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R. Favier, H. Spielvogel, D. Desplanches, G. Ferretti,
B. Kayser, A. Griinenfelder, M. Leuenberger, L. Tii-
scher, E. Caceres, and H. Hoppeler. Training in hypoxia
vs. training in normoxia in high-altitude natives. J. Appl.
Physiol. 78(6): 2286—2293, 1995.—To determine the interac-
tions between endurance training and hypoxia on maximal
exercise performance, we performed a study on sedentary
high-altitude natives who were trained in normoxia at the
same relative (n = 10) or at the same absolute (n = 10)
intensity of work as hypoxia-trained subjects (n = 10). The
training-induced improvement of maximal oxygen uptake
(VOg2 max) in hypoxia-trained subjects was similar to that ob-
tained in normoxia-trained sea-level natives submitted to the
same training protocol (H. Hoppeler, H. Howald, K. Conley,
S. L. Lindstedt, H. Claassen, P. Vock, and E. W. Weibel.
J. Appl. Physiol. 59: 320327, 1985). Training at the same
absolute work intensity in the presence of increased oxygen
delivery failed to provide a further increase in VO; max. VOz max
was not improved to a greater extent by simultaneously in-
creasing absolute work intensity and O, delivery during the
training sessions. In addition, training in normoxia is accom-
panied by an increased blood lactate accumulation during
maximal exercise, leading to greater drops in arterial pH,
bicarbonate concentration, and base excess. We conclude
that, in high-altitude natives, 1) training at altitude does not
provide any advantage over training at sea level for maximal
aerobic capacity, whether assessed in chronic hypoxia or in
acute normoxia; 2) VO ma, improvement with training cannot
be further enhanced by increasing O, availability alone or
in combination with an increased work intensity during the
exercising sessions; and 3) training in normoxia in these sub-
jects results in a reduced buffer capacity.

maximal oxygen uptake; arterial hemoglobin saturation;
buffer capacity; lactate

IN THEIR CONSTANT SEARCH for ways to improve perfor-
mance, many athletes spend considerable resources to
train at altitude. Even though there can be little doubt
that fraining at altitude is fundamental to prepare an
athlete for competition at altitude, the value of training
at altitude for competition at sea level is still controver-
sial. Thus several authors have reported an improved
performance and an increase in maximal oxygen up-
take (VO3 may) after altitude training (2, 7, 8, 16, 22,
25), whereas others have observed no changes (1, 4, 14,
17). This lack of consensus between studies may be
attributed to several factors. First, the level and dura-
tion of altitude exposure can vary considerably among
studies, and none of the training studies has been car-
ried out after altitude acclimatization, which requires
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several weeks or months to reach full expression (3, 30).
Second, anorexia is reported as an almost inevitable
consequence of sojourns at high altitude and leads to a
substantial reduction in body and muscle masses (21).
Third, by using subjects of widely different degrees of
fitness, the impact of altitude exposure on adaptations
to training may have been masked because endurance
athletes appeared to be affected to a greater extent by
hypoxia than were sedentary subjects (15, 26). Fourth,
the training program used in previous studies was so
variable that the effect of hypoxia on training-induced
effects is difficult to appreciate.

Therefore, we designed a study in which most of the
aforementioned confounding factors have been allevi-
ated. For this purpose, we recruited high-altitude sub-
jects who 1) were born and lived at altitude (i.e., fully
altitude acclimatized); 2) did not present any sign of
inadequate nutrition (i.e., not anorexic); 3) displayed a
similar level of aerobic capacity (i.e., displaying a
VOy max Within the range reported for sedentary sub-
jects; this condition is particularly important because
that way one could expect greater changes in VOq .«
with training); and 4) were submitted to a training
program previously used in sea-level natives (12).

In addition, it must be kept in mind that, if chronic
exposure to altitude is accompanied by beneficial hema-
tologic changes (increased O, transport capacity), the
subject is still exposed to a reduced inspired Po, (Plo,).
We reasoned that, if the subjects are trained while inhal-
ing a gas mixture recreating a Plo, similar to that en-
countered at sea level, they should be able to sustain a
higher absolute workload. Indeed, altitude-induced
polycythemia has been shown to be a major contributor
to maximal systemic.oxygen transport and, as such,
could be of considerable value for increasing work capac-
ity while training at altitude in presence of an increased
P1o, (13, 23). In support of this assumption, Levine
et al. (16) have suggested that “the most efficient
technique may well be to live at altitude and train
at sea level.”

