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ABSTRACT: The aim of the study was to compare the effect of intermittent hypoxic training (IHT) and the
live high, train low strategy on aerobic capacity and sports performance in off-road cyclists in normoxia. Thirty
off-road cyclists were randomized to three groups and subjected to 4-week training routines. The participants
from the first experimental group were exposed to normobaric hypoxia conditions (FiO2 = 16.3%) at rest and
during sleep (G-LH-TL; n=10; age: 20.5 ± 2.9 years; body height 1.81 ± 0.04 m; body mass: 69.6 ± 3.9 kg).
Training in this group was performed under normoxic conditions. In the second experimental group, study
participants followed an intermittent hypoxic training (IHT, three sessions per week, FiO2 = 16.3%) routine
(G-IHT; n=10; age: 20.7 ± 3.1 years; body height 1.78 ± 0.05 m; body mass: 67.5 ± 5.6 kg). Exercise intensity
was adjusted based on the lactate threshold (LT) load determined in hypoxia. The control group lived and
trained under normoxic conditions (G-C; n=10; age: 21.8 ± 4.0 years; body height 1.78 ± 0.03 m; body
mass: 68.1 ± 4.7 kg; body fat content: 8.4 ± 2.4%). The evaluations included two research series (S1, S2).
Between S1 and S2, athletes from all groups followed a similar training programme for 4 weeks. In each
research series a graded ergocycle test was performed in order to measure VO2max and determine the LT and
a simulated 30 km individual time trial. Significant (p<0.05) improvements in VO2max, VO2LT, WRmax and WRLT
were observed in the G-IHT (by 3.5%, 9.1%, 6.7% and 7.7% respectively) and G-LH-TL groups (by 4.8%, 6.7%,
5.9% and 4.8% respectively). Sports performance (TT) was also improved (p<0.01) in both groups by 3.6% in
G-LH-TL and 2.5% in G-IHT. Significant changes (p<0.05) in serum EPO levels and haematological variables
(increases in RBC, HGB, HCT and reticulocyte percentage) were observed only in G-LH-TL. Normobaric hypoxia
has been demonstrated to be an effective ergogenic aid that can enhance the exercise capacity of cyclists in
normoxia. Both LH-TL and IHT lead to improvements in aerobic capacity. The adaptations induced by both
approaches are likely to be caused by different mechanisms. The evaluations included two research series
(S1, S2). Between S1 and S2, athletes from all groups followed a similar training programme for 4 weeks. In
each research series a graded ergocycle exercise test was performed in order to measure VO2max and determine
the lactate threshold as well as a simulated 30 km individual time trial.
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INTRODUCTION
Among the most popular altitude environment strategies used in

most evident are: 1) IHT prevents athletes from sleeping disorders

recent years to fully activate adaptive reserves and improve athletic

and dehydration, which are typical symptoms seen during an ex-

performance is intermittent hypoxic training (IHT), and the live high,

tended stay at altitude during the LH-TL strategy [2], 2) recovery

train low training strategy (LH-TL). In IHT, athletes train in simu-

following IHT training sessions occurs under normoxic conditions,

lated normobaric hypoxia or, less often, in a natural high-altitude

which protects athletes from deleterious effects of prolonged hy-

environment under hypobaric conditions, while living under nor-

poxia and shortens the post-training recovery time, and 3) the time

moxic conditions [1]. Compared to the well-known LH-TL strategy,

spent apart from training under hypoxic conditions may be used for

IHT presents a few essential advantages that can be utilized as an

normal training activity [3].

integral component of modern athletic training. Among them the
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Both passive exposure to a hypoxic environment and combining
hypoxia conditions with physical exercise contribute to activation of

of the Jerzy Kukuczka Academy of Physical Education in Katowice,
Poland.

numerous exercise-induced adaptations that are beneficial to sports
performance [2,4]. The mechanisms underlying the improvement in

Study design

athletes’ performance at sea level with altitude training are gener-

The evaluations included two research series (S1, S2). Between S1

ally attributed to either cardiovascular (5), haematological (3), or

and S2, athletes from all groups followed a similar training programme

ventilatory (6) effects and peripheral adaptations, i.e. muscle buffer-

for 4 weeks (three basic microcycles and one recovery microcycle).

ing capacity (7), glycolytic enzyme activity (8) and mechanical ef-

The only factor that differentiated the training protocols in particular

ficiency (15).

study groups was the exposure of the G-IHT group to normobaric

Although a number of publications have demonstrated the ef-

hypoxia.

