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Abstract The factors determining maximal oxygen con-

sumption were explored in eight endurance trained subjects

(TS) and eight untrained subjects (US) exposed to moderate

acute normobaric hypoxia. Subjects performed maximal

incremental tests at sea level and simulated altitudes (1,000,

2,500, 4,500 m). Heart rate (HR), stroke volume (SV),

cardiac output ð _QÞ; arterialized oxygen saturation ðSa0O2Þ;

oxygen uptake ð _VO2maxÞ; ventilation ( _VE; expressed in

normobaric conditions) were measured. At maximal exer-

cise, ventilatory equivalent ð _VE= _VO2maxÞ; O2 transport

ð _QaO2maxÞ and O2 extraction (O2ERmax) were calculated. In

TS, _Qmax remained unchanged despite a significant reduc-

tion in HRmax at 4,500 m. SVmax remained unchanged.
_VEmax decreased in TS at 4,500 m, _VE= _VO2max was lower

in TS and greater at 4,500 m vs. sea level in both groups.

Sa¢O2max decreased at and above 1,000 m in TS and

2,500 m in US, O2ERmax increased at 4,500 m in both

groups. _QaO2max decreased with altitude and was greater in

TS than US up to 2,500 m but not at 4,500 m. _VO2max

decreased with altitude but the decrement ðD _VO2maxÞ was
larger in TS at 4,500 m. In both groups D _VO2max in mod-

erate hypoxia was correlated with D _QaO2max: Several dif-

ferences between the two groups are probably responsible

for the greater D _VO2max in TS at 4,500 m : (1) the relative

hypoventilation in TS as shown by the decrement in _VEmax

at 4,500 m (2) the greater _QaO2max decrement in TS due to a

lower Sa¢O2max and unchanged _Qmax 3) the smaller increase

in O2ERmax in TS, insufficient to compensate the decrease

in _QaO2max:

Keywords Aerobic performance � Cardiac output �

Arterial O2 saturation � Venous O2 saturation � Tissue O2

extraction

Introduction

Significant decrements in maximal oxygen uptake

ð _VO2maxÞ have been consistently reported for individuals

exposed to acute hypoxia when compared to sea level

(Chapman et al. 1999; Ferretti et al. 1997; Gore et al.

1996; Lawler et al. 1988; Martin and O’Kroy 1993;

Peltonen et al. 2001; Roberg et al. 1998; Squires and

Buskirk 1982; Woorons et al. 2005). However, altitude

does not appear to affect every individual in an equal

manner. Some studies have shown that endurance trained

athletes, compared with untrained individuals, demonstrate

a larger decline in _VO2max at moderate altitudes (Chapman

et al. 1999; Ferretti et al. 1997; Gore et al. 1993; Lawler

et al. 1988; Woorons et al. 2005) and a lower threshold

altitude where a significant decrease in _VO2max appears

(Chapman et al. 1999; Gore et al. 1993; Terrados et al.

1985). This particular sensitivity of athletes to hypoxia has

been related to an important decrease in arterial saturation

(SaO2) (Gore et al. 1993; Lawler et al. 1988; Woorons

et al. 2005). In normoxia, exercise induced arterial O2

desaturation is defined as a %SaO2 of less than or equal to

92% during maximal exercise (Powers et al. 1988). This

arterial O2 desaturation, which exists in normoxia mainly

in highly trained endurance athletes (Dempsey et al. 1982),

P. Mollard (&) � X. Woorons � C. Lamberto �
F. Favret � A. Pichon � M. Beaudry � J.-P. Richalet
Laboratoire ‘‘Réponses cellulaires et fonctionnelles à
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is mostly important in acute hypoxia because the impair-

ment in pulmonary gas exchange is accentuated, particu-

larly in subjects with a high _VO2max (Martin and O’Kroy

1993; Wagner 2006). As a consequence of arterial desat-

uration, arterial oxygen content (CaO2) and O2 availability

for the muscles decrease. In trained subjects, a possible

relative hypoventilation (Benoit et al. 1995) or a greater O2

diffusion limitation in the pulmonary capillaries linked to a

high cardiac output (Dempsey et al. 1982; Wagner et al.

1986) could account for this greater arterial O2 desaturation

than in sedentary subjects. However, these hypotheses re-

main to be validated by conclusive experimental evidence.

