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Intermittent Hypoxia Improves Endurance Performance
and Submaximal Exercise Efficiency
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ABSTRACT

Katayama, Keisho, Hiroshi Matsuo, Koji Ishida, Shigeo Mori, and Miharu Miyamura. Intermit-
tent hypoxia improves endurance performance and submaximal exercise efficiency. High Alt Med
Biol 4:291-304, 2003.—The purpose of the present study was to elucidate the influence of inter-
mittent hypobaric hypoxia at rest on endurance performance and cardiorespiratory and hema-
tological adaptations in trained endurance athletes. Twelve trained male endurance runners were
assigned to either a hypoxic group (n = 6) or a control group (n = 6). The subjects in the hy-
poxic group were exposed to a simulated altitude of 4500 m for 90 min, three times a week for
3 weeks. The measurements of 3000 m running time, running time to exhaustion, and car-
diorespiratory parameters during maximal exercise test and resting hematological status were
performed before (Pre) and after 3 weeks of intermittent hypoxic exposure (Post). These mea-
surements were repeated after the cessation of intermittent hypoxia for 3 weeks (Re). In the con-
trol group, the same parameters were determined at Pre, Post, and Re for the subjects not ex-
posed to intermittent hypoxia. The athletes in both groups continued their normal training
together at sea level throughout the experiment. In the hypoxic group, the 3000 m running time
and running time to exhaustion during maximal exercise test improved. Neither cardiorespira-
tory parameters to maximal exercise nor resting hematological parameters were changed in ei-
ther group at Post, whereas oxygen uptake (Voo) during submaximal exercise decreased signif-
icantly in the hypoxic group. After cessation of intermittent hypoxia for 3 weeks, the improved
3000 m running time and running time to exhaustion tended to decline, and the decreased Vo,
during submaximal exercise returned to Pre level. These results suggest that intermittent hy-
poxia at rest could improve endurance performance and submaximal exercise efficiency at sea
level in trained endurance athletes, but these improvements are not maintained after the cessa-
tion of intermittent hypoxia for 3 weeks.
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INTRODUCTION termittent exposure to altitude with or without

exercise training, and much of the work on in-

ANUMBER OF sTUDIES have demonstrated termittent exposure to altitude was carried out
physiological adaptations as a result of in- in the former Soviet Union and Common-

IResearch Center of Health, Physical Fitness and Sports, Nagoya University, Nagoya, Japan.
2Space Medicine Research Center, Research Institute of Environmental Medicine, Nagoya University, Nagoya, Japan.

291



292

wealth of Independent States in the 1930s (see
the reviews by Gippenreiter and West, 1996;
Serebrovskaya, 2002). From these studies, it has
been proposed that intermittent hypoxia is ben-
eficial as a method of preacclimatization before
climbing to high altitude and for the treatment
of a wvariety of clinical disorders (Sere-
brovskaya, 2002).

Intermittent hypoxia during exercise (i.e.,
living low training high) has also been utilized
frequently by endurance athletes to improve
performance, and many studies have indicated
the influences of intermittent hypoxia during
exercise on endurance performance at sea level
and on physiological adaptations in trained
athletes (Terrados et al., 1988; Desplanches et
al., 1993; Fulco et al., 2000; Meeuwsen et al.,
2001). In contrast, some investigators have re-
cently demonstrated the effects of intermittent
normobaric or hypobaric hypoxia at rest (1 to
2 h/day) on physiological adaptations in hu-
mans (Serebrovskaya et al., 1999; Powell and
Garcia, 2000; Katayama et al., 2001b). Garcia et
al. (2000) indicated that 2 h daily exposures to
normobaric hypoxia (13% oxygen, simulating
an altitude of 3800 m) at rest led to an increase
in reticulocytes, and Rodriguez et al. (2000) also
recently found significant increases in hemato-
logical variables after intermittent hypobaric
hypoxia (simulating an altitude of 4000 to 5500
m) at rest, 90 min a day, three times per week
for 3 weeks. From these data, intermittent ex-
posure to hypoxia at rest has been supported
as an ergogenic method to improve endurance
performance at sea level (Wilber, 2001). Helle-
mans (1999) and Cedaro (2000) have reported
preliminary data from studies of endurance
athletes exposed to intermittent normobaric
hypoxia at rest while simultaneously training
in normoxia; they demonstrated significant im-
provements in endurance performance and
hematological indexes following 2 to 3 hours
of daily exposure to hypoxia (9% to 10% oxy-
gen) at rest for 10 to 20 days. However, since
these experiments did not include appropriate
concurrent control groups, it is unclear whether
intermittent hypoxia at rest leads to improve-
ments in endurance performance and hemato-
logical parameters in trained athletes. Collec-
tively, data regarding the effects of short-term
intermittent hypoxia at rest while simultane-
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ously training at sea level on endurance per-
formance are minimal and inconclusive, and
cardiorespiratory and hematological adapta-
tions following intermittent hypoxia in trained
athletes are unclear.

