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Abstract
Background: The purpose of this study was to determine the effects of hypoxic training on the
cardiorespiratory system and skeletal muscle among well-trained endurance athletes in a
randomized cross-over design.

Methods: Eight junior national level competitive cyclists were separated into two groups; Group
A trained under normoxic condition (21% O2) for 2 hours/day, 3 days/week for 3 weeks while
Group B used the same training protocol under hypoxic condition (15% O2). After 3 weeks of each
initial training condition, five weeks of self-training under usual field conditions intervened before
the training condition was switched from NT to HT in Group A, from HT to NT in Group B. The
subjects were tested at sea level before and after each training period. O2 uptake ( O2), blood
samples, and muscle deoxygenation were measured during bicycle exercise test.

Results and Discussion: No changes in maximal workload, arterial O2 content, O2 at lactate

threshold and O2max were observed before or after each training period. In contrast,
deoxygenation change during submaximal exercise in the vastus lateralis was significantly higher at
HT than NT (p < 0.01). In addition, half time of oxygenation recovery was significantly faster after
HT (13.2 ± 2.6 sec) than NT (18.8 ± 2.7 sec) (p < 0.001).

Conclusions: Three weeks of HT may not give an additional performance benefit at sea level for
elite competitive cyclists, even though HT may induce some physiological adaptations on muscle
tissue level.
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Background
High altitude training (HAT) is used by many athletes for
the purpose of enhancing performance. The scientific the-
ory behind HAT is related to the fact that exposure to high
altitude produces an increase in red blood cell (RBC) mass
and hemoglobin (Hb) concentration, thereby enhancing
the blood's oxygen transport capacity [1,2]. In addition,
HAT has been shown to increase skeletal muscle capillar-
ization[3,4]. A number of favorable physiological changes
have also been observed within the skeletal muscle micro-
structure as a result of HAT. These changes include
increased concentration of myoglobin (Mb) [5], increased
mitochondrial oxidative enzyme activity [5], and a greater
number of mitochondria [3].

In contrast, however, some studies have reported that
endurance performance was not much improved by HAT
compared with sea level training [6,7]. Moreover, Levine
and Stray-Gundersen insisted that HAT would lead to
down regulation of muscle structure and function associ-
ated with reduced power output and reduced O2 flux [2].
The reasons for these divergent results may include the
differences in exercise type, training intensity, training
period and training altitude. Also, the subjects of HAT
studies are usually divided into groups and then com-
pared as to the effects of hypoxic training and normoxic
training. Therefore, substantial interindividual variability
in the adaptive response to HAT is involved in these stud-
ies [8]. To our knowledge, there is no formal study that
reported the effects of HAT among identical subjects in
athletes.

Recently, near infrared continuous wave spectroscopy
(NIRcws) technology has been updated and widely
applied for the evaluation of muscle tissue oxygenation
[9,10]. Muscle oxygenation as observed by NIRcws is con-
sidered to reflect the balance between O2 consumption
and O2 supply, as demonstrated by its gradual decrease
during incremental exercise, and by its dramatic increase
after whole body exercise [9,11,12]. If the HAT improves
muscle capillarization and/or mitochondrial oxidative
capacity, muscle oxygenation during and after exercise
should be modified by HAT. The purpose of this study
was to determine the effects of hypoxic training on the car-
diorespiratory system and skeletal muscle among well-
trained endurance athletes in a randomized cross-over
design.

Methods
Subjects
The subjects for this study were eight junior national level
competitive young cyclists in Norway. The group included
one female and seven male athletes (age: 17 ± 1 year,
height: 180 ± 5 cm, weight: 70.6 ± 7.8 kg). Subjects gave
their informed consent after obtaining all the information

they requested concerning this study. To avoid acclimati-
zation in hypoxic condition, the subjects lived at sea level
and trained under normoxic and simulated hypoxic con-
ditions. It is reported that some competitive athletes have
a serum ferritin level that is suggestive of reduced bone
marrow stores [17,18]. When such athletes attempt
hypoxic training, they often do not thrive, and clearly do

not increase erythrocyte volume or O2max. Therefore, all
the subjects took iron supplement during the study. The
subjects took liquid iron supplementation during the
study.