fectiveness of the LH-TL routines [10, 11, 12, 13] and IHT procedures [14, 15, 16, 3, 10], the effects of hypoxia on aerobic capac-

Evaluations

ity and sports performance of athletes remains debatable. These

Each research series was performed after an overnight fast, and was

contradictions result from the methodological differences in study

started by drawing venous blood (10 ml) from the basilic vein to

designs. It should be noted that the prerequisite for effective stimu-

determine red blood cell count (RBC), haemoglobin level (HGB) and

lation of adaptive mechanisms is the choice of adequate exposure

haematocrit (HCT) (Advida 2120, Siemens, Germany), and bio-

time, hypoxia level and training stimuli that are proportional to ex-

chemical fatigue indices: creatine kinase activity (CK), lactate dehy-

pected adaptive changes. The appropriate combination of these

drogenase activity (LDH) and uric acid concentration (URIC). After

variables ensures an increase in exercise capacity following hypoxic

obtaining the blood samples, body height, body mass and body

training [17]. The examinations presented in this study were

composition were also measured (InBody 220, Biospace, Korea).

conducted in a group of athletes involved in the same sport and

Next, three hours after a light mixed meal, study participants per-

during the same training period. The same hypoxic conditions

formed a graded exercise test using the Excalibur Sport cycle ergom-

and the same well-designed training plan were used in both experi-

eter (Lode, Netherlands) in order to measure VO2max and determine

mental groups. This study design allowed for the comparison of the

the lactate threshold. The graded exercise test began with a load of

effect of normobaric hypoxia (LH-TL) and IHT on aerobic capacity

40 W, with increments of 40 W every 3 minutes. The test was

and sports performance in off-road cyclists under normoxic condi-

continued to exhaustion or until the participant was unable to main-

tions.

tain the minimal cadence of 60 rpm. Heart rate (HR), minute ventilation (VE), breathing frequency (BF), oxygen uptake (VO2) and

MATERIALS AND METHODS

carbon dioxide output (VCO2) (MetaLyzer 3B-2R, Cortex, Germany)

Study participants

were continuously recorded at rest and during the test. At the end of

The study examined 30 competitive off-road cyclists. The basic inclu-

each load (last 15 s) and in the 3rd, 6th, 9th and 12th minute of

sion criteria were a minimum of six years of training experience and

recovery, capillary blood samples were obtained from fingertips in

at least a six-month washout period from previous altitude training.

order to determine blood lactate concentration (Biosen C-line Clinic,

Study participants were randomized to three groups: two experimen-

EKF-diagnostic GmbH, Germany). These data were used to analyse

tal groups and a control group. The first experimental group (G-LH-TL)

the kinetics of concentration of this metabolite in blood, evaluate

(n=10; age: 20.5 ± 2.9 years; body height 1.81 ± 0.04 m; body

individual lactate thresholds based on the Dmax methodology [18]

mass: 69.6 ± 3.9 kg; body fat content: 8.4 ± 2.6%; lean body

and determine individual exercise zones. Furthermore, before and

mass: 63.8 ± 4.1 kg) was exposed to normobaric hypoxia at rest

immediately after completion of the test, blood was sampled from

and during sleep for 11 to 12 hours a day. Training in this group was

fingertips in order to determine the difference between resting and

performed exclusively under normoxic conditions. In the second ex-

post-exercise blood pH (RapidLab 248, Bayer Diagnostics, Germany).

perimental group (G-IHT) (n=10; age: 20.7 ± 3.1 years; body height

On the second day of measurements, study participants performed

1.78 ± 0.05 m; body mass: 67.5 ± 5.6 kg; body fat content:

a simulated 30 km individual time trial in mountainous terrain (TT).

10.6 ± 2.0%; lean body mass: 60.3 ± 5.1 kg), participants followed

The test trial was performed on personal bicycles of the studied

an IHT routine three times a week under conditions of normobaric

athletes connected to an electromagnetic bicycle trainer (Cyclus 2,

hypoxia. The control group (G-C) (n=10; age: 21.8 ± 4.0 years;

RBM elektronik-automation GmbH). Power generated during the TT

body height 1.78 ± 0.03 m; body mass: 68.1 ± 4.7 kg; body fat

(P) and heart rate (HR) were continuously recorded. After a warm-up

content: 8.4 ± 2.4%; lean body mass: 62.4 ± 4.8 kg) lived and

and immediately after completion of the test, capillary blood samples

trained under normoxic conditions. Each participant had current

were obtained in order to determine LA concentration and acid-base

valid medical examinations and showed no contraindications that

balance.