The purpose of the present study was, there-
fore, to elucidate the influences of intermittent
hypobaric hypoxia at rest on endurance per-
formance and cardiorespiratory and hemato-
logical adaptationsin trained athletes. Based on
the effects of intermittent hypoxia at rest that
were reported by Rodriguez et al. (2000), the
protocol in the present study consisted of hy-
pobaric hypoxic exposure (simulating an alti-
tude of 4500 m) on alternate days, three times
a week, for 3 weeks.

METHODS

Subjects

Twelve trained male endurance runners,
who belonged to a collegiate track team, vol-
unteered to participate in this study. All sub-
jects had a maximum oxygen uptake of
(\.]OZrnax) > 65 mL-kg !'min~! and had re-
ported no history of cardiovascular or respira-
tory disease. Each subject was assigned to ei-
ther a hypoxic group (n = 6) or a control group
(n = 6). Mean values and standard deviations
(SD) for age, height, and body mass were
20.5 £2.4yr,1709 + 43 cm, and 55.1 + 3.9 kg
for the hypoxic group and 22.7 £3.2 yr,
1722 = 2.7 cm, and 58.4 = 4.8 kg for the con-
trol group. There were no significant differ-
ences in age or physical characteristics between
either group. The subjects were informed of the
experimental procedures and possible risks in-
volved in the present study and their informed
consent was obtained. This study was ap-
proved by the Human Research Committee of
the Research Center of Health, Physical Fitness
and Sports, Nagoya University.

Experimental procedures

The time course of experimental procedures
in this study is presented in Fig. 1. Subjects in
the hypoxic group were first familiarized with
the hypobaric chamber and the equipment
used in this experiment at sea level. Before ex-
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FIG. 1. Time course of the experiment. The measurements were performed before (Pre) and after (Post) intermit-

tent hypoxia and again after the cessation of hypoxic expos

posure to intermittent hypoxia (Pre), a maxi-
mal exercise test, a 3000 m time trial, and rest-
ing hematology assessment were performed at
sea level (Fig. 1). The hypobaric chamber sim-
ilar to that in our previous studies (Katayama
etal., 2001a, b) was utilized for intermittent hy-
poxia. The barometric pressure in the chamber
was lowered to 432 torr, corresponding to a
4500 m altitude over a 30 min period and then
held at that level for the next 90 min. The sub-
jects completed the self-assessment portion of
the Lake Louise Consensus Questionnaire
(Hackett and Oelz, 1992) each day while being
exposed to intermittent hypoxia for 3 weeks.
The maximal exercise test, a 3000 m time trial
and resting hematology assessment at sea level
were conducted after intermittent hypoxia, as
shown in Fig. 1 (Post). These measurements
were repeated again after the cessation of in-
termittent hypoxia for 3 weeks (Re). The same
parameters were measured in the control
group, which was not exposed to intermittent
hypoxia, at Pre, Post, and Re. The athletes in
both groups continued the same training pro-
gram at sea level throughout the experimental
period (Fig. 1).

ure for 3 weeks (Re).

Maximal exercise test

\./ozm .x Was determined according to a mod-
ified Astrand-Saltin procedure described by
Levine and Stray-Gundersen (1997). After a 15
min warm-up, the athletes ran on the treadmill
at 9.0 miles/h (mph) at 0% grade for 2 min. The
grade was then increased 2% every 2 min un-
til exhaustion. Oxygen uptake (Voz) and carbon
dioxide output (Vcoz) were measured by using
the Douglas bag method; that is, expired gases
were collected into a Douglas bag during the
last 1 min of each grade until exhaustion. Ex-
pired gas volume was measured with a wet-
gas meter (model WE, Shinagawa), and gas
analyses were performed by means of a
mass spectrometer (model ARCO-1000, Arco
System). Heart rate (HR) was continuously
recorded by a three-lead electrocardiogram
(model OEC-6401, Nihon Koden) throughout
the test. The peak HR value was expressed as
HRmaX, and the peak pulmonary Ventﬂatlon
(VE, BTPS) value was estimated as VEmaX V02
derived during maximal exhaustive exercise
and was considered to be VO »max When two of
the following three criteria were satisfied; iden-
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tification of a plateau in VO with an increase
in work rate (<150 mL V02 increase), HR =
10% of age-predicted maximum (220 — age),
and/or respiratory exchange ratio (RER) > 1.1.