Furthermore, in severe acute hypoxia (Calbet et al. 2003)

and at altitudes above 4,000 m (Adams and Welch 1980;

Fulco et al. 1998), previous studies have shown that the
_VO2max decrement could not be explained only by the

reduction in CaO2. At 5,300 m, two thirds of the _VO2max

decrease is accounted for by CaO2 reduction and one third by

the decrease in peak cardiac output ð _QmaxÞ and muscle blood

flow (Calbet et al. 2003). Nevertheless, although the de-

crease in _Qmax is a well accepted fact in severe acute hy-

poxia, the effect of moderate acute hypoxia on _Qmax is still

under debate since it was found decreased (Ekblom et al.

1975; Hopkins et al. 2003; Peltonen et al. 2001) or un-

changed (Hartley et al. 1973; Horstman et al. 1980; Hughes

et al. 1968; Stenberg et al. 1966; Wagner et al. 1986).

As discussed recently, many studies remain to be per-

formed to solve the controversy between central and

peripheral limitation of _VO2max (Saltin and Calbet 2006;

Wagner 2006). di Prampero and Ferretti (1990) support the

hypothesis that the limits in _VO2max are multifactorial and

identify the O2 path from the environment to the mito-

chondria as a cascade of resistances in series. In this con-

text, in normoxia, the convective O2 transport represents

the greatest role, ~70%, as a limiting factor of _VO2max; the

30% resting depending on the peripheral factors (di

Pamprero and Ferretti 1990). Thus, if maximal O2 transport

is a primary determinant factor of _VO2max (di Pamprero and

Ferretti 1990, Saltin and Calbet 2006), tissue O2 extraction

could also play an important role especially in hypoxia

(Roca et al. 1989; Wagner 1993, 2006). A recent theoret-

ical study indicated that under normoxia and moderate

hypoxia, limitations in both convective and diffusive O2

transport to the tissues are important factors of _VO2max

(McGuire and Secomb 2004). Thus, convective and dif-

fusive components may contribute differently to the limi-

tation in _VO2max and may be affected differently by

hypoxia in trained and untrained people.

We hypothesized that (1) at these moderate altitudes,

contrarily to severe acute hypoxia, changes in maximal

oxygen transport are due to the drop of CaO2 and not of
_Qmax (2) the high level of muscle O2 extraction in trained

subjects play a primary role in the _VO2max decrement in

acute hypoxia and limits the uploading of O2 at the pul-

monary level, (3) the relative hypoventilation in trained

subjects contributes to aggravate the _VO2max decrement in

acute hypoxia.

Methods

Subjects

Sixteen healthy non smoking males (aged 18–35 years),

sea level residents, were recruited for this study. Subjects

were divided into two groups: trained (TS) and untrained

subjects (US). The trained participants were triathletes,

performing at least five training sessions per week and

showing a _VO2max[60mlmin�1 kg�1: Untrained subjects

were sedentary or active in recreational sports, but had

never been engaged in systematic endurance training

and had a _VO2max\50mlmin�1 kg�1: Characteristics of

trained and untrained subjects are presented in Table 1.

After being informed of the nature of the experiment, each

subject gave his written consent to participate in the study.

All procedures were approved by the ethics committee of

Necker Hospital, Paris.

Protocol

Each subject completed four maximal cycle ergometer tests

(Jaeger ER 800, Wuerzburg, Germany) divided into two

experimental testing sessions, each separated by about

7 days and with at least a 3-h rest between tests. The first

test was always carried out in normoxia (FIO2 =

0.209 and PIO2 = 150 mmHg). In the other tests, subjects

breathed inspired oxygen fractions of 0.187, 0.154 and

0.117 (PIO2 of 132, 108 and 81.5 mmHg, respectively) at

the normobaric pressure (~760 mmHg) for simulated alti-

tudes of approximately 1,000, 2,500 and 4,500 m, respec-

tively. Subjects were blinded to the altitude used for each

test, and the session order was randomized. To simulate

theses altitudes we used the AltiTrainer200� (S.M.TEC,

Geneva, Switzerland) which produces a normobaric hyp-

oxic mixture (reduced oxygen fraction) by addition of

Table 1 Characteristics of trained (n = 8) and untrained (n = 8)

subjects

US TS

Age (years) 25.0 ± 1.5 28.6 ± 1.0

Body mass (kg) 69.9 ± 2.5 71.5 ± 2.9

Height (m) 1.75 ± 0.20 1.78 ± 0.31

Values are mean ± SE

US untrained subjects, TS trained subjects
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nitrogen in ambient air. Before starting exercise, subjects