The purposes of the present study were therefore
intended to 1) analyze the effects of endurance training
in high-altitude natives and compare the results with
those obtained in sea-level natives submitted to the
same training protocol (12); 2) test the hypothesis of
better training-induced improvements by increasing O,
availability during exercising sessions (16); and 3) de-
lineate which is the main factor with regard to increas-
ing aerobic capacity during training: power output
(W) or O, availability.
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METHODS

Subjects. Thirty male high-altitude residents from La Paz,
Bolivia (~3,600 m altitude), were selected from 60 applicants.
Genetically, the subjects ranged from Amerindian to Euro-
pean, with most being mestizos. The subjects were informed
about the possible risks involved in this study before they
gave their written consent to participate. Potential subjects
were excluded from participation if they had resided for >1
mo at low altitude within 8 yr before the study or had partici-
pated in a physical-training program within 3 mo before the
study. Before participating, each volunteer was examined by
a physician and had to be free of any cardiovascular, pulmo-
nary, or hematologic history. .

VO3 max measurements and procedures. VOg ma, was deter-
mined during an incremental exercise test on a cycle ergome-
ter. Starting at 60 W, W, was increased by 30 W every 4
min until voluntary exhaustion. The subjects were verbally
encouraged to continue exercise as long as possible, and the
tests were considered indicative of VOs o, if two of the three
following criteria were met: 1) identification of a plateau in
O, uptake (VOg) with an increase in W, (<150 ml Vo, in-
crease), 2) a respiratory exchange ratio > 1.1, and 3) a peak
heart rate (HR) within 5% of the age-predicted maxi-
mum HR.

Respiratory gas exchange parameters were measured with
an open-circuit system described in detail elsewhere (9). Be-
fore and after training, each participant completed two incre-
mental cycle ergometric tests while breathing one of two
treatment gases: hypoxic [chronic hypoxia: barometric pres-
sure ~500 mmHg, inspired O, fraction (¥1o,) 0.209] or nor-
moxic (acute normoxia: barometric pressure ~500 mmHg,
Fio, 0.314). The testing sequence was randomized, and at
least 24 h separated the tests. The normoxic gas was calcu-
lated to give a Plo, equivalent to sea level. The normoxic gas
mixture was obtained by a vacuum cleaner providing air in
which the O, concentration was increased by adding O, from
a tank through a flowmeter. The gas mixture was then intro-
duced into a 200-liter plastic container that acted as mixing
chamber. The concentration of O, in the mixture was moni-
tored at the outlet of the plastic tank, i.e., close to the mouth
of the subject.

HR was continuously monitored by bipolar electrocardio-
graphic telemetry (Sport tester). Arterial oxygen saturation
(Sap,) measurements were made with an ear oximeter (Biox
3000, Ohmeda). The ear lobe was cleansed and massaged
vigorously to increase perfusion before ear clip attachment.
Blood samples from the fingertip were taken at rest and dur-
ing the last minute of each exercise level for measurements
oflactate (Yellow Springs lactate analyzer). Blood arterializa-
tion of the finger was achieved by inducing hyperemia with
friction with an ointment (Trafuril, Ciba Geigy). Blood sam-
ples were taken at rest and during the last minute of the
maximal exercise level for measurements of Po,, PCOg, and
pH (model 280 blood gas analyzer, Ciba Corning). The instru-
ment was calibrated with standards of known concentrations.

Physical training. Training was performed 5 times/wk for
30 min/day at a constant workload on an ergometer the same
as that used in the performance test. Training was continued
for 6 wk.

The 30 subjects were randomly assigned to one of three
groups. One group trained at high altitude at 70% of VO3 jax
determined in hypoxia (H; n = 10). The two other groups
trained at high altitude while inhaling the normoxic gas mix-
ture at the same relative workload (70% of the normoxic
VOgmax; Nrey » = 10) or at the same absolute workload
(70% of hypoxic VO may; Naps; 7 = 10) as the H control group.