Endurance performance

Sea-level endurance performance was as-
sessed by 3000 m time trial races on a 400 m
track. Time trials were performed at 17:00 to
18:00 in the early evening (temperature 25° to
27°C, relative humidity 64% to 75%, wind 1 to
7 km/h). The subjects were instructed to
achieve the best time possible on each time
trial. Time was recorded for each subject to the
nearest 0.1 sec (Stray-Gundersen et al., 2001).
In addition, running time to exhaustion during
maximal exercise test was also used as an in-
dex for endurance performance at sea level
(Mizuno et al., 1990).

Hematological parameters

Venous blood samples taken for hemoglo-
bin concentration, hematocrit, RBC count,
reticulocytes, erythropoietin concentration,
and ferritin concentration were drawn at 8:00
in the morning. The measurements of the he-
moglobin concentration, hematocrit, and RBC
count were conducted by an automated cyto-
logical cell counter (model SE-9000, Sysmex).
Reticulocytes were assayed using flow cy-
tometry (model RAM-1, Sysmex). Erythropoi-
etin and ferritin concentrations were deter-
mined by an enzyme-linked immunosorbent
assay using a reagent kit (immunoelit EPO,
Toyobo) and by a chemiluminescent im-
munoassay kit (chemilumi ACS ferritin, Bayer
Medical).

Statistical analysis

The values were expressed as means * SD.
The changes in parameters within each group
during the experimental periods were ana-
lyzed using one-way analysis of variance
(ANOVA) with repeated measurements. When
significance was found, a Newman-Keuls test
was applied to locate differences in the pa-
rameters at each session (Pre, Post, and Re)
(Green et al., 2000b; Stray-Gundersen et al.,
2001). The comparison of parameters between
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groups at each session was done by using the
Mann-Whitney test. Significance was set atp <
0.05.

RESULTS

Baseline descriptive data

There were no changes in physical charac-
teristics in either group throughout the exper-
imental period. During days 1 and 2 of inter-
mittent hypoxia, three of the subjects in the
hypoxic group had slight headaches and weak-
ness in the chamber with a simulated altitude
of 4500 m, but, thereafter, there was a score of
zero for the Lake Louise Consensus Question-
naire for intermittent hypoxia. All athletes in
both groups carried out the same training at sea
level throughout the study (i.e., the weekly
training distance ranged from 100 to 115 km),
and the total training volume was not different
between groups.

Maximal exercise test

Table 1 indicates \702, Vcozf \7E, RER, and HR
obtained at exhaustion in both the hypoxic and
control groups during the maximal treadmill
test throughout the study. There were no
changes in VOZmaX, VCOZmaX’ \./Emax, RER and
HRpax in either group throughout the experi-
mental period.

In contrast, Vo2 in the hypoxic group de-
creased significantly (p < 0.05) after intermit-
tent hypoxia (Post) during the first four stages
of the maximal exercise test at grade 0, 2, 4, 6
(%), as shown in Fig. 2A. The changed V02 dur-
ing submaximal exercise returned to Pre level
after the cessation of intermittent hypoxia for 3
weeks (Re, Fig. 2A). Similarly, HR during sub-
maximal exercise tended to decrease after in-
termittent hypoxia, but the change was not
statistically significant (Fig. 2E). RER during
submaximal exercise tended to increase after
intermittent hypoxia (Post) and returned to the
Pre level at Re, although it was not statisti-
cally significant (Fig. 2D). VC02 and Vg, during
submaximal exercise in the hypoxic group did
not change throughout the study (Fig. 2B and
C). In the control group, there were no signifi-
cant changes in Voz, Vcoz, VE, RER, and HR dur-
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TaBLE 1. MAXIMAL CARDIORESPIRATORY PARAMETERS BEFORE (PRE), IMMEDIATELY AFTER (POST),
AND 3 WEEKS AFTER INTERMITTENT Hyroxia (RE)