remained at rest breathing the desired gas mixture during

5 min for physiological parameters to stabilize. The exer-

cise began with a 3-min warm-up at a power output (PO) of

60 W followed by an incremental load of 30 W every

2 min, until the subjects could no longer maintain a ped-

aling frequency of 70 rev min–1. Subjects were verbally

encouraged to continue exercise as long as possible. The

test was considered to be maximal if two of the following

three criteria were met: (1) a plateau in _VO2 ( £ 150 ml

increase over 2 min) despite increasing power output, (2) a

respiratory exchange ratio >1.1 at exhaustion, (3) Lactate

concentration at maximal exercise >9 mmol l–1.

Gas exchange

Gas exchange was recorded breath by breath at rest, during

exercise and during recovery. We used a rigid mouthpiece

connected to a ‘‘Y’’ system fixation with a double valve

which ensures separate ways between inspired and expired

flow (Jaeger, Wuerzburg, Germany). An inspiratory valve,

connected to the AltiTrainer200� allowed the subject to

inhale the hypoxic mixture. Expired gases were collected

continuously into a metabograph (Oxycon, Jaeger,

Wuerzburg, Germany) to measure expired minute ventila-

tion at body temperature and pressure saturated and

expressed at the prevailing normobaric pressure

ð _VEBTPSÞ; O2 consumption ð _VO2Þ; end-tidal carbon diox-

ide pressure (PetCO2) and tidal volume (VT). Alveolar O2

pressure (PAO2) was calculated using the Riley alveolar

gas equation (Riley et al. 1946):

PAO2 ¼ PIO2 � PACO2=R:WhereR is _VCO2= _VO2 and

PACO2 ¼ PetCO2:

Ventilatory equivalents ð _VE= _VO2max and _VE= _VCO2maxÞ

were calculated at maximal exercise. The PO2 alveolo-

arterial difference (mmHg) was calculated as: A-a¢DO2 =

PAO2–Pa¢O2.

Blood analyses

Capillary blood from a prewarmed earlobe with a vasodi-

lating capsaicin cream was sampled at rest and at maximal

exercise to measure arterialized PO2 (Pa¢O2), PaCO2

(Pa¢CO2), O2 saturation (Sa¢O2), pH (pHa’), hemoglobin

concentration ([Hb]), lactate and bicarbonate concentra-

tions [Radiometer ABL 700, Copenhagen, Denmark]. The

earlobe was always physically rubbed with a compress in

order to activate blood circulation and ameliorate the

cream penetration. Then, we applied a warming cream for

at least 10 to 20 min (capsaı̈cin cream: Disalgyl* Monin).

The accuracy of arterialized capillary blood sampling

compared to arterial sampling being very much operator-

dependent, a technician was especially trained in our lab-

oratory to perform the arterialized measurements that have

already been used and compared with arterial values in

pathological conditions (Lamberto et al. 2004). To avoid

air contamination, when the capillary sampling procedure

lasted more than 15 seconds, the sample was discarded and

the sampling repeated.

Heart rate (HR) was measured continuously using

electrocardiography. Cardiac output ð _QÞ was measured

using a non invasive impedance cardiograph device, the

PhysioFlow PF-05 (Manatec biomedical, Paris, France).

The PhysioFlow concept and methodology have been re-

cently validated at rest and at exercise (Charloux et al.

2000) and during a maximal progressive exercise (Richard

et al. 2001; Welsman et al. 2005). This bioimpedance

method of _Q determination uses changes in thoracic

impedance during cardiac ejection to calculate stroke vol-

ume (SV). Six electrodes were placed, two for the elec-

trocardiogram and four ‘‘impedance’’ electrodes placed at

the base of the neck and on the processus xiphoideus.

Before placing these electrodes, the skin was slightly

scraped with an abrasive sponge and cleaned with alcohol.

After placing the electrodes the thread was carefully fixed

with an adhesive band in order to prevent any movement.

The subject takes its sitting position on the ergocycle and

keeps quiet and silent during all the calibration process.

The measurement of arterial pressure was necessary to start

the calibration process. We took the arterial pressure three

times (after 5 min in hypoxic conditions) and kept the last

value. We watched over the signal quality and stability

during the entire test. _Q was continuously measured during

the test and averaged over 15-s intervals. The calibration

procedure was performed at rest before each exercise test,

the subject being in normoxic or hypoxic conditions.