The initial workload was determined for each individual
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TABLE 1. Anthropometric and hematologic
characteristics of subjects before training

H N Nuwe
Age, yr 24.2+0.7 24.9+1.2 923.5+0.7
Height, cm 167+1 168+2 170=1
Weight, kg 62.0+2.6 60.3+2.9 62.4+1.9
BMI, kg/m? 22.3+0.7 21.4+0.9 21.5+0.5
BSA, m? 1.69+0.04 1.68+0.05 1.720.03
%Fat 16.2+0.8 16.8+1.3 14.1+13
Body density  0.996=0.020 1.002+0.005  0.998+0.003
Het, % 50.4+0.8 51.8+1.1 52.32+0.7
Hb, g/dl 17.320.2 18.0+0.4 17.6+0.2

Values are means *+ SE. H, hypoxia-trained group; N, normozia-
trained group at same relative power output as H group; N, nor-
moxia-trained group at the same absolute power output as H group;
BMI, body mass index; BSA, body surface area; Het, hematocrit; Hb,
hemoglobin.

from manually fitted plots of HR and blood lactate vs. Wy,
obtained during the first (pretraining) performance test. Dur-
ing each workout, the HR was recorded after 10 and 30 min.
Lactate was determined weekly at rest and after 10 and 30
min of exercise. The workload of the next training session
was increased in steps of 5 W as soon as the HR and/or the
lactate after 30 min had dropped enough to indicate that
the subject could perform at the next higher workload, i.e.,
subjects were training at constant relative intensities judged
by HR and plasma lactate levels.

Test-retest VOg ma. reliability. To determine the test-retest
reliability of VOg . under our experimental conditions, some
subjects performed either a hypoxic (n = 12) or a normoxic
(n = 11) VOgmax determination 4 mo after training (de-
training test). The intraclass correlation coefficient (r) for the
pretraining and detraining reliability of VO3 1., was 0.95, and
the coefficient of (random) variation was 11%. The mean dif-
ference in VO, nqx between the two tests was 3.8%, confirming
the reproducibility of VOg . by use of our testing protocol
and instrumentation.

For statistical comparisons of group means (before and
after training, hypoxia vs. normoxia, and training in hypoxia
vs. training in normoxia), a two-way analysis of variance with
repeated measures was used followed by a post hoc Fisher’s
protected least significant difference test. The level of signifi-
cance was set at 5%.

RESULTS

The anthropometric and resting hematologic charac-
teristics of the subjects are shown in Table 1 and are
similar in the three groups.

At rest, before training, in response to acute nor-
moxia, all the subjects displayed a significant increase
in arterial Po, and Sao, with no changes in arterial
Pco, and pH (data not shown). During maximal exer-
cise, both W_., and VO, ., were significantly improved
by acute normoxia in all groups (Tables 2 and 3). By
contrast, neither maximal HR nor the ventilatory
equivalent (maximal minute ventilation/VOs ,.,) nor
maximal blood lactate was different in chronic hypoxia
and acute normoxia.

From the data reported in Fig. 1, it can be seen that,
with respect to exercise intensity, the H and N, groups
were similarly trained. Indeed, training workloads,
blood lactate concentration, and HR at 30 min were
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TABLE 2. W,..., VOs, VE, RER, HR, Sao,, blood lactate, and absolute and relative Wy .3r during exercise

in hypoxia before and after training

Before Training After Training

H N Nabs H Nya Naws
Wiax, W 173+6 162+9 177x10 214+11*% 208+11* 212+9%
Vo,, 1/min 2.42+0.10 2.31+0.11 2.64+0.09 2.79+0.13* 2.69+0.15% 2.86+0.15%
VE, V/min 127.7+5.4 127.5+7.1 136.0=9.0 145.0£9.5 150.5+9.3% 151.7+9.7*
RER 1.21+0.02 1.15+0.02 1.17+0.02 1.15+0.02 1.12+0.01 1.17+0.02
HR, beats/min 192+3 186+4 189+3 189+3 181+4 187+3
Sao,, % 87.6x1.3 91.9+0.7 89.60.7 87.4+1.2 89.9+0.8 88.8+0.8
Lactate, mM 8.5x0.5 8.4+0.3 8.1+0.5 8.3+0.6 9.1+x04 8.3+0.6
Absolute Wy v, W 124+7 111+9 1239 163+12% 149+9%* 163+11*
Relative Wy mm, %Winax 71.5+2.6 68.0+3.1 69.9+3.3 74.0=+5.0 71.7x2.0 76.4+2.2

Values are means = SE. W, power output; VO, O, uptake; VE, ventilation; RER, respiratory exchange ratio; HR, heart rate;
Sag,, arterial O, saturation; absolute Wy, workload measured at 4 mM lactate; relative Wy, workload at which lactate reaches

4 mM. * Significantly different from before training.

similar in the two groups during the 6 wk of training.
By contrast, the N, group, who trained at the same
absolute workload as the H group but inhaled the nor-
moxic gas mixture during the training session, dis-
played a significantly reduced HR and lactate level at
30 min. .