Group Pre Post Re

\./OZmax (L - min™1) H 3.72+0.25 3.69 = 0.27 3.74+0.29
. C 4.08 = 0.30 413 = 0.31 411+0.34
V0,0 (Ml - kg™ - min~1) H 67.4+23 67.7+2.8 68.0+2.8
. C 69.4+3.8 69.5+ 3.1 69.0 =34
Vo, (L - min~1) H 4.39 + 0.36 4.40 = 0.31 4.47 = 0.30
. C 4.81 +0.30 4.78 + 0.39 4.82 + 0.45
VEmax (L - min™1) H 145.8 = 17.2 144.3 = 16.6 1459 = 17.3

C 150.9 = 13.9 149.8 = 11.6 152.3 + 14.1
RER H 1.19 = 0.05 1.19 = 0.02 1.20 = 0.03

C 1.18 = 0.03 1.17 = 0.05 1.18 = 0.05
HRpnax (beats - min~1) H 189.7 + 5.6 190.8 = 6.1 189.8 * 6.6

C 192.8 £ 3.9 190.0 = 4.9 191.7 = 3.6

Values are means t SD. Vosmaxs maximum oxygen up.take; Vcoomax maximum carbon dioxide o.utput; VE 2y Maxi-
mum minute ventilation; RER, respiratory exchange ratio; HRpax, maximum heart rate; H, hypoxic group; C, control

group.

ing submaximal exercise throughout the ex-
perimental period, as shown in Fig. 2.

Endurance performance

Two subjects (one from each group) did not
complete the 3000 m time trial all three times,
because the subject from the hypoxic group suf-
fered a leg injury before the time trial at Post,
and the subject from the control group felt pain
in his leg before the trial at Re. For this reason,
the data from these two subjects were not in-
cluded in the time trial analysis. Figure 3 indi-
cates the changes in the 3000 m running time
throughout the experiment. In the hypoxic
group, the 3000 m performance improved sig-
nificantly (p < 0.05) after intermittent hypoxia
[9.38 = 0.39 (Pre) and 9.25 + 0.38 (Post) min],
and the improved performance tended to de-
cline after the cessation of intermittent hypoxia
[9.30 = 0.37 (Re) min]. On the other hand, there
was no significant change in the 3000 m run-
ning time in the control group throughout the
experimental period, as shown in Fig. 3 [9.46 =
0.56 (Pre), 9.39 = 0.53 (Post), and 9.41 + 0.55
(Re) min].

Figure 4 indicates the changes in the running
time to exhaustion during the maximal exercise
test throughout the experiment. In the hypoxic
group, a significant (p < 0.05) increase in run-
ning time to exhaustion was observed after in-
termittent hypoxia [11.5-0.7 (Pre) and 12.6-0.7

(Post) min], and the increased running time de-
creased significantly (p < 0.05) after the cessa-
tion of intermittent hypoxia [11.9 £ 0.6 (Re)
min]. On the other hand, there was no signifi-
cant change in the running time during the
maximal exercise test in the control group
throughout the experimental period, as shown
in Fig. 4 [12.0 = 0.9 (Pre), 11.7 = 0.9 (Post), and
12.0 = 0.8 (Re) min].

Hematological parameters

The changes in hemoglobin concentration,
hematocrit, RBC count, reticulocytes, erythro-
poietin concentration, and ferritin concentra-
tion are indicated in Table 2. In both groups,
all hematological parameters were unchanged
throughout the experimental period, and there
were no significant differences between groups
at Pre, Post, and Re.

DISCUSSION

The major findings of this study are that (1)
the 3000 m running time and running time to
exhaustion during the maximal exercise test in
trained endurance athletes improved signifi-
cantly in response to 3 weeks of intermittent
hypoxia at rest (90 min per day, three times a
week, simulating an altitude of 4500 m), and
the improved running time declined after the
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FIG. 2. (A) Oxygen uptake (\702); (B) carbon dioxide output (VCOZ); (C) expired minute ventilation (VE); (D) respi-
ratory exchange ratio (RER); and (E) heart rate (HR) for the hypoxic and control groups during the first four stages
of the maximal exercise test before (Pre) and after intermittent hypoxia (Post) and 3 weeks after hypoxic exposure
(Re). Values are means = SD. *Pre vs. Post (p < 0.05). 'Post vs. Re (p < 0.05).
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cessation of hypoxic exposure for 3 weeks; (2)
cardiorespiratory parameters at exhaustion
and resting hematological parameters at rest
did not change after intermittent hypoxia; (3)
Voo during submaximal exercise in the hypoxic
group decreased significantly after intermittent
hypoxia at rest, and the changed Vo, returned
to Pre level after the cessation of intermittent
hypoxia for 3 weeks.