Parameters of convective O2 transport to the tissue

were calculated at maximal exercise

Arterialized O2 content ðml l�1Þ : Ca0O2max ¼ ½Hb��

13:4�Sa0O2max=100þ Pa0O2max
�0:003: With [Hb] in g dl–1,

Sa¢O2max in % and Pa¢O2max in mmHg.

Maximal O2 transport ðl min�1Þ : _QaO2max ¼ _Qmax
�Ca0O2max=1; 000:

Parameters of diffusive O2 transport to the tissue were

calculated at maximal exercise

Difference in arterial-venous O2 content ðml l�1Þ :

Da-�vO2max ¼ ð _VO2max= _QmaxÞ
�
1; 000with _VO2max and

_Qmax in lmin�1:
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Mixed venous O2 content ðml l�1Þ : C�vO2max ¼ Ca0

O2max � Da-�vO2max:

Mixed venous O2 saturation (%): S�vO2max ¼ ðC�v
O2max

�100Þ=ð½Hb��13:4Þ neglecting dissolved venous

O2 content.

Tissue O2 extraction (%): O2ERmax ¼ _VO2max= _QaO2max:

We used Dill and Forbes blood O2 line charts to convert

S�vO2max to P�vO2max in reference with pH and with a the-

oretical body temperature of 38.5�C at maximal exercise

(Altman 1961).

An estimation of the hypoxic ventilatory response at

exercise (HVRe) in US and TS has been calculated from

our measurements, in reference with the hypoxic ventila-

tory response test at exercise developed by Richalet et al.

(1988). HVRe was calculated as the ratio of the difference

in minute ventilation ðD _VEÞ and arterial saturation

(D SaO2) between normoxia and 4,500 m at an absolute

workload equivalent to 30% of normoxic _VO2max:

HVRe ¼ ðD _VE=DSaO2Þ=body weight � 100:

Statistical analysis

A two-way analysis of variance (ANOVA) for repeated

measures was used to analyze the effect of altitude on

measured parameters and the differences between the two

groups. If a main effect of hypoxia appeared a Scheffe

post-hoc test was used to identify the altitude at which

there was a significant difference from normoxia for each

group. Relationships between two different parameters

were examined by linear regressions. Values are given as

mean ± standard error (SE) and the level of significance

was established at P < 0.05.

Results

Aerobic performance

_VO2max was greater in TS than in US in normoxia and at

each altitude. The decrement in _VO2maxðD _VO2maxÞ was

significant at and above 1,000 m in both groups (Table 2).

In absolute values, the decrease in _VO2max was significantly

greater in TS at and above 1,000 m. D _VO2max in relative

values was greater in TS than in US at 4,500 m (Table 2).

Ventilatory parameters and pulmonary gas exchange

_VEmax; expressed at the prevailing normobaric pressure,

was not significantly affected by training status but there

was a decrement in _VEmax in TS at 4,500 m in comparison

with sea level (Table 3). _VE= _VO2 at maximal exercise

was significantly lower in TS than in US at each altitude

and higher at 4,500 m compared to normoxia for TS and

US (Table 3). _VE= _VCO2max increased at 4,500 m in

both groups and was significantly lower in TS at this alti-

tude in comparison with US. VT remained unchanged.

PAO2max decreased from 1,000 m in trained and untrained

subjects but without difference between groups (Table 3).

PetCO2 was higher in TS at all altitudes but the difference

with US was significant only at sea level (Table 3).

The estimated hypoxic ventilatory response at exercise was

lower in TS (0.48 ± 0.20 l min–1 kg–1) than in US (0.79 ±

0.38 l min–1 kg–1, P < 0.05). When values were pooled,

there was a correlation between _VEmaxðl min�1Þ and
_VO2maxðmlmin�1 kg�1Þ : _VO2max ¼ 13:83þ 0:25 _VEmax;

R ¼ 0:51; P\0:05:A-a0DO2max was greater in TS than in

US at each altitude and significantly lower at 4,500 m

compared to sea level in TS (Table 3).

Parameters of convective O2 transport to the tissues

Results are presented in Table 4 and Fig. 1 and 2. At

every altitude, HRmax, Sa¢O2max were significantly lower

and SVmax; _Qmax greater in TS than in US (Figs. 1, 2).

