHT. However, the IHT intensive interval sessions, as 
well as hypoxic exposure, were only twice a week 
(~115min per week). The interval training consisted of 6–
8 reps of 2min duration at 100% peak power output (PPO) 
during the first 4 wk; then progressively increased to 5 
reps of 5–6 min at 90% of PPO, followed by 4 reps of 8 
min at 90% of PPO in the last week of training. It is

 
Table 5. Average values of the body mass and body composition in hypoxic and control groups during the    
experiment. Data are means (±SD). 

Variable Phase 1 Phase 2 
 Hypoxic Control Hypoxic Control 

BH (m) 1.78 (.05) 1.79 (3.2) 1.78 (.05) 1.79 (3.2) 
BM (kg) 66.7 (5.4) 69.2 (5.5) 66.6 (5.4) 68.7 (5.2) 

FFM (kg) 59.3 (5.1) 63.6 (4.,8) 58.9 (5.3) 63.3 (5.0) 
FAT% 11.3 (2.1) 7.9 (1.9) 11.8 (2.1) 7.8 (2.2) 

BMI (kg/m2) 21.1 (1.1) 21.4 (1.1) 21.1 (3.11) 21.4 (1.1) 
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Figure 1. Values of average relative power (Pavg) generated on each 10km stage during  the 30 km time trial in hypoxic  (H) 
and control (C) groups, as well as significant differences *** p < 0.05. 

 
difficult to pinpoint the exact causes of such training 
effects, yet they could have been affected by the short 
duration, as well as low overall volume, of interval work 
for well-trained athletes. In most available data, the over-
all volume of the hypoxic exposure compared to our study 
was significantly lower 

However, many studies do not confirm the er-
gogenic effects of IHT. The results of Roels et al. (2005) 
investigations are in accordance with those of Truijens et 
al. (2003), who found that 5 weeks of high-intensity train-
ing in a flume improved sea-level performance in well-
trained swimmers, but there was no additional effect of 
hypoxic training (15.3% oxygen equivalent). Similarly, in 
a previous study, Vallier et al. (1996) found no significant 
increase in VO2max and maximal power output in five elite 
triathletes after IHT. During the experiment these subjects 
modified their usual training program and replaced three 
sessions of bicycling exercise with three sessions on a 
cycle ergometer in a hypobaric chamber simulating an 
altitude of 4000 m. However, the authors did not include a 
control group, so it is not possible to compare the relative 
effects of this program.        

Hendriksen and Meeuwsen (2003) conducted an 
experiment in which they examined the effect of intermit-
tent training in a hypobaric chamber on physical exercise 
at sea-level. During this study, subjects in the experimen-
tal group trained for 10 days, 2 h daily on a cycle ergome-
ter placed in a hypobaric chamber at a simulated altitude 
of 2,500 m. Training intensity was at 60–70% of the heart 
rate reserve. The results indicated a significant (p < 0.05) 
increase in anaerobic capacity, but not in maximal oxygen 
uptake VO2max. These results were confirmed by recent 
study of Hamlin et al. (2010). During the experiment the 
authors used a very similar training protocol but the frac-
tion of inspired oxygen (FIO2) was manually adjusted to 

allow a similar hypoxic stimulus for each subject. The 
SpO2 levels were 88% on days 1-2, 84% on days 3-4 and 
82% on days 5–10 (the equivalent of 3200, 4000, and 
4400m altitudes, respectively). Authors observed en-
hanced in main anaerobic power during a 30-s Wingate 
test, as well as found substantial increases in the hemo-
globin concentration, hematocrit, and substantial reduc-
tions in serum iron and transferrin following IHT. How-
ever, there was a significant improvement in 20 km time 
trial. The lack of improved in aerobic capacity end endur-
ance performance is this studies was most likely caused 
by hypoxia-induced low intensity efforts during the IHT 
workouts. In our opinion, intensity of 60–70% of the heart 
rate reserve is not a sufficient training stimulus, and will 
not lead to improvements in aerobic capacity. In our study 
the training load during the core element of practice ses-
sions was significantly higher and reached on the average 
250W while the HR ranged from 175 to 180 bpm. 