Although several altitude or hypoxic train-
ing strategies have been used in an effort to in-
cur an advantage in sea-level performance over
just sea-level training alone (Wolski et al., 1996;
Wilber, 2001), few investigators have examined
the effects of intermittent hypoxia at rest while

simultaneously training at sea level on en-
durance performance or physiological adapta-
tions in trained athletes; these studies have re-
vealed that significant improvements in
endurance performance followed intermittent
normobaric hypoxia (9% to 10% oxygen, corre-
sponding to 4000 to 6500 m) for 2 to 3 h/day
for 10 to 21 days (Hellemans, 1999; Cedaro,
2000). However, since these experiments did
not include appropriate control groups, it is un-
clear whether intermittent hypoxia at rest leads
to an improvement in endurance performance
in trained athletes. To determine this in the
present study, the subjects not exposed to in-
termittent hypoxia also trained concurrently at
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FIG. 3. Individual and mean data for the 3000-m running performance in the hypoxic and control groups before

(Pre), after intermittent hypoxia (Post), and 3 weeks after hypoxic exposure (Re). *Pre vs. Post (p < 0.05).

sea level with the hypoxic group. Conse-
quently, 3 weeks of intermittent hypoxia at rest
while simultaneously training at sea level did
significantly improve the endurance running
performance in the hypoxic group, but not in
the control group, as shown in Figs. 3 and 4.

This result suggests that intermittent hypoxia
at rest while simultaneously training at sea
level could enhance endurance performance in
trained athletes.

Numerous studies have described the influ-
ence of altitude training on endurance perfor-

Hypoxic group Control group
(min) —a&— mean values —/— mean values
14.0 r 8
13.0 1 %k B
120 t T 3
110 -
100 F -
L] 1 T L) 1 T
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FIG. 4. Individual and mean data for the exercise time to exhaustion during the maximal exercise test in the hy-

poxic and control groups before (Pre), after intermittent hypoxia (Post), and 3 weeks after hypoxic exposure (Re). *Pre

vs. Post (p < 0.05). TPost vs. Re (p < 0.05).
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TaBLE 2. HEMATOLOGICAL PARAMETERS BEFORE (PRE), IMMEDIATELY AFTER (POST),
AND 3 WEEKS AFTER INTERMITTENT Hyroxia (RE)
Groups Pre Post Re

Hemoglobin (g - dL™1) H 143+ 0.8 14.6 = 0.8 144+ 0.7

C 14.8 = 0.5 15.0 = 0.6 14.8 = 0.7
Hematocrit (%) H 424+28 43.0+29 426+ 2.1

C 450+ 2.6 455+ 22 456 +2.4
RBC count (106 - u171) H 479 +0.18 488 +0.18 482 +0.20

C 489 +0.17 495+ 0.17 495+ 0.29
Reticulocytes (%) H 1.0+x04 0.9 +0.3 1.0+04

C 0.8+ 0.4 0.8+ 0.4 0.9 = 0.5
Erythropoietin (mU - mL™1) H 723 + 4.36 8.42 +2.94 742 + 3.29

C 7.68 = 3.07 7.52 + 3.40 7.20 = 3.40
Ferritin (ng - mL) H 53.8 + 26.3 522+ 253 50.0 + 20.9

C 59.5 + 35.2 62.8 + 34.0 61.8 +27.1

Values are means = SD. RBC count, red blood cell count; H, hypoxic group; C, control group.