would exclude him from participation in the experiment. The project

Furthermore, after 48 hours of rest, the G-IHT group performed

was approved by the Bioethics Commission for Scientific Research

an additional graded exercise test on the cycle ergometer under
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normobaric hypoxia conditions (FiO2 = 16%) in order to determine

The training load was recorded using PowerTap technology (Cycle-

the lactate threshold load. These data were used to choose an indi-

Ops, USA) [3]. It was calculated after each training session and

vidual training load for the experiment.

expressed on the Training Stress Score point scale [19] using WKO+

Venous blood samples (10 ml) were taken several times during

3.0 software (TrainingPeaks, USA).

the experiment in order to evaluate EPO levels (IMMULITE 1000,
Siemens, Germany) and blood morphology. Blood samples were

Statistical Methods

taken after fasting, not later than 30 minutes after waking up. In the

The results of the study were analysed by means of Statistica 9.0

G-LH-TL group, samples were obtained after the first and third night,

(StatSoft software). The results were presented as arithmetic means

as well as after the 1st, 2nd and 3rd week, whereas in the G-IHT

(x) with standard deviations (SD). Statistical significance was set at

and G-C groups, blood was sampled after each week. Furthermore,

p<0.05. The Lilliefors test was used to demonstrate the consis-

oxygen saturation of haemoglobin was evaluated during training ses-

tency of the results obtained in the study with normal distribution.

sions performed under hypoxia conditions (G-IHT) using a Pulsox-3

The intergroup differences between research series were determined

pulse oximeter (Minolta, Netherlands).

using the multi-factor analysis of variance (MANOVA) for repeated

The values of SpO2 and resting heart rate (HRrest) (Pulsox-3) were

measures. Significance of differences between individual research

also measured on each day after waking up (in a lying position) in

series in the study groups was calculated based on the post-hoc

the G-LH-TL group. HRrest was recorded on a daily basis in the G-IHT

Tukey test.

and G-C groups (S810i, Polar Electro). The information collected in
the study was used to analyse the adaptive changes in the LH-TL

RESULTS

group.

The bivariate analysis of variance with repeated measures revealed
statistically significant differences in the group × training interaction

Training programme

for absolute (F=21.091; p<0.001) and relative (F=10.15;

All the groups followed the same training routines with individually

p<0.001) values of maximal oxygen uptake (VO2max), and for abso-

adjusted intensity zones. The only factor that differentiated the train-

lute (F=3.90; p<0.05) and relative (F=4.1; p<0.05) values of

ing routines in particular study groups was the exposure of the G-IHT

oxygen uptake at the lactate threshold as well (VO2LT). Additionally,

group to normobaric hypoxia (FiO2 = 16.3%, corresponding to the

significant differences for this interaction were observed for minute

altitude of 2,100 m above sea level) in a hypoxic chamber. The in-

ventilation (VEmax) (F=17.742; p<0.001), breathing frequency

termittent hypoxic training programme in the G-IHT group was cho-

(BFmax) (F=5.484; p<0.01), respiratory exchange ratio (RERmax)

sen based on our previous study [3]. Each training session in the

(F=6.7; p<0.01), heart rate (HRmax) (F=4.49; p<0.05), and

G-IHT group was subdivided into a 15-min warm-up, 30 to 40-min

maximal power (WRmax) (F=13.5; p<0.001). Statistically significant

main part and 15-minute cool-down. Intensity during these sessions

differences in the group × training interaction were also found for

was adjusted individually to each study participant based on the

maximal lactate concentration (LAmax) (F=4.2281, p<0.05), incre-

threshold load (WRLThyp), determined under normobaric hypoxia con-

ments of this variable (ΔLA) during the graded exercise test

ditions. The warm-up during all IHT sessions was performed using

(F=4.1110, p<0.05), post-exercise pH (F=6.141, p<0.05) and

the intensity at the level of 65-70% WRLThyp. In the main part,

ΔpH (F=5.81, p<0.05). Analysis of the results from individual test

the intensity was increased to 100% WRLThyp. This level of intensity

trials showed statistically significant differences in the group × train-

was maintained for 30 minutes (first week), 35 minutes (second

ing interactions for trial time (TT) (F=6.84, p<0.001), average

week) and 40 minutes (third week). The cool-down included 15 min

power (Pavg) expressed in both absolute (F=5.4823, p<0.01) and

of continuous exercise with an intensity of 60% WRLThyp. After

relative (F=4.1013, p<0.05) terms and average heart rate (HRavg)

completion of the final part of the IHT session, cyclists performed

(F=8.42, p<0.001).

a two-hour ride under normoxic conditions at an intensity of
65-75% WRLT.