There was no difference in pHa’ and [Hb] between TS

and US, but in both groups pHa’ increased at 4,500 m

(Table 4). SVmax and _Qmax were not affected by hypoxia in

both groups. Furthermore, there was a tendency to a de-

crease in _Qmax at 4,500 m in TS, but without significant

difference from normoxia. The decrease in Sa¢O2max was

Table 2 Aerobic performance parameters

Sea level 1,000 m 2,500 m 4,500 m

US TS US TS US TS US TS

_VO2maxðmlmin�1 kg�1Þ 43.3 ± 2.1 65.5** ± 1.8 42* ± 2.2 62.7*,** ± 1.9 39.4* ± 2.2 57.7*,** ± 1.8 35.7* ± 1.8 46.4*,** ± 1.8

D _VO2maxðmlmin�1 kg�1Þ –1.4* ± 0.3 –2.8*,** ± 0.4 –3.9* ± 0.3 –7.8*,** ± 0.7 –7.6* ± 0.6 –19*,** ± 1.4

D _VO2maxð%Þ –3.2* ± 0.8 –4.31* ± 0.6 –9.1* ± 1.0 –11.9* ± 1.0 –17.6* ± 1.1 –29.1*,** ± 1.9

Values are mean ± SE

US untrained subjects, TS trained subjects, _VO2max; maximal O2 consumption

*Significantly different from sea level (P < 0.05). n = 8 in each group; **Significantly different from untrained group (P < 0.05)
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significant at and above 1,000 m for TS and 2,500 m for

US (Fig. 2). D HRmax was significant from 1,000 m in US

and only from 2,500 m in TS (Table 4). Ca¢O2max was

greater in US than in TS at each level of hypoxia and

decreased at and above 1,000 m for TS and US (Fig. 2).
_QaO2max was greater in TS than in US except at 4,500 m

(Fig. 2). When pooling all the altitudes, there was a

correlation between D _VO2max and _QaO2max decrement

ðD _QaO2maxÞ in hypoxia (P < 0.05, R = 0.92 in US and

R = 0.96 in TS).

Parameters of tissue O2 extraction

Da-�vO2max was greater in TS than in US except at 4,500 m

(Fig. 3). The decrease in Da-�vO2max and P�vO2max was sig-

nificant at and above 2,500 m for TS and US. S�vO2max

(Fig. 3) and C�vO2max were lower in TS at all altitudes and

decreased significantly at and above 1,000 m in US and

2,500 m in TS (Table 4). Trained subjects had a greater

tissue O2 extraction (O2ERmax) than untrained ones in

normoxia and at all levels of hypoxia. O2ERmax increased

with hypoxia in both groups at 4,500 m (Fig. 3) but the

relative increase in O2ERmax was smaller in TS than US.

When pooling all the altitudes, there was a correlation

between D _VO2max andDa-�vO2max decrement ðDDa-�vO2maxÞ
in acute hypoxia (P < 0.05, R = 0.89 in US and R = 0.97 in

TS).

Discussion

Critique of methods

For ethical reasons, this study used two non invasive

methods. The first one concerns the use of arterialized

Table 3 Pulmonary ventilation and gas exchanges parameters at maximal exercise

Sea level 1,000 m 2,500 m 4,500 m

US TS US TS US TS US TS

_VEðl min�1 BTPSÞ 133.2 ± 9.5 156.1 ± 6.4 126.8 ± 8.3 146.3 ± 4.6 127.5 ± 9.6 145.3 ± 4.8 130 ± 9.9 133 ± 7.5*

_VE= _VO2 44.3 ± 2.6 33.9** ± 2.1 43.7 ± 2.4 33.1** ± 1.6 49 ± 2.5 35.6** ± 1.5 55.3* ± 4.4 40.5*,**± 2.7

_VE= _VCO2 36.8 ± 2.2 31.7 ± 2.7 36.4 ± 1.7 34.2 ± 3.9 39.7 ± 2.1 40.2 ± 4.1 46.2* ± 1.9 39.7*,** ± 3.2

PAO2 (mmHg) 124.1 ± 1.3 120.1 ± 1.9 103.1* ± 1.4 105.4* ± 2.5 84.2* ± 1.1 84.7* ± 2.2 61.6* ± 1.7 58.4* ± 1.8

PetCO2 (mmHg) 31.9 ± 1.4 36.4** ± 0.9 32.6 ± 1.6 36.8 ± 1.9 29.1* ± 1.6 30.9 ± 1.9 25.7* ± 1.1 28.3* ± 1.8