mance as mentioned above, but the time course
of exercise performance and cardiorespiratory
response to exercise after the cessation of alti-
tude training has received little attention.
Moreover, there are no reports concerning the
effect of the cessation of intermittent hypoxia
at rest on endurance performance and physio-
logical adaptations in trained athletes. To elu-
cidate this issue, a 3000 m time trial and max-
imal exercise test were performed again after
the cessation of intermittent hypoxia for 3
weeks in the present study. Accordingly, the
improved endurance performance after inter-
mittent hypoxia did not remain at Re, even
though the athletes continued their training af-
ter the cessation of intermittent hypoxia (Figs.
3 and 4). This result does not concur with those
of previous studies, which have shown that 2
to 3 weeks are needed after living high, train-
ing high procedures for the athletes to reach a
maximum performance (Dick, 1992; Bailey and
Davies, 1997) and that the beneficial effects of
living high, training low procedures on en-
durance performance continued for up to 3
weeks post altitude training (Levine and Stray-
Gundersen, 1997). The discrepancy between
those studies and the present one may be re-
lated to several factors, although it is difficult
to explain this on the basis of the physiological
data obtained here. If the improvement of
hematological variables (e.g., RBC) is one of the
factors accounting for improved sea-level per-
formance, the improved endurance perfor-
mance could remain for the lifetime of the RBC.

Therefore, it may be that after living high, train-
ing high or living high, training low procedures
the improved performance would last for 2 or
3 weeks after returning to sea level. But, as far
as we know, the longest time that investigators
have documented endurance performance has
been up to 3 weeks after altitude training was
completed. In contrast, since intermittent hy-
poxia, as applied in this study, did not lead to
the improvement of hematological parameters,
it is conceivable that the improved endurance
performance did not continue after the cessation
of intermittent hypoxia. Thus, one way to ex-
plain the inconsistent results between previous
studies and the present one may be hematolog-
ical adaptations after the cessation of hypoxic
exposure. Although further investigation is
needed to clarify the reasons for these contra-
dictory results, the results in the present study,
which used the hypoxic approach, suggest that
the change in the endurance performance after
the cessation of intermittent hypoxia differs
from those of both the living high, training high
and living high, training low utilizations.

The hematological adaptations during con-
tinuous hypoxia, or sojourns at altitudes, have
been well described as an erythropoietic re-
sponse to hypoxia, which provides a higher
transport capacity of the blood. Recently,
erythropoiesis has been observed after inter-
mittent hypoxia at rest in several studies
(Hellemans, 1999; Cedaro, 2000; Garcia et al.,
2000). Rodriguez et al. (2000) also reported that
significant increases in RBC count and reticu-
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locytes were found following intermittent ex-
posure to altitude in trained individuals. On
the contrary, in the present study, hematolog-
ical variables did not change after intermittent
hypobaric hypoxia, as shown in Table 2. The
discrepancy between the present study and
others (Hellemans, 1999; Cedaro, 2000; Garcia
et al., 2000; Rodriguez et al., 2000) may be re-
lated to several factors. As for the magnitude
of hypoxia, the hypobaric chamber in the pres-
ent study was set at a level corresponding to a
4500 m altitude, which was lower than that in
previous studies (Hellemans, 1999; Cedaro,
2000), which utilized hypoxic air at 9% to 10%
oxygen (equivalent to 5800 to 6400 m altitude).
By contrast, Garcia et al. (2000) demonstrated
that intermittent exposure at 13% oxygen (3800
m altitude), the magnitude of hypoxia being
lower than that in the present study, led to a
significant increase in reticulocytes after inter-
mittent hypoxia. Thus, we suspect that the
magnitude of hypoxic stimuli (4500 m), as ap-
plied in this study, was sufficient to stimulate
erythropoiesis. With regard to the exposure pe-
riod in the present study, the protocol consisted
of exposure on alternate days, three times per
week for 3 weeks, which was similar to the pro-
tocol in Rodriguez et al. (2000), who showed
significant increases in RBC count and reticu-
locytes. However, other studies have reported
that a significant increase in hematological
variables was found following daily exposure
to hypoxia for a period of from 10 to 21 days
(Hellemans, 1999; Cedaro, 2000). From the
studies above and the results in this study, it is
likely that exposure to intermittent hypoxia on
alternate days was not enough to increase RBC
count and reticulocytes. Concerning the expo-
sure time, the minimum time necessary to be
exposed to hypoxia to stimulate erythropoietin
production is described as between 84 and 120
min when the inspiratory oxygen content is de-
creased below 13% (Schmidt, 2002). Frey et al.
(2000) also reported no influence on hemato-
logical indexes after 75 min of daily exposure
to normobaric hypoxia (9% oxygen) for 3
weeks. The athletes in the hypoxic group in the
present study were exposed to hypoxia for 90
min/day, which did not differ from the find-
ings of Rodriguez et al. (2000), which showed
increases in hematological parameters. From
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these data, it is likely that 90 min/day is suffi-
cient to stimulate erythropoiesis. However,
Hellemans (1999) and Cedaro (2000) reported
preliminary data from studies of endurance
athletes that indicated significant increases in
hemoglobin concentrations, hematocrit, and
reticulocytes following 2 to 3 h of intermittent
hypoxia at rest. Moreover, it has been demon-
strated that a significant increase in reticulo-
cytes occurs after 2 h/day of intermittent hy-
poxia (Garcia et al., 2000). Therefore, although
we are not certain of the reasons for the dis-
crepancy in the results between the previous
studies (Hellemans, 1999; Cedaro, 2000; Garcia
etal., 2000; Rodriguez et al., 2000) and the pres-
ent one, it may be that 90 min exposure is in-
sufficient for erythropoiesis to take place. In
other words, it can be speculated that 2 h/day
is needed for a vigorous erythropoiesis when
intermittent hypoxia at rest is utilized. Further
research is required to confirm this speculation.