Training Protocol
The subjects were randomly assigned to two training
groups. Group A (n = 4) trained under normoxic condi-
tion (NC; 21% O2) for 2 hours/day, 3 days/week for 3
weeks while Group B (n = 4) used the same training pro-
tocol under hypoxic condition (HC; 15% O2). After each
training period, five weeks of self-training under usual
field conditions was implemented as a washout period.
After the self-training, training conditions were switched
from NC to HC in Group A, from HC to NC in Group B
(Fig. 1). The work intensity during training was set to be
at lactate threshold (LT) under each NC and HC. During
each training session, heart rate (HR) was recorded to
monitor the subjects' exercise stress (Polar CIC, Port
Washington, NY). Also, plasma lactate ([La]) was ana-
lyzed by an enzymatic method (KDK lactate pro analyzer,
Japan) during each training. Arterial oxygen saturation
was measured by pulseoximetry (MicrO2, Siemens,
Germany).

Hypoxic condition
We simulated HC in the training room by replacing O2 gas
in the room air with N2 gas. HT was performed in the
room at ambient fractional O2 concentration of 15 %
(corresponding to an altitude of approximately 2500 m).
O2 concentration in the room was maintained by the sys-
tem's feed back mechanism which activated a fan that
brought in fresh air from the outside whenever the O2
concentration in the room was lower than the O2 set point
in the system. CO2 gas in the room was also monitored
and the CO2 built up in the room was reduced by using
CO2 scrubber. Several air conditioning systems ensured
that there were no changes in room temperature and
humidity during the training session. The complete set up
for simulating normobaric hypoxia in the room was eval-
uated and approved for use with humans by a Norwegian
governmental safety organization.

Experimental protocol
Bicycle exercise test was performed at sea level within one
week before and after each training period for evaluating
training effects. Subjects had a brachial arterial line and
then rested for one hour prior to exercise. After the resting
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blood samples were taken, subjects moved on to the sta-
tionary bike (Lode, Netherlands).

Measurements were carried out on two types of incremen-
tal bicycle exercise tests. Before the submaximal test (Sub-
maximal), 50 W warming up was performed for 10–15
min. Submaximal was started just below LT (stage 1),
which was determined prior to the test. The workload
(~25 W) increased every 5 min to stage 5 for determina-

tion of O2 at LT ( O2@LT). More than 15 min after the

end of Submaximal, O2max protocol (Vmax) was carried

out to determine O2max. Vmax test also started just
below LT, and ~25 W was added every 30 sec until volun-
tary exhaustion. After each exercise protocol, subjects con-
tinued to cycle at 50 W in order to avoid the health risks
due to sudden cessation of exercise.

Expired gas was collected into Douglas bags. Gas fractions
from the Douglas bag were measured by mass spectrome-
ter (Ametec process & analytic instruments Division,
USA). [La] was analyzed from arterial blood samples
immediately following each exercise stage. A heart rate
monitor was fitted around the chest of each subject for the
biotelemetry of the heart rate. Arterial oxygen saturation
was measured by pulseoximetry. Muscle oxygenation of
vastus lateralis (VL) was monitored using NIRcws. The
muscle oxygenation was measured after each training
period but not before each training period.

Hematology assessments
Plasma volume was measured by using the Evans blue dye
indicator-dilution technique. After the subject rested in a
supine position for 30 min, a baseline blood sample was
drawn and a known quantity of Evans blue dye was
injected. Venous blood was drawn 10, 20 and 30 min after
injection of the dye. Samples were spun and measure-
ments of absorbance were taken at 620 and 740 nm by
spectrophotometry (UV-1202, Shimadzu, Japan). Hemat-
ocrit was measured by averaging five runs on a Sysmex K-
1000 total blood analyzer (TOA Medical Electronics,
Japan). Blood volume was estimated by dividing plasma
volume using one minus hematocrit; appropriate correc-
tions were used for trapped plasma and peripheral sam-
pling. Total red cell volume was defined as blood volume
minus plasma volume. Hb concentration was measured
from a 3 ml sample of venous blood in an EDTA-vacu-
tainer, and it was measured with the same analyzer as
hematocrit. Ferritin was measured on plasma samples
taken before and after each training period by an immuno
turbidimetric method (Modular P, Roche, Swiss).