In response to training, W, and VO, ., were sig-
nificantly improved, whether training was performed
in hypoxia or normoxia (Tables 2 and 3). The improve-
ment of VO, ., with training was similar in the H and
normoxia-trained groups, whether tested in hypoxia or
in normoxia (Fig. 2). Interestingly, the N, group, who
trained at a lower relative intensity, displayed a simi-
lar increase in VO, ., compared with that in the H or
N.a groups (Fig. 2).

With respect to maximal HR and blood lactate at
maximal exercise, it can be shown that they remained
unaffected by changes in O, concentration in the in-
haled gas or by training (Tables 2 and 3). By contrast,
the O, saturation measured during maximal exercise
was affected by the O, ambient concentration and by
training. Thus, before training, Sao, decreased during
maximal exercise whether cycling in hypoxia or nor-
moxia (Fig. 3), and the decrease was more pronounced
in hypoxia than in normoxia. After 6 wk of training, it
appeared that the H subjects displayed a significantly
greater desaturation whether cycling in hypoxia or in

normoxia (Fig. 3), whereas the normoxia-trained
groups maintained a similar desaturation in hypoxia
and normoxia compared with pretraining.

Blood lactate kinetics during exercise was clearly af-
fected by O, tension and by training, as indicated by
the increase in workload measured at 4 mM lactate
(Wymm; Tables 2 and 3). However, by calculating the
relative workload at which lactate reaches 4mM (calcu-
lated as %W.,,.,), we found that in H and N, groups
there was a significant increase in W, ,y with training
when exercising in normoxia but not in hypoxia (Tables
2 and 3).

With regard to the acid-base status in relation to
ambient oxygenation and/or training, there were some
interesting findings. First, before training, blood pH,
lactate concentration, and base excess concentration
(IBE]) measured at maximal exercise were identical
whether the subjects exercised in hypoxia or normoxia
(Figs. 4 and 5). After training, it appears that the N
and N,,. groups have a reduced buffer capacity, as
shown by the greater drops in pH, bicarbonate concen-
tration ([HCO31), and [BE] after than before training
when exercising in normoxia and in the N, group when
tested in hypoxia. It had to be mentioned that the H
group displayed, before and after training, a similar
decrease in pH and [BE], a decrease in blood lactate,
and a maintained [HCOjz].

TABLE 3. W,..., V0., VE, RER, HR, Sao,, blood lactate, and absolute and relative W 3 during exercise

in normoxia before and after training

Before Training After Training

H Nl Nabs H Nra Nabs
Winax, W 194+T7% 180107 200107 231£10%F 222+12%F 231+11%F
Vo,, V/min 2.64+0.10% 2.46+0.10t 2.77+0.11% 3.02+0.13*%F 2.94+0.15%% 3.04+0.12%F
VE, V/min 135.6+4.9 136.1+6.5 137.1+8.8 141.3+8.6 151.1+9.7 155.8+6.3*%
RER 1.12+0.02 1.15+0.02 1.17+0.04 1.11+0.02 1.11+0.02 1.13+0.02
HR, beats/min 194+4 188+4 191+3 187+4 182+4 190+2
Sag,, % 96.4=0.47 97.9+0.6% 95.4+0.67 96.1+0.8% 97.4=0.47 96.1+0.7F
Lactate, mM 8.6+0.6 8.0+0.2 7.83+0.6 7.920.5 8.6+0.6 7.9+0.5
Absolute Wy pm, W 130+8 124+9% 146+9% 187+10%F 171+12%% 179+14%%
Relative Wy v, #Winax 66.8+3.1 68.9+2.6 73.4+3.2 81.0+2.9* 76.7+1.8%F 76.7%3.0

Values are means = SE. * Significantly different from before training. T Significantly different from hypoxia.
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FIG. 1. Work intensity (4), heart rate (B; HR), and blood lactate
(C; Lact) at 30 min during exercise bout throughout training. Work
intensity and HR are expressed as percentage of initial maximal
values obtained during 1st maximal test (pretraining). m, Hypoxia-
trained group (H); O, normoxia-trained group at same relative power
output as H group (N,,)); A, normoxia-trained group at same absolute
power output as H group (N,,.). Values are means = SE. * Signifi-
cantly different from N,; and H (P < 0.05).