The most important adaptation to hypoxia or
altitude that would improve sea-level perfor-
mance is an increase in RBC count, which in-
creases the oxygen-carrying capacity of red
blood and improves aerobic power (Ekblom et
al., 1972; Buick et al., 1980). In fact, several in-
vestigators have reported that improvements
in endurance running performance after alti-
tude training took place as a result of increases
in RBC count (Levine and Stray-Gundersen,
1997; Stray-Gundersen et al., 2001). In those
studies, therefore, the mechanism of improved
endurance performance could be the result of
increases in blood oxygen-carrying capacity.
However, the changes in the endurance per-
formance of the hypoxic group in the present
study appeared without changes in their hema-
tological variables (Table 2). Thus, the changed
endurance performance after intermittent hy-
poxia and after the cessation of hypoxic expo-
sure in this study could not be explained by a
change in blood oxygen-carrying capacity.

A number of previous reports have shown
that \702 at given submaximal exercise at sea
level remains unchanged after altitude training
(Levine and Stray-Gundersen, 1997; Piehl-
Aulin et al., 1998) or chronic exposure to hy-
poxia (Wolfel et al., 1991; Grassi et al., 1996).
However, Green et al. (2000b) and Gore et al.
(2001) recently found that \702 was significantly
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decreased during submaximal exercise subse-
quent to a sojourn at high altitude or to the liv-
ing high training low procedure. Interestingly,
in the present study, Vo, during the first four
stages of the maximal exercise test, at grades 0,
2,4, and 6 (%), in the hypoxic group did de-
crease significantly (p < 0.05) after intermittent
hypoxia at rest as shown in Fig. 2A, whereas
there was no such change in the control group.
These results suggest that intermittent hypoxia
at rest, as well as chronic exposure (Green et
al.,, 2000b) and the living high training low
model (Gore et al., 2001), also leads to a de-
crease in V02 during submaximal exercise at
sea level. The decreased V02 during submaxi-
mal exercise suggests the increased exercise ef-
ficiency (Green et al., 2000b; Gore et al., 2001),
and the result in the present study is consistent
with those of several studies that have indi-
cated higher exercise efficiency in highland
residents as compared with lowlanders (Hoch-
achka et al., 1991; Saltin et al., 1995).