Furthermore, the type of group and training showed statistically
significant differences in haematological variables: RBC (F=14.309,

The participants from the G-LH-TL and G-C groups followed the

p<0.001), HGB (F=12.480, p<0.001), HCT (F=16.573,

same training routine in the laboratory environment but under nor-

p<0.001), reticulocyte percentage (F=14.555, p<0.001), blood

moxic conditions. Training intensity (% WRLT) was the same as in

EPO levels (F=3.046, p<0.001), oxygen saturation of haemoglobin

the G-IHT group. However, it referred to the threshold load determined

(SpO2) (F=73.198, p<0.001) and resting heart rate (HR rest)

under normoxic conditions.

(F=52.1, p<0.001).

In the G-LH-TL group, participants spent from 11 to 12 hours

A statistically significant training effect was also demonstrated for

(evenings and nights) during three basic microcycles (three weeks)

power generated at lactate threshold (WRLT) (F=22.454, p<0.001),

under conditions of normobaric hypoxia (FiO2 = 16.3%). The Ever-

rate of blood lactate utilization after recovery (ΔLA12’res) (F= 9.514,

est Summit II hypoxic generators and altitude tents (Hypoxico, USA)

p<0.001), changes in CK activity (F=18.375, p<0.001), and URIC

were used to ensure normobaric hypoxia conditions.

concentration (F=21.465, p<0.001).
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The training plan did not have a significant effect on changes in

the graded exercise test on the cycle ergometer are presented in

body mass or body composition.

Table 1.

Cardiorespiratory indices, maximal load and threshold load

the pre-test values. The highest rise (19.5%) was observed after the

A significant (p<0.001) increase in VO2max (by 4.8%) was observed

first night of staying in normobaric hypoxia conditions. During sub-

in the G-LH-TL group and by 3.5% in the G-IHT group. Significant

sequent measurements, HRrest steadily decreased. After the recovery

differences (p<0.01) were also found for the VO2LT (increase by

week, these values returned to the initial level. In other groups,

6.7% in the G-LH-TL group and by 9.1% in the G-IHT group) and

changes were statistically insignificant (Fig. 1).

In the G-LH-TL group, HRrest increased significantly compared to

WRmax (increases of 5.9% and 6.7%, respectively). The threshold

A significant (p<0.001) reduction in the SpO2 level was also

load (WRLT) increased significantly by 4.8% for the G-LH-TL group

documented in the G-LH-TL group during the experiment. The most

and 7.7% in G-IHT. In the G-C group, the changes were statisti-

substantial reduction (4.4%) was found after the first 12 hours of

cally insignificant. Furthermore, significant (p<0.05) improvements

exposure to hypoxia. The next measurements showed a gradual in-

in VEmax (7.1%), BFmax (9.2%) and RERmax (2.8 %) were observed

crease in SpO2. However, the values of this variable during three

in the G-IHT group. A significant post-test (p<0.01) reduction in

weeks of exposure to hypoxia were significantly lower compared to

HRmax (by 1.5%) was documented for the G-IHT group. No significant

initial measurements. No substantial differences in this range were

changes were found in HRLT. Mean values of indices recorded during

observed after the recovery week in normoxic conditions (Fig. 2).

TABLE 1. Cardiopulmonary indices at maximal and threshold loads in the experimental groups (G-LH-TL, G-IHT) and the control
group (G-C) before and after the intervention.
G-LH-TL
Variable

G-IHT

G-C

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

WRmax (W)

370
± 18.6

391***
± 18.6

385
± 29.2

410***
± 37.2

370
± 24.2

374
± 21.8

WRLT (W)

292
±21.4

306*
±16.4

286
± 25

308**
± 36.7

260
± 21.1

268
± 16.8

VO2max (l/min)

4.58
± 0.3

4.81***
± 0.34

4.55
± 0.28

4.71***
± 0.33

4.54
± 0.23

4.54
± 0.21

VO2max (ml/kg/min)

66.0
± 4.0

68.9***
± 4.4

67.6
± 2.7

69.9***
± 1.4

67.0
± 2.9

67.1
± 2.7

VO2LT (l/min)

3.86
±0.29

4.12***
±0.26

3.72
± 0.20

4.06***
± 0.41

3.5
± 0.18

3.59
± 0.15

VO2LT (ml/kg/min)

55.9
± 5.0

59.5***
± 4.8

55.8
± 3.5

60.0***
± 1.6

51.6
± 2.7

53.7
± 3.0

VEmax (l/min)