NIRcws
Oxygenation of the vastus lateralis muscle was measured
by NIRcws (HEO-100, OMRON, Japan). The basic princi-
ple of this NIRcws device has been discussed in detail in
previous studies [9,11,13]. The NIRcws probe contains a
light source and an optical detector, with a distance of 3.0
cm between the light source and the detector. Thus, the
depth of penetration is evaluated to be ~1.5 cm, as exten-
sively discussed previously [14,15]. A pair of two-wave-
length light emitting diodes, with wavelength of 760 and
850 nm, were used as the light source. A silicon photodi-
ode was used as the photodetector. In this study, oxygen-
ated Hb and/or Mb changes (∆Oxy-Hb/Mb) and total Hb
changes (∆Total-Hb) were calculated using the algorithm
reported previously [13]. Also, deoxygenated Hb/Mb
(∆[Hb/Mb]), and muscle tissue deoxygenation
(∆[Deoxy]) were calculated by ∆[Total-Hb] - ∆[Oxy-Hb/
Mb] and ∆[Hb/Mb] - ∆[Oxy-Hb/Mb], respectively.

In NIRcws measurements, the absolute O2 concentration
or saturation determination is difficult because of

Training protocolFigure 1
Training protocol. The study consisted of the following 
phases: The subjects were assigned to two training groups. 
Group A trained under hypoxic condition (HC; 15% O2) 
comprised of 2 hours/day, 3 days/week for 3 weeks while 
Group B trained under the same training protocol under 
normoxic condition (NC; 21% O2). After each training 
period, five weeks of self-training under usual field conditions 
was intervened as washout period. After the self-training, the 
training condition was switched from HC to NC in Group A, 
from NC to HC in Group B. The work intensity during train-
ing was set to be at lactate threshold (LT) under each NC 
and HC. The subjects were tested at sea level before and 
after each training period, and measured O2 uptake ( O2), 
blood samples, and muscle deoxygenation were measured 
during bicycle exercise test.
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unquantifiable biophysical quantities such as optical path
length [12]. In muscle oxygenation measurement, a subc-
taneous fat layer greatly affects the detected light intensity
[9]. As the fat layer thickness varies greatly in humans,
optical densities of ∆[Total-Hb] and ∆[Oxy-Hb/Mb] can-
not be compared between individuals. In this study, there-
fore, relative deoxygenation change at each stage during
Submaximal (%d [Deoxy]) was normalized by the full
deoxygenation during Vmax at each test. The %d [Deoxy]
was evaluated during the last 30 sec of each stage. The
muscle oxygenation recovery was taken from the maximal
deoxygenation measured over the last few seconds of exer-
cise and the minimum deoxygenation measured in the
overshoot recovery. Half time reoxygenation (T1/2), the
time to reach a value of half-maximal recovery, was deter-
mined after Submaximal. The probe was firmly attached
to the skin overlying the lower one-third of VL muscle
(~12 cm from the top of patella). No sliding was observed
in any subjects.

Since Mb has similar absorption spectra to Hb, NIRS sig-
nal gives mixed information of both Hb and Mb. How-
ever, it is reported that Mb concentration is no greater
than 25% [11] or 20% [16]. Therefore, we can conclude
that the signals are derived mainly from Hb. The specific
probe position was recorded as the distance from the top
of the patella in the first experiment in December, and the
probe was placed at exactly the same location for each test
after December.

Statistics
The results are presented as mean value ± standard error
(SE). The hematological assessments and measurements
parameters during Vmax test were statistically analyzed
with one-way ANOVA. The HR, [La] and %d [Deoxy] at
Submaximal were compared by two-way ANOVA (time
and training). The monitored parameters during each
training and T1/2 after Submaximal were compared by
paired t-test. Statistical significance was set at p < 0.05 for
all comparisons.