VT (l) 2.95 ± 0.09 3.22 ± 0.14 2.98 ± 0.11 3.21 ± 0.17 29.1 ± 1.6 2.93 ± 0.11 3.04 ± 0.1 3.17 ± 0.18

A-a’DO2 (mmHg) 24.6 ± 2.3 35.1** ± 2.3 24.2 ± 2.9 37.2** ± 2.2 25.1 ± 2.6 34.6** ± 2.6 22.2 ± 1.4 25.4*,** ± 1.1

Values are mean ± SE

US untrained subjects, TS trained subjects, VT Tidal volume _VE; expired ventilation expressed at the prevailing normobaric pressure; _VE= _VO2;
ventilatory equivalent; PAO2, alveolar O2 pressure; PetCO2, end-tidal carbon dioxide pressure; A-a¢DO2, alveolar-arterialized PO2 difference

*Significantly different from sea level (P < 0.05). n = 8 in each group; **Significantly different from untrained group (P < 0.05)

Table 4 Cardiovascular and blood gas parameters at _VO2max

Sea level 1,000 m 2,500 m 4,500 m

US TS US TS US TS US TS

D HR (beat min–1) –5.3* ± 0.7 –3** ± 0.6 –6.9* ± 1.6 –4.5* ± 1.4 –9* ± 1.5 –12.5* ± 1.6

D HR (%) –2.7* ± 0.34 –1.7 ± 0.38 –3.5* ± 0.84 –2.4* ± 0.74 –4.7* ± 0.77 –7* ± 0.91

[Hb] (g dl–1) 17.1 ± 0.32 16.3 ± 0.27 16.7 ± 0.27 16.3 ± 0.28 16.8 ± 0.25 16.0 ± 0.29 16.9 ± 0.28 16.1 ± 0.23

Pa¢O2 (mmHg) 99.5 ± 1.7 82.6** ± 3.7 79.3* ± 2.2 66.5*,** ± 1.6 58.8* ± 2.1 49.4*,** ± 1.6 39.3* ± 1.1 34.1*,** ± 1.1

Pa¢CO2 (mmHg) 31.3 ± 1.9 33.7 ± 1.5 29.9 ± 1.6 33.9 ± 1.5 30.2 ± 1.8 32.1 ± 1.3 27.7 ± 0.5 28.6* ± 0.5

C�vO2ðmlO2 l
�1Þ 87.2 ± 5.4 33.5** ± 5.7 78.1* ± 7.4 29.9** ± 5.0 72.5* ± 6.4 22.3*,** ± 4.9 48.2* ± 7.6 13.5*,** ± 3.4

P�vO2 (mmHg) 24.9 ± 1.1 12.9** ± 1.8 23.4 ± 1.6 11.1** ± 1.8 20.6* ± 1.2 8.6*,** ± 1.7 14.9* ± 1.6 5.9*,** ± 1.4

pHa’ 7.30 ± 0.14 7.27 ± 0.14 7.30 ± 0.13 7.32 ± 0.10 7.32 ± 0.12 7.31 ± 0.23 7.36* ± 0.12 7.34* ± 0.13

Lactate 12.9 ± 1.15 13.2 ± 1.1 13.2 ± 0.9 10.6 ± 0.7 11.3 ± 0.8 11.1 ± 1.3 12.7 ± 0.4 12.1 ± 1.3

Values are mean ± SE

US untrained subjects, TS trained subjects, HR heart rate, [Hb] hemoglobin concentration; Pa¢O2, arterialized PO2; Pa¢CO2, arterialized PCO2;

pHa’, arterialized pH; C�vO2 venous oxygen content, P�vO2 venous PO2

**Significantly different from untrained group (P < 0.05); *Significantly different from sea level (P < 0.05). n = 8 in each group
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capillary blood rather than arterial blood samples. The

second concerns cardiac output measurement with the

impedancemetry technology. Although they were previ-

ously validated, there is no consensus about the reliability

of these two methods. Nevertheless, we were very rigorous

in the use of these two methodologies. In the literature, the

relationship between _VO2max and cardiac output shows that

5.9–7.5 l min–1 of cardiac output is needed per liter of
_VO2max (Saltin and Calbet 2006). Our values of cardiac

output are in agreement with these results. Concerning

PaO2, it was shown that arterialized earlobe PO2 at exercise

was slightly lower than arterial PO2 in most cases and also

that the differences decreased as arterial PO2 decreased

(Fajac et al. 1998). This result suggests that our arterialized

PO2 values could be slightly lower than arterial