165.1
± 11.9

165.7
± 12.7

169.6
± 14.1

181.8***
± 17.7

172.8
± 14.5

169.8
± 14.4

BFmax (1/min)

57.5
± 3.9

58.8
±6

59.6
± 6.5

65.0**
± 7.3

61.5
± 7.2

60.4
± 8.6

RERmax

1.09
± 0.01

1.08
± 0.02

1.09
± 0.02

1.11***
± 0.01

1.09
± 0.01

1.09
± 0.01

HRmax (bpm)

191
± 3.1

192
± 3.8

195
± 5.1

192***
± 3.7

196
± 6.6

194
± 4.9

* p<0.05; ** p<0.01; ***<0.001 – statistically significant differences compared to the pre-test values.
WRmax – maximal power; WRLT – power at lactate threshold; VO2max – maximal oxygen uptake; VO2LT – oxygen uptake at lactate
threshold; VEmax – maximal minute ventilation; BFmax – maximal breathing frequency; RERmax – respiratory exchange ratio; HRmax –
maximal heart rate.
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FIG. 1. Changes in resting heart rates of studied athletes measured
immediately after waking up in the lying position; ***<0.001 –
statistically significant differences compared to the pre-test values.

FIG. 2. Oxygen saturation of haemoglobin (SpO2) measured
immediately after waking up in the lying position in the experimental
group (G-LH-TL) during the study; ***<0.001 – statistically
significant differences compared to the pre-test values.

Exercise capacity

(81.4%) and third (101%) day of exposure to hypoxia in the G-LH-

The results of the time trial (Table 2) show that the time was sig-

TL group. In subsequent measurements, serum EPO levels gradu-

nificantly (p<0.001) improved by 3.6% in the G-LH-TL group and

ally declined. However, these changes were significantly (p<0.01)

by 2.5% in the G-IHT group, which was accompanied by a substan-

higher than the pre-test values (77.7% after a week, 66% after two

tial increase in mean power (Pavg), by 5.7% and 5.2%, respectively.

weeks). After the third and the fourth week of the experiment, the

Furthermore, a small (1.7%) yet statistically significant reduction in

changes were no longer statistically significant. No significant chang-

HRavg was observed in the G-IHT group. In the G-C group, changes

es were demonstrated in the G-IHT and G-C groups in EPO levels.

in the above variable were statistically insignificant.

The results of the analysis of haematological variables (Table 3)
demonstrated significant (p<0.01) improvements in RBC, HGB, HCT

Resting erythropoietin levels and haematological indices

and blood reticulocyte percentage. Increases in RBC, HGB and HCT

Analysis of blood serum erythropoietin (EPO) levels (Fig. 3) demon-

were observed after the second week of training. Continuation of the

strated the highest significant (p<0.001) increases after the first

training procedure led to further insignificant increases in these

TABLE 2. Trial time (TT), average power (Pavg), and average heart rate (HRavg) registered in the study groups during the time trial,
before and after completion of the experiment.
G-LH-TL
Variable

G-IHT

G-C

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

Time Trial (s)

3052
± 120.8

2943***
± 159.3

3073
± 110.6

2999***
± 158.0

3154.9
± 94.0

3116.3
± 75.1

Pavg (W)

316.3
± 14.1

334.3***
± 15.2

307.8
± 20.8

323.8***
± 35.6

298.0
± 26.8

303.7
± 18.4

HRavg (bpm)

182
± 2.9

181
± 3.4

179
± 5.0

176**
± 4.2

175
± 4.7

175
± 6.7

** p<0.01; ***<0.001 – statistically significant differences compared to the pre-test values.
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TABLE 3. Haematological indices in the experimental and control groups during initial and final evaluations.
G-LH-TL
Variable

G-IHT

G-C

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

RBC (mln/μl)

4.98
± 0.22

5.29**
± 0.25

4.94
± 0.29

4.96
± 0.22

5.01
± 0.25

5.09
± 0.23

HGB (g/dl)

15.2
±0.68

16.2**
±0.75

15.2
± 0.58

15.1
± 0.30

15.1
± 0.84

15.3
± 0.66

HCT (%)

44.2
±2.5

46.5**
±2.5

43.7
±1.2

43.9
±1.1

44.2
±2.1

44.6
±1.5

0.97
± 0.23

1.34*
± 0.15

0.96
± 0.17

0.97
± 0.12

0.97
± 0.16

1.01
± 0.1

Reticulocytes (%)

* p<0.05; **<0.01 – statistically significant differences compared to the pre-test values.
RBC – red blood cell count; HGB – hemoglobin concentration; HCT – hematocrit; Reticulocytes (%) - blood reticulocyte percentage

variables. During the last series of examinations, the increase in RBC

Lactate concentration and blood pH

was 6.2%, HGB 6.6% and HCT 5.2% compared to pre-test values.