Results
Normoxic and hypoxic training
Since relative exercise stress was the same in HT and NT,
absolute workload was significantly lower in HT than NT
(p < 0.01, Table 1). SaO2 during training was also signifi-
cantly lower in HT than in NT (p < 0.01, Table 1). How-
ever, there were no differences in [La] and mean HR
during each training, respectively.

Hematological changes
All hematological assessments were summarized in Table
2. No changes in Hb concentration, blood volume, and
plasma volume were observed in subjects before and after
each training period. Therefore, Hct and CaO2 were also
not significantly increased from the initial level in each
training condition. Plasma ferritin concentration, which
reflects iron reserves, was not significantly different before
and after each training periods. In summary, no difference
was observed in any hematological parameter in this

Table 1: Measured parameters during each training

NT HT

Workloads(W) 245 ± 15 206 ± 13*
SaO2 (%) 96 ± 0.4 84 ± 1.2*
HR (bpm) 163 ± 3 160 ± 3
[La](mM) 2.9 ± 0.1 3.2 ± 0.1

* p < 0.05.

Table 2: Hematological assessments

Pre NT Post NT Pre HT Post HT

HB Concentration (g/dl) 14.4 ± 0.3 14.4 ± 0.3 14.3 ± 0.2 14.4 ± 0.2
Blood volume (ml/kg) 82.9 ± 1.7 86.0 ± 3.2 86.7 ± 2.1 83.1 ± 3.6
Plasma volume (ml/kg) 53.7 ± 1.7 55.7 ± 2.4 56.1 ± 1.6 54.0 ± 2.7
Hematocrit (%) 40.1 ± 1.1 39.3 ± 1.3 39.8 ± 0.7 39.4 ± 0.8
CaO2 (mlO2/dl) 19.8 ± 0.4 19.7 ± 0.3 19.5 ± 0.3 19.7 ± 0.2
RCM (ml/kg) 29.2 ± 0.5 30.4 ± 1.2 30.6 ± 0.6 29.1 ± 1.1
Ferritin (µg/1) 36.0 ± 3.5 35.8 ± 5.4 38.5 ± 4.9 44.7 ± 7.6
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Heart rate (HR), blood lactate concentration ([La]) and muscle deoxygenation change (%d [Deoxy]) during submaximal exer-cise in post normoxic training (NT) and hypoxic training (HT)Figure 2
Heart rate (HR), blood lactate concentration ([La]) and muscle deoxygenation change (%d [Deoxy]) during 
submaximal exercise in post normoxic training (NT) and hypoxic training (HT). %d [Deoxy] was significantly 
higher post HT than NT. ** p < 0.01.
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Table 3: Systemic parameters measured during exercise test

Pre NT Post NT Pre HT Post HT

Peak power (Watt) 413 ± 24 422 ± 24 422 ± 17 409 ± 22

O2max (ml/kg/min) 57.3 ± 4.5 59.7 ± 5.2 56.1 ± 2.4 59.8 ± 2.7

O2 at LT (ml/kg/min) 42.0 ± 2.7 41.1 ± 3.2 39.4 ± 1.6 41.5 ± 1.4

Peak [La] (mM) 9.3 ± 0.1 10.8 ± 1.5 9.2 ± 0.1 10.5 ± 1.2
SaO2-Vmax (%) 95.5 ± 0.4 96.0 ± 0.6 96.0 ± 0.1 95.9 ± 0.3

Typical example of concentration changes in deoxygenation and total-Hb changes during submaximal (Submaximal) and maxi-mal exercise (Vmax)Figure 3
Typical example of concentration changes in deoxygenation and total-Hb changes during submaximal (Sub-
maximal) and maximal exercise (Vmax).
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study for measurements taken before and after each train-
ing period (Table 2).

Exercise test
The HR and [La] during Submaximal are shown in Fig. 2.
No significant differences in HR and [La] were observed
between Post NT and HT. Neither O2max nor peak power
at Vmax were significantly improved after each training
period (Table 3). Also, O2@LT was not significantly
changed before and after each training. Peak [La] at Vmax
was not different either. In summary, no improvement of
cardiorespiratory was found post HT and NT.