The results of our study are in accordance to those 
obtained by Dufour et al. (2006) and Zoll et al. (2006). 
We observed a significant (p < 0.05) increase in absolute 
and relative values of VO2max and VO2LT after the three 
weeks of IHT protocol. Additionally, a significant in-
crease in WRmax and WRLT occurred, similarly to changes 
observed by Dufour et al. (2006). Moreover, the analysis 
of heart rate (HR) in our research indicated significant 
changes in exercising heart rates in group H. In this 
group, values of HRavg during the time trial were signifi-
cantly lower after IHT, even though Pavg increased sub-
stantially. There was also a tendency for lower HRmax 
values during the incremental test, but non-significant 
differences in values of this variable were caused by sig-
nificant  increase  (6.6%) in WRmax. The changes in exer- 
cise HR (decreased at a set load) may be explained by 
increased stroke volume, what caused an improvement in 
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values of oxygen pulse. These adaptive changes most 
likely allowed for a more effective work of the cardiovas-
cular system.   

An increase in maximal oxygen uptake due to hy-
poxia is usually associated with an increase in hematocrit 
value and hemoglobin concentration. In the present study, 
improved VO2max after IHT cannot be explained by 
changes in blood variables, as no significant changes in 
hemoglobin concentration, hematocrit value and red 
blood cell distribution width were observed, yet the  IHT 
showed a tendency for increased values of this variables. 
Statistical analysis showed only a significant increase (p < 
0.05) in values of mean corpuscular volume (MCV) in H 
group. 

 Not many well designed studies reported incre-
ments in hemoglobin concentration and/or hematocrit 
value (Bonetti et al., 2006; Gore et al., 2006; Hamlin et 
al., 2010; Hamlin and Hellemans, 2007), while other 
studies showed no significant changes in serum erythro-
poietin and erythrocyte count following IHE/IHT (Kata-
yama et al., 2004; Marshall et al., 2008; Rodriguez et al., 
2004; Roels et al., 2005). 

These discrepancies related to the effectiveness of 
IHE/IHT are most likely caused by differences in the time 
course of the EPO response in humans, due to hypoxia. 
Knaupp et al. (1992) examined the relationship between 
the duration of normobaric hypoxic exposure and plasma 
EPO levels in healthy human subjects. No increase in 
EPO was seen after the 5- and 60-min exposures. How-
ever, a 50% increase was seen 240 min after the initiation 
of the 120-min hypoxic exposure (p < 0.01). Intermittent 
exposure resulted in an increase of EPO by 52%, 360 min 
after the onset of exposure (p < 0.05). They conclude that 
exposing humans continuously to an inspiratory O2 frac-
tion of 0.105 for 120 min or intermittently for 240 min 
provides a sufficient stimulus to increased production of 
EPO.  

Since EPO blood concentration rises significantly 
after 90 minutes of continues exercise, the time of the 
exercise protocol seems fully justified. Additionally these 
adaptive changes require systematic frequent training 
stimulus with the volume ranging form 90 to 120 minutes.   

These findings were confirmed by Rodriguez et al. 
(2000), who stated that a single hypoxic (4000–5000 m) 
exposure of 90 min, three times per week  for three con-
secutive weeks, significantly (p < 0.05) increases hema-
tocrit value (HCT), hemoglobin concentration (HGB), the 
number of red blood cells (RBC) and reticulocytes. These 
authors suggest that a continuous exposure of 90 min 
represents the minimal stimulus to trigger an acute secre-
tion of erythropoietin (EPO) (hypobaric chamber at 504 - 
540 hPa). However, no significant differences were found 
in cycling exercise time or VO2max, and no normoxic 
control group was included. Moreover, Dufour et al. 
(2006), as well as Roels et al. (2005), observed improve-
ments in VO2max without changes in blood O2-carrying 
capacity. 