DISCUSSION

Since the late 1960s, several investigations have been
devoted to analyzing the beneficial effects of training at
altitude, but there is no clear evidence as to whether
training at a reduced PIo, has an additional effect to
training at sea level (1, 2, 4, 6, 8, 14, 16, 17, 22, 25). In
some of these studies, it appears that the subjects were
only exposed to altitude during the exercising sessions
(2, 6, 16, 22, 25), whereas in others (1, 4, 8, 14, 17), the
subjects were exposed continuously to hypoxia but for a
relatively short period of time (from 2 to 4 wk), insuffi-
cient for altitude acclimatization (3, 30).

To our knowledge, the present study is the first that
examined the influence of training on altitude natives,
ie., in fully altitude-acclimatized subjects. By using
such subjects, we suspected that the anorexia encoun-
tered during chronic exposure to hypoxia even in com-
fortable conditions (21) must be alleviated. Even
though we did not check the energy intake in our alti-
tude natives, it has been shown that the body mass
index [weight (kg)/height (m?] can be considered as a
relatively good measure of nutritional status (10). From
the data reported in Table 1, it appears that our sub-
jects are within the normal range of anthropometric
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FiG. 2. Influence of training on maximal oxygen uptake (Voz)
measured in hypoxia (A) and in normoxia (B) in the 3 groups of
subjects trained with different protocols. Stippled bars, before train-
ing; solid bars, after training. Values are means + SE. * Significantly
different from pretraining (P < 0.05). T Significantly different from
hypoxia (P < 0.05).
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FIG. 3. Training-induced effects on arterial saturation changes
(ASa,,) from rest (Sao, Re) to maximal exercise (Sao, Ex) in hypoxia
(A) and normoxia (B) in the 3 groups. Stippled bars, before training;
solid bars, after training. Values are means + SE. * Significantly
different from other groups in same O, environment (P < 0.05).
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FIG. 4. Exercise-induced changes in blood

lactate (ALact) and pH (ApH) before (stippled
bars) and after training (solid bars) while exer-
cising in hypoxia (4) and normoxia (B). * Sig-
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standards (10), and their hematologic status [hemato-
crit (Het) and hemoglobin (Hb)] is within the standard
range of values reported for natives residing at 3,500—
3,700 m (8, 28). .

In chronic hypoxia before training, VO, ., averaged
39.7 * 0.8 ml-min'-kg ' (range 31.9-49.7 ml-
min~'-kg™h),i.e., a value previously reported for seden-
tary young Andean natives (18). The training protocol
used in this study, in which subjects worked at a HR
>80% of his own maximum for two-thirds of the train-
ing session (H group; Fig. 1), proved to be very effective.
Indeed, a total of 15 h of exercise during 6 wk resulted
in a mean increase in VOgnax 0f ~15% (Table 2). The
VO3 max improvement with training in high-altitude na-
tives is identical to the one obtained in sea-level natives
(~14%) with the same training program in terms of
intensity and duration (12) but in normoxia. It has to

A B

N-rel

nificantly different from before training in
same O, environment (P < 0.05).

N-abs

be mentioned, however, that in this previous study (12)
the initial (pretraining) aerobic capacity (VO3 ,.,) of the
subjects was significantly higher than the values mea-
sured in our sedentary subjects. One could thus expect
that training in sedentary highland natives would re-
sult in a greater improvement in VOg .., which is obvi-
ously not the case. The fact that our altitude natives,
when trained with the same protocol as sea-level na-
tives (12), improved their VO, ., to the same extent
suggests that training during chronic exposure to hyp-
oxia does not provide an additional effect over training
in normoxia. This conclusion is supported by some but
not all the investigations obtained in sea-level natives
acclimatized to altitude simultaneously to the training
program (1, 2, 4, 6, 8, 14, 16, 17, 22, 25). Among this
abundant but not exhaustive literature, it must be rec-
ognized that in five (2, 6, 16, 22, 25) of the six studies

AHCO3
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H Nerel

A Base Excess
A Base Excess

-5

N-rel

N-abs

FiG. 5. Exercise-induced changes in bicar-
bonate (AHCO3) and base excess before (stip-
pled bars) and after training (solid bars) while
exercising in hypoxia (A) and normoxia (B).
* Significantly different from before training
in same O, environment (P < 0.05).