Lactate concentration and selected indices of acid-base balance were

Blood reticulocyte percentage values showed a similar tendency

also evaluated during the experiment (Table 4). The result demon-

for change, but they were reduced after the recovery week, although

strated significant changes (p<0.01) in the G-IHT group concerning

compared to the pre-test values they continued to be significantly

the following indices: LAmax (increase by 13%), ΔLA (increase by

higher (36.7%). Changes in the above indices were not observed in

15.9%) and post-exercise pH (reduction by 0.5%). ΔpH was reduced

the G-IHT and G-C groups. Haemoglobin levels and blood reticulocyte

by 22.7% (p<0.05). A statistically significant reduction in ΔLA12’res

percentage values are presented in Figs. 4 and 5.

was found in all experimental groups (38% in G-LH-TL, 40.6% in
G-IHT, 51.5% in G-C).

TABLE 4. Lactate concentration (LA) and blood pH in study participants during the graded exercise test before and after the training
programme.
G-LH-TL
Variable

G-IHT

G-C

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

Before
(x±SD)

After
(x±SD)

LAmax (mmol/l)

10.56
± 1.6

10.46
± 1.71

9.61
± 0.55

10.87**
± 1.02

9.58
± 1.06

10.1
± 1.28

ΔLA (mmol/l)

8.94
± 1.66

8.88
± 1.69

7.79
± 0.65

9.03**
± 0.98

7.74
± 0.82

8.23
± 1.07

ΔLA12’res (mmol/l)

-2.71
± 0.21

-3.74**
± 0.85

-1.82
± 0.72

-2.56**
± 0.53

-1.9
± 0.59

-2.88**
± 0.46

pHafter

7.246
± 0.037

7.239
± 0.034

7.264
± 0.017

7.227**
± 0.027

7.251
± 0.039

7.239
± 0.053

ΔpH

0.167
± 0.032

0.175
± 0.027

0.158
± 0.028

0.194*
± 0.033

0.163
± 0.037

0.184
± 0.051

* p<0.05; **<0.01 – statistically significant differences compared to the pre-test values.
LAmax – maximal lactate concentration, ΔLA – difference between maximal and resting lactate levels; ΔLA12’res – difference between
maximal lactate concentration and the concentration after 12 min of recovery; pHpo – post-exercise blood pH; ΔpH – difference
between resting and post-exercise blood pH.
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Training load and biochemical indices of muscle fatigue
Statistical analysis demonstrated a significant (p<0.05) increase in
the activity of blood serum creatine kinase (CK) after the second and
the third week of training in all study groups. Furthermore, a significant (p<0.05) increase in CK activity was also noted after the
first week. Despite the significant rise in the activity of this enzyme,
the values ranged within standard values in all groups.
Similar changes were observed in uric acid concentration (URIC).
Statistically significant (p<0.05) changes were observed after the
second and the third week of training in all study groups. After the
recovery microcycle, CK activity and URIC concentration returned to
initial values. Changes in these indices are shown in Table 5.
DISCUSSION
FIG. 3. Blood serum EPO levels in the experimental and control
groups during the experiment; ** p<0.01; ***<0.001 – statistically
significant differences with respect to initial examinations.

The results of the study indicate that both LH-TL and IHT procedures
combined with an individually selected training load of the same
intensity for all participants, based on estimation of lactate threshold,

TABLE 5. Training load and changes in selected biochemical indices of muscle fatigue in particular study groups during the experiment.
Measurement
Variable

Training load
(TSS)

CK (U/I)

LDH (U/I)

URIC (mg/dl)

Group

Before (x±SD)