Several mechanisms might contribute to the
lower Vo2 during submaximal exercise after in-
termittent hypoxia. First, because respiratory
muscles during exercise consume a significant
proportion of the whole-body V02 (Harms and
Dempsey, 1999), it may be that a reduction in
Vo2 of the respiratory muscles could contrib-
ute to decreased whole-body Vo2 during
submaximal exercise. However, exercise venti-
lation at sea level did not change after inter-
mittent hypoxia, as shown in Fig. 2C. Thus the
lowered Vo2 during submaximal exercise after
intermittent hypoxia could not be explained by
the reduction in Vo2 of the respiratory muscu-
lature (Green et al., 2000b; Gore et al., 2001).
Second, a shift from oxidative to anaerobic me-
tabolism may contribute to decreased \702 dur-
ing submaximal exercise. However, previous
studies have shown a decreased lactate con-
centration during submaximal exercise after in-
termittent hypoxia with and without en-
durance exercise training (Rodriguez et al.,
1999; Casas et al. 2000). Accordingly, it is con-
ceivable that the shift to anaerobic metabolism
during exercise after intermittent hypoxia is
not the cause of the lowered Vo (Green et al.,
2000b; Gore et al., 2001). Third, in the present
study, RER during submaximal exercise tended
to increase after intermittent hypoxia, but was
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not statistically significant, and this result is in
agreement with those of others who found
lower V02 during exercise after hypoxic expo-
sure (Green et al., 2000b; Gore et al., 2001). An
increased RER also coincides with that of high-
landers who have higher exercise efficiency
(Hochachka et al., 1991). Gore et al. (2001)
stated that the higher RER is consistent with
the suggestion that at altitude increased carbo-
hydrate flux reflects a shift toward carbohy-
drate utilization, which optimizes the available
energy for a given oxygen consumption
(Brooks et al., 1998; Hahn and Gore, 2001).
Some reports have shown preferential use of
carbohydrate fuels rather than fat during exer-
cise athigh altitude (Brooks et al., 1991; Roberts
et al., 1996a, b). Judging from these data, the
reduction in \702 after intermittent hypoxia
may be explained by a shift from fat to carbo-
hydrate oxidation (Green et al., 2000b; Gore et
al., 2001; Hahn and Gore, 2001). Fourth, the
economization of mitochondrial respiration
function during the adaptations to intermittent
hypoxia could be included. Intermittent hy-
poxia caused the reorganization of mito-
chondrial energy metabolism and favoring
NAD-dependent oxidation (see the review by
Serebrovskaya, 2002). Serebrovskaya (2002)
found that after 14 days of normobaric inter-
mittent hypoxia acute hypoxic stimuli in the
presence of succinate results in an increase of
the respiratory control index of Chance (state
3/state 4 ratio) and the phosphorylation rate
(ATP formed/O; consumed). These results in-
dicate more efficient use of oxygen after inter-
mittent hypoxia, and these adaptations could
also be related to the decreased Vo2 during ex-
ercise after intermittent hypoxia in this study.
Finally, the mechanisms of the reduction of V02
during exercise after intermittent hypoxia may
include a reduction of the ATP-consuming pro-
cess with skeletal muscle, since Green et al.
(1999, 2000a) recently showed that training in
hypoxia and sojourns to altitude led to down-
regulation in muscle Na*-K*-ATPase pump
concentration. Therefore, it is possible to as-
sume that intermittent hypoxia results in a
downregulation in muscle Na'-K"-ATPase,
which may also contribute to a reduction in Vo

during submaximal exercise (Green et al,

2000b; Gore et al., 2001).
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As described previously, the changed en-
durance performance in this study could not be
explained by increases in blood oxygen-carry-
ing capacity, because the affected running time
in the hypoxic group of athletes appeared with-
out changes in hematological variables (Table
2). It is interesting to note that the changes in
V02 during submaximal exercise both after in-
termittent hypoxia and after the cessation of
hypoxic exposure accompanied the changed
endurance performance. The changed Vo2 dur-
ing submaximal exercise suggests that the var-
ied exercise efficiency (Green et al., 2000b; Gore
et al,, 2001) and better exercise efficiency (i.e.,
lower V02 for a given absolute running speed)
can be considered to be advantageous to en-
durance performance because it will result in
the utilization of a lower percentage of the
VOzmax for any particular exercise intensity
(Jones and Carter, 2000). Several investigators
have demonstrated that running efficiency is
correlated with endurance running perfor-
mance, particularly within groups that are ho-
mogeneous in terms of VOzmax (Conley and
Krahenbuhl, 1980; Morgan and Craib, 1992).
Thus, it is possible to assume that the potential
mechanism underlying the changed endurance
performance after intermittent hypoxia in this
study is due to the alteration of exercise effi-
ciency. However, it is necessary to confirm this
assumption by further study.

In conclusion, the 3000 m running perfor-
mance and the running time to exhaustion dur-
ing the maximal exercise test in trained en-
durance athletes improved significantly after
intermittent hypoxia at rest while simultane-
ously training at sea level, but not in athletes
not exposed to intermittent hypoxia. Neither
cardiorespiratory parameters to maximal exer-
cise nor hematological parameters at rest
changed, whereas Vo2 during submaximal ex-
ercise decreased significantly after intermittent
hypoxia. After cessation of intermittent hy-
poxia for 3 weeks, the increased running time
and the decreased V02 during submaximal ex-
ercise returned to Pre level. These results
suggest that intermittent hypoxia at rest could
improve endurance performance and submax-
imal exercise efficiency at sea level in trained
endurance athletes, but these improvements
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are not maintained after the cessation of inter-
mittent hypoxia for 3 weeks.
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