Ne-rel N-abs
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reporting an increased performance after training at
altitude the subjects were living at low altitude but
exercised at altitude or hypoxia. It seems, therefore,
that hypoxia could have a cumulative effect with train-
ing only when hypoxia is restricted to the period of
daily exercising sessions. Although it is not specifically
reported in these previous studies, we can assume that
no increase in Hb and/or Het was observed in the sub-
jects exposed intermittently to hypoxia, whereas our
subjects displayed high Hb and Hect (Table 1). This
would suggest that an increased Hb concentration pro-
vided by altitude acclimatization does not help for in-
creasing VO . with training. In support of this as-
sumption, Schaffartzik et al. (23) have recently shown
that reducing Hb concentration after acclimatization
to 3,800 m altitude does not reduce VO3 ., when mea-
sured in hypoxia (FI,, = 0.12).

One of the reasons evoked to explain the inability of
chronic hypoxia to act synergistically with training was
that training intensity (i.e., in terms of absolute work-
load) is reduced at altitude compared with that at sea
level in relation to the lower aerobic capacity in hyp-
oxia. It can be thus hypothesized that, if subjects are
chronically exposed to hypoxia but exercise in an O;-
enriched environment, they should be able to train at
a similar workload than at sea level, and this strategy
has been claimed to improve performance at sea level
(16). Indeed, we found that acute exposure to normoxia
increased W, by ~12% and VOgz . by ~6% (Tables
2 and 3).

Nevertheless, the present results show that, despite
a mean increased workload of ~7% during the exercis-
ing sessions, the N,q group displayed a training-in-
duced increase in VOs ., in hypoxia (~17%) and in
normoxia (~20%) not significantly different from those
obtained in the H group (15 and 16% for hypoxia and
normoxia, respectively; Fig. 2). This inability of better
improvement in VOg ., with training in normoxia is
intriguing because it can be calculated that the O, flow
to the exercising muscles is increased by normoxia. In-
deed, arterial O, concentration (Cag,; ml/l) can be de-
duced from Hb and Sao, as Caog, = 1.34 X Hb X Sag,,
where 1.34 is the physiological O, binding coefficient
of Hb. Therefore, in hypoxia, Cao, can be approximated
to 21.7 ml O4/1 and in normoxia to 23.7 ml Oy/1. Consid-
ering that maximal cardiac output of high-altitude na-
tives is not modified by acute exposure to normoxia
(29), it can be inferred that O, flow is increased by
~9% by inhalation of the normoxic gas mixture but
remained ineffective for improving VOg ., to a greater
extent. It might be that the increase in absolute work-
load during the training sessions provided by normoxia
was not sufficient to ensure a better improvement in
aerobic capacity. That work intensity changes need to
be of sufficient amplitude is supported by the data ob-
tained in the N,-trained group for which work inten-
sity was reduced compared with the N, group during
the training sessions but resulted in a similar increase
in VOg max that averaged ~9 and ~13% in hypoxia and
normoxia, respectively (Tables 2 and 3, Fig. 2).
Whether increasing the O, fraction of the inspired air
during training into the hyperoxic range (Fip, 0.5—1.0)
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would have permitted more of an increase in the sus-
tainable work intensity during training and thus better
improvement in VOg .., remains to be tested, but, if
one assumes that the switch from normoxia to hyper-
oxia can increase VOg . by 5—10% (31), it would have
been possible, by inhaling a hyperoxic gas mixture, to
increase further the workload during the training ses-
sions and thus to increase VO, ¢ t0 a greater extent.
Nevertheless, the present data suggest that changes in
Wiax during training must be large (>10%) to result
in significant training-induced changes in VOg ..