After (x±SD)
Week 1

Week 2

Week 3

Week 4

G-LH-TL

-

1094
±63

1147
±73

1283
±69

412
±27

G-IHT

-

1128
±49

1164
±69

1276
±76

387
±22

G-C

-

1152
±51

1194
±76

1308
±86

426
±31

G-LH-TL

90.1
± 34.3

139.3
± 48.9

159.7*
± 58.3

161.7*
± 62.1

98.7
± 27.7

G-IHT

110.9
± 32.1

151.8
± 52.6

168.1*
± 64.1

175.1*
± 52.7

115.8
± 34.1

G-C

89.3
±28.4

147.2*
± 42.6

158.8*
± 49.4

161.7*
± 55.7

108.4
±32.2

G-LH-TL

274.3
±41.8

289.4
±23.1

305.7
±27.1

312.1
±37.8

248.1
±35.1

G-IHT

282.4
± 39.4

295.1
± 45.1

291.6
± 42.2

321.7
±48.1

278.2
±37.1

G-C

302.4
± 52.4

298.4
± 48.1

318.14
±46.1

335.1
±56.3

296.7
±51.4

G-LH-TL

4.75
±0.34

4.98
±0.24

5.65*
±0.26

5.81*
±0.31

4.79
±0.34

G-IHT

4.83
±0.29

5.12
±0.34

5.74*
±0.38

5.97*
±0.42

4.89
±0.29

G-C

4.91
±0.38

5.21
±0.41

5.84*
±0.46

6.01*
±0.52

4.87
±0.31

* p<0.05 – statistically significant differences compared to the pre-test values.
CK – activity of creatine kinase, LDH – lactate dehydrogenase activity, URIC – uric acid activity.
Biology

of

Sport, Vol. 35 No1, 2018

45

Miłosz Czuba et al.
led to substantial improvements in aerobic capacity (increases in

similar, the changes in HRrest recorded for the G-LH-TL group lead

VO2max by 4.8% in the G-LH-TL group and by 3.5% in the G-IHT

to the conclusion that it is hypoxia dose rather than the training load

group) and sports performance (TT improved by 3.6% and 2.5%,

or the accumulation of fatigue which provides the stimulus to mod-

respectively) under normoxic conditions. However, various mecha-

ify resting heart rate.

nisms of adaptation to hypoxia are stimulated depending on the

The tendency for changes in HRrest, which was reversely propor-

altitude training regime. In the case of IHT the most important

tional to changes in SpO2, provides evidence for the response to

mechanisms involved were non-haematological, whereas in the case

hypoxia and the related adaptations. This observation may be used

of LH-TL they were haematological. The second main outcome of

in practice to control the adaptations of athletes to the training load

our study is that haematological mechanisms were more effective.

typical of altitude exercise regimes.

The main benefit of the use of the LH-TL methodology is the

It is assumed that hypoxia-induced stress combined with exercise-

improvement in oxygen capacity of blood. Levine and Stray-Gunder-

induced stress can contribute to greater adaptations in humans com-

sen [3], who developed the LH-TL method, demonstrated that this

pared to the effects of training in normoxia [32]. This theory provides

procedure speeds up erythropoiesis, thus improving aerobic capac-

the basis for the intermittent hypoxic training concept (IHT). IHT

ity. It turns out that the important role that determines the final effect

does not cause an increase in oxygen capacity of blood, but it is

of erythropoiesis is played by an adequate dose of hypoxia (altitude

likely to improve exercise capacity through reduction in energy ex-

and exposure time). Most studies that have used altitude training

penditure, enhanced buffering capacity of muscle tissues and speed-

regimes with duration ranging from 100 to 200 hours have not found

ing up glycolytic enzyme activity [3, 33, 34]. The scope of these

significant changes in either haemoglobin mass or red blood cell

changes depends on the training load used during IHT.

volume [20, 21, 22].

The results of the experiment presented in this paper, with exercise

In our study, 30 hours of hypoxia (11-12 hours/day) was shown

intensity of the main part of each training session (IHT) at 100%

to be an effective stimulus leading to the improvement in haemato-

WRLThyp and the hypoxic stimulus corresponding to the altitude

logical indices. During the last series of our evaluations, the increase

of 2,100 m above sea level (FiO2 = 16.3%), showed a significant

in RBC was 6.2%, in HGB 6.6%, and in HCT 5.2%, compared to

increase in VO 2max (by 3.5%), and a shift in WR LT towards

the pre-test values. These findings are consistent with previous stud-

higher values (by 7.7%), which resulted in shorter trial times

ies which demonstrated that the minimal dose necessary for improve-

by 2.5%.

ment in oxygen capacity of blood is 30 hours of exposure to hypoxia [5, 16, 23, 24, 25, 26].