 It must be underlined, that the significant in-
crease in values of VO2max and improvement in cycling 
performance observed also in our study after IHT is asso-
ciated with non-hematological adaptive mechanisms due 
to hypoxia. The results of our and several well-controlled 

studies indicate that the improvement in aerobic capacity 
and endurance performance are caused by muscular and 
systemic adaptations, which are either absent or found to a 
lesser degree after training under normoxic conditions. 
(Dufour et al., 2006; Zoll et al., 2006). The systematic 
hypoxic condition during the training process may cause 
more drastic changes in muscle tissues than after tradi-
tional endurance training in normoxic conditions are re-
lated increased skeletal muscle mitochondrial density, 
capillary-to-fiber ratio, and fiber cross-sectional area, 
which were demonstrated in untrained individuals  (Des-
planches and Hoppeler, 1993; Vogt et al., 2001). These 
adaptive changes are associated with an increase hypoxia 
inducible factor-1α (HIF-1α), which is the global regula-
tor of oxygen homeostasis and plays a critical role in the 
cardiovascular and respiratory responses to hypoxia (Se-
menza, 2004).  

In another three different studies (Green et al., 
1999; Melissa et al., 1997; Terrados et al., 1990) that also 
used the IHT protocols have demonstrated significant (p < 
0.05) increases in the activities of oxidative enzymes and 
in capillary density associated with VO2max improvement.  

There have been relatively few studies that have 
investigated changes in monocarboxylate transporters, 
MCT1 and MCT4, to altitude exposure (Clark et al. 2004; 
Gore, 2007; Zoll et al., 2006). Zoll et al. (2006) reported a 
significant increase in muscle mRNA concentration of 
MCT1 in nine well-trained runners after IHT, compared 
with a control group. The authors concluded that the in-
crease in MCT1 mRNA allowed for an improved lactate 
exchange and removal, which may lead to a slower de-
cline in pH at a given running velocity, thereby allowing 
the athletes to run longer (Zoll et al., 2006). These appli-
cations were confirmed in our study, where a significant 
increase (p < 0.05) in WRLT and decrease (p < 0.05) in ∆ 
LA0-20km during the time trial after IHT was noted. How-
ever, while values of LA0-30km and ∆ LAmax during the 
incremental test were significantly higher, this was asso-
ciated and accountable due to much higher workloads in 
group H. 

In addition, transport of LA and H+, as well as the 
ability of skeletal muscle to buffer H+, are important for 
pH regulation, and changes in acid–base status have been 
proposed as a potential mechanism for improved per-
formance after altitude exposure (Gore, 2007).  

Previous studies (Mizuno et al., 1990; Saltin et al., 
1995) reported that training in a hypoxia environment 
may increase muscle buffering capacity in well-trained 
athletes. Despite that our results did not show significant 
changes in blood pH and acid–base balance at rest, during 
and after the incremental exercise, as well as the time 
trial, there were smaller disturbances in these variables at 
particular loads. Also there was a significant improvement 
in maximal and average generated power during TT after 
IHT. This may suggest that the buffering capacity was 
increased after IHT.       

 
Conclusion 
 
In summary, the most important findings of this work 
include a significant increase in VO2max, VO2LT, WRmax 
and WRLT after three weeks of intermittent hypoxic train-
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ing (IHT) with 95% of lactate threshold intensity. Addi-
tionally, the intermittent hypoxic training caused a sig-
nificant increase in average power (Pavg) and average 
speed (Vavg) during the time trial (TT), as well as signifi-
cantly reduced time of TT in group H. During the experi-
ment, no significant changes were noticed in values of 
chosen hematological variables of red blood cells (RBC), 
hemoglobin concentration  (HGB), hematocrit value 
(HCT) and red blood cell distribution width (RDW). No 
changes were registered in the acid-base balance due to 
IHT, but there was an improvement in performance. The 
results of this study and literature review, allow us to 
conclude that intermittent hypoxic training with high 
intensity (close to and above upper lactate threshold) and 
medium duration (30-40min) is an effective training 
means for improving aerobic capacity and endurance 
performance. 
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Key points 
 
• The efficacy of the intermittent hypoxic training is 

mostly dependent on volume and intensity of exer-
cise in the hypoxic environment. 

• The observed results suggests that intermittent hy-
poxic training at lactate threshold intensity and me-
dium duration (30-40min) is an effective training 
means for improving aerobic capacity and endur-
ance performance at sea level. 
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