Muscle tissue O2 dynamics
A typical example of deoxygenation and ∆[Total-Hb]
changes is shown in Fig. 3. In warming-up period,
∆[Total-Hb] was increased and ∆[Deoxy] was decreased
compared with resting because of increasing muscle per-
fusion. Immediately after the start of Submaximal,
∆[Deoxy] increased steeply and then continued to
increase until the end of this protocol. After the exercise,
∆[Deoxy] showed a rapid recovery, signifying muscle
reoxygenation. The kinetics of ∆[Deoxy] in Vmax test was

almost the same as that for Submaximal, but ∆[Deoxy]
was larger in Vmax than Submaximal. Normalized
∆[Deoxy] during Submaximal (%d [Deoxy]) after each
training period is shown in Fig. 2. After both NT and HT,
increase in muscle deoxygenation was observed even at
the lowest power (Stage 1; NT: 182.1 W, HT: 183.3 W).
Thereafter, there was a steady increase of deoxygenation as
the exercise intensity increased. Except stage 1, %d
[Deoxy] was significantly higher after HT than NT
throughout Submaximal test (p < 0.01). T1/2 after
Submaximal in NT (18.8 ± 2.7 sec) was significantly
slower than that in HT (13.2 ± 2.6 sec) (Figure 4).

Discussion
The major finding of this study was that HT induced more
deoxygenation and faster reoxygenation after Submaxi-
mal than NT. However, neither blood nor expired gas
parameters were changed before and after each training
period. These results suggested that three weeks HT may
not give an additional performance benefit at sea level for
elite competitive cyclists, even though HT may induce
some physiological adaptations on muscle tissue level.

Cardiorespiratory system
One of the most important adaptations in HT is consid-
ered to be an increase in Hb concentration and Hct, which
increases the O2 delivery and improves aerobic capacity
[1,2,8]. For this endogenous adaptation (i.e. Hb increase),
serum ferritin concentration is decreased. However, the
ferritin concentration did not decrease after HT (Table 2).
Also, Hb concentration and Hct were not increased by HT
either. These results suggest that only two hours of
hypoxic exposure and/or training per day may not be suf-
ficient to elicit erythropoiesis, thereby producing no
improvements of Hb concentration and CaO2. This may
be the main reason why the cardiorespiratory system (i.e.
maximal O2 uptake) was not improved by HT.

The [La] during Submaximal was not significantly differ-
ent between each training period even though %d
[Deoxy] was significantly higher in HT than NT (Fig. 2).
Brooks [19] already stated that [La] is determined by the
size of the lactate pool in the blood such as its distribution
throughout the body, its oxidation in the muscle, and its
conversion to glycogen in the liver and muscle. In other
words, [La] is reflected as the balance between blood lac-
tate appearance and blood lactate clearance. Donovan
and Brooks [20] found no significant effects of training on
blood lactate appearance during exercise, but lower [La]
was observed in trained subjects during exercise as a result
of enhanced clearance capacity. In this study, training
intensity was adjusted at LT level in each NT and HT, and
[La] during training was very similar between each train-
ing period (Table 1). Therefore, as the training intensity
was adjusted by [La], enhanced blood lactate clearance

Half time of muscle reoxygenation after exercise (T1/2) in post NT and HTFigure 4
Half time of muscle reoxygenation after exercise (T1/

2) in post NT and HT. T1/2 was significantly faster post HT 
than NT (***; p < 0.001 vs. T1/2 after NT).
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capacity (lactate turnover and oxidation) cannot be attrib-
uted to HT.