Most previous studies related to the IHT procedure focused on
continuous exercise with low intensity, which did not improve aero-

The hypoxic dose in the IHT group was only 9 hours over the

bic capacity [35, 36, 37], or concerned high-intensity exercise with

period of three weeks (3 times 60 min a week). No improvements

low training volume [38], which contributed only to the improvement

in oxygen capacity of blood were found in this group. These findings

in anaerobic capacity. Few studies have documented the effectiveness

and the previous studies [3, 8, 14 27, 28] provide evidence that

of IHT training based on high-intensity exercise (threshold and supra-

this short exposure to hypoxia, although combined with intensive

threshold loads). In the theory of training methodology, this type of

physical exercise, is insufficient to increase blood EPO levels and

exercise is considered to be one of the most effective stimuli develop-

speed up erythropoiesis.

ing aerobic capacity. The results obtained in this study, our previous

The strongest factor that contributes to the increased rate of eryth-

findings [3] and the findings documented by Dufour et al. [15] and

ropoietin secretion by kidneys is SpO2. It is known that the increase

Zoll et al. [16] have demonstrated the positive effect of the IHT

in EPO levels is directly proportional to the level of hypoxia and

methodology on aerobic capacity and sports performance. The char-

decline in oxygen saturation of haemoglobin [29, 30], which is con-

acteristic feature of these studies was the use of threshold and supra-

sistent with our findings. During subsequent weeks of the experiment,

threshold intensity during training sessions in hypoxia.

SpO2 in the G-LH-TL group showed an upward tendency that was

Among the mechanisms behind the increase in sports performance

opposite to changes in EPO levels. Consequently, the effect of hy-

induced by hypoxic training are enhanced aerobic metabolism in

poxia on blood EPO levels became weaker with increasing acclima-

muscles and lower energy expenditure. However, previous studies

tion, which was caused by the improvement in oxygen capacity of

are inconsistent as to whether altitude training has a beneficial effect

blood. However, it is worth emphasizing that, despite the decline in

on any of the above mechanisms [7, 16, 39]. Our previous studies [3]

blood EPO levels, continuous production of red blood cells was ob-

concerning hypobaric hypoxia showed improvements in the energy

served, manifested by an increase in reticulocyte count, which is

expenditure during exercise. However, hypoxia did not cause an in-

consistent with the findings of Mairbaurl [31].

crease in VO2max. The results obtained from the experiment do not

In our study, reaction to the hypoxic stimulus was also noticeable

lead to unequivocal conclusions that the energy expenditure improved

in the changes of HRrest in the G-LH-TL group. Since the training load

following the exposure to hypoxia (LH-TL and IHT), since the increase

in individual weeks of our experiment and changes in biochemical

in absolute WRLT values was accompanied by a significant increase

indices of muscle fatigue (CK and URIC) in all study groups were

in VO2LT. Furthermore, IHT is likely to have a positive effect on the
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cardiovascular system, expressed by reduced maximal heart rate

ever, major changes in improvement in aerobic capacity and endur-

(HRmax) and HR values observed during exercise.

ance performance occurred after LH-TL. This improvement is re-

Another potential mechanism whereby sports performance is en-

flected by higher VO2max and haematological indices. In the case of

hanced after altitude training [40] is the ability of skeletal muscles

IHT, the lactate threshold is also shifted towards higher training loads.

+

to transport and buffer hydrogen ions (H ), which is an important

Positive effects of the IHT method depend on training intensity.

regulator of pH and changes in acid-base balance. Publications by

Exercise performed with individually adjusted threshold intensity

Mizuno et al. [41] and Saltin et al. [42] showed that hypoxic train-

depending on the altitude (hypoxia) is effective in improving aerobic

ing can increase the buffering capacity of muscles in elite athletes.

capacity and sports performance.

In our study, the most significant changes in LA and pH during

The 250-hour exposure to hypoxia (11-12 hour/day for three

the graded exercise test were observed in the G-IHT group. Despite

weeks) used in the LH-TL group is a sufficient stimulus to improve

the largest increase in blood lactate concentration (ΔLA) and decline

oxygen capacity of blood. During the IHT protocol, the exposure to

in blood pH (ΔpH), the largest increase was observed for WRmax

hypoxia was too short (9 hours for three weeks), and insufficient to

(by ~7%). In the G-LH-TL group, an increase in WRmax (by ~6%)

modify haematological indices.

was also found, without changes in ΔLA and ΔpH. Furthermore,

Since the adaptive changes induced by the use of the LH-TL

greater improvements in the rate of blood lactate utilization after

strategy and IHT protocol are attributable to different mechanisms,

recovery (ΔLA12’res) were observed in the experimental compared to

adequate combination of both approaches may lead to substantially

the control group.

greater improvements in aerobic capacity and performance in normoxia, particularly in sport disciplines that utilize both anaerobic and
aerobic energy systems.

CONCLUSIONS
The results of the experiment show that normobaric hypoxia can be
considered as an effective ergogenic aid that is likely to improve
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