There are reports demonstrating a drop in Sap, and
arterial Po, during maximal exercise at sea level (5,
15, 19, 26, 27). So far, this has been observed only in
highly trained subjects (5, 15, 19, 26) or at least for a
VOy > 3.0 Vmin (27). This arterial desaturation during
intense exercise has been attributed to inadequate hy-
perventilation (15, 19, 25) and/or to diffusion limitation
(25, 27). One wonders if endurance training could re-
sult in greater arterial desaturation whether exercising
in hypoxia or normoxia. In the present study, we found
that, after training in normoxia, Sae, is maintained
compared with pretraining whether the subjects exer-
cised in hypoxia or normoxia (Fig. 3). In contrast, in
the H group, we found a greater Sao, drop during maxi-
mal exercise whether normoxic or hypoxic. The reasons
for such a difference between training in hypoxia and
training in normoxia are not readily apparent but could
be related to a relatively reduced ventilatory response
in the H group after training (Tables 2 and 3).

It is well known that lactate metabolism is affected
both by hypoxia (20) and by training (7), but little is
known about the influence of training in hypoxia com-
pared with training in normoxia (1). The present re-
sults show that before training blood lactate concentra-
tion at maximal exercise in high-altitude natives is in
a similar range (7—9 mM; Tables 2 and 3) than that
observed in lowlanders exposed to prolonged (24) hyp-
oxia. In response to training, blood lactate measured
at exhaustion was similar in all groups whether trained
in hypoxia or in normoxia (Tables 2 and 3). During the
last 20 yr, the concept of an anaerobic threshold has
been developed and is thought to be a sensitive indica-
tor of training efficacy and performance, regardless of
the method for anaerobic threshold detection (for a re-
view see Ref. 11). In the present study, we found that
the absolute W, .,y was significantly increased both by
training and by normoxia (Tables 2 and 3). Neverthe-
less, on a relative basis, the W, 3 (%W,.) measured
in hypoxia was unchanged whatever the training pro-
gram (hypoxia vs. normoxia or low work intensity vs.
high work intensity). These data suggest that Wy
cannot be used as a reliable index of training efficacy in
subjects chronically exposed to and tested in hypoxia.

Recently, it has been suggested that training at alti-
tude could affect the acid-base status and buffer capac-
ity (17). Before training, inhalation of a normoxic gas
mixture was found to have a minimal effect on acid-
base status during maximal exercise (Figs. 4 and 5).
After training, we found that arterial pH measured at
exhaustion was lower in the N, and N, groups when
tested in normoxia and in the N, group when tested
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in hypoxia (Fig. 4). This greater drop in pH could be
linked to the cumulative effect of a significant increase
in lactate accumulation and a reduced buffer capacity
(lower [HCO;31; Fig. 5). This altered buffer capacity of
normoxia-trained individuals is further evidenced by a
greater drop in [BE] (Fig. 5). It is noteworthy to men-
tion that, in contrast to the results obtained in nor-
moxia-trained subjects, the H group was better able to
maintain plasma pH (Fig. 4), suggesting a maintained
buffer capacity. Indeed, this group displayed a lower
reduction in [BE] and a well-maintained [HCO3] (Fig.
5). All of these adaptations remain to be explored in
future studies, but they suggest that training in hyp-
oxia in high-altitude natives, although not providing
any advantage in aerobic capacity (similar changes in
VO0gmax), could be beneficial for anaerobic metabolism
(maintained buffer capacity) compared with those in
normoxia-trained individuals.

From the present study, it can be concluded that
endurance training in high-altitude natives results in
an improvement of maximal aerobic capacity similar
to that observed in sea-level natives, suggesting that,
for aerobic metabolism, training in hypoxia does not
confer any advantage over training in normoxia even
when altitude acclimatization is well established. Nev-
ertheless, it seems that training in hypoxia could be
beneficial for anaerobic metabolism by maintaining
buffer capacity. Increasing O, availability during train-
ing sessions in high-altitude natives does not provide
a better training-induced improvement in VOg . In
addition, small, although significant, changes in abso-
lute work intensity during the exercising sessions do
not significantly modify the training-induced increase
in VOg max. Last, endurance training during chronic ex-
posure to hypoxia results in an enhanced arterial O,
desaturation not only during exercise in hypoxia but
also in normoxia, a condition that could be unfavorable
for performance at sea level.
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