Effects of hypoxic training on muscle tissue level
In this study, higher muscle deoxygenation during the test
and faster T1/2 after the test were found in post-HT than in
post-NT (Fig. 4). One possibility may be due to down reg-
ulation of skeletal muscle structure and function by
reduced absolute training workload in HT. Since relative
exercise stress was the same in HT and NT, absolute work-
load was significantly lower in HT than NT (p < 0.01,
Table 1). We expected to see that decreased work intensity
might have resulted in the athletes being detrained when
they returned to sea level, and thus may have adversely
affected performance [1,2,8]. Although not significantly
different, peak power during Vmax test in post-HT was 13
W less than pre-HT and post-NT (Table 3). If muscle
atrophy happened after HT, reoxygenation time would be
fast due to increase in capillary density and decrease in dif-
fusion distance. Also, muscle atrophy may be related to
relative deoxygenation change (%d [Deoxy]) during exer-
cise. %d [Deoxy] was normalized by the full deoxygena-
tion during Vmax at each test, and Submaximal was set at
absolute same work intensity in all tests. Therefore, if peak
power were to be slightly decreased, then the same work-
load would cause more deoxygenation. In other words,
%d [Deoxy] during the same workload may be higher in
post-HT than in post-NT if muscle atrophy happens.

Another possible explanation, quite different from the
one above, may be due to up regulation of skeletal muscle
structure and function by HT. In a number of studies an
increased capillary network [3,4,21] and an elevated
oxidative potential of skeletal muscles, including
myoglobin content [5], mitochondrial content [3,21],
and oxidative enzyme activities [5], have been reported to
accompany hypoxic training. Also, it is well known that
endurance training improves muscle O2 extraction during
submaximal exercise as demonstrated by a lower venous
femoral PO2 [22,23]. Therefore, it is suggested that O2
extraction may be improved in activating muscle during
Submaximal caused by HT. In addition, we observed that
T1/2 after Submaximal was significantly faster post-HT
than post-NT (p < 0.001, Fig. 4). As we used bicycle exer-
cise, which elicits a greater increase in cardiac output and
blood flow to the working muscle, it is speculated that the
T1/2 after this type of exercise may more reflect the "wash-
ing" of O2 supply than more than O2 consumption [24].
Therefore, faster T1/2 seen after HT implies that O2 supply
to the activating muscle may be much higher. Further
NIRcws studies are needed to define the conclusions for
up or down regulation of muscle function by HT.

Discrepancy between cardiorespiratory system and 
skeletal muscle after HT
We found that blood and expired gas parameters were not
changed by HT even though HT may cause some adapta-
tions on muscle tissue level. Some HT studies have also
reported that HT did not improve cardiorespiratory sys-
tem (maximal O2 uptake) but muscle oxidative capacity,
which was determined by phosphocreatine resynthesis
rate [25] and mitochondrial volume density and capillary
length density [21]. Although we cannot conclude
whether or not HT caused up or down regulation on mus-
cle function, three weeks of HT had no effect on the gain
of cardiorespiratory system in either case.

Limitations of the study
It is important to note that the sample size (n = 8) was too
small to apply our findings to a larger population. Cer-
tainly more data should be collected in order to generalize
the findings obtained in this study.

Training effects evaluated by NIRcws were compared only
for post-training in each subject because baseline data of
muscle deoxygenation and reoxygenation were not meas-
ured in pre-training periods. However, all subjects trained
in both HC and NC. Also, five weeks of self-training under
usual field conditions was implemented as a washout
period after each training period. Several studies have
reported that any improvements due to HT diminish very
rapidly upon due to acclimatization at sea level [1,4,5].
Furthermore, it is reported that cardiorespiratory and
muscle oxidative functions are adapted to variable levels
of energy demands within a few weeks [26,27]. Hence, if
the muscle oxidative capacity and capillarization were
improved by each training, the improved muscle oxida-
tive function may have been diminished by the time of
another baseline test in January.

Conclusions
Three weeks of HT and NT did not improve performance,
arterial O2 content, O2@LT or O2max in endurance
athletes. In contrast, deoxygenation change during
exercise in the vastus lateralis was higher after HT than NT.
Furthermore, half time of reoxygenation was faster after
HT than NT. These results suggest that three weeks HT
may not give an additional performance benefit at sea
level for elite competitive cyclists, even though HT may
induce some physiological adaptations on muscle tissue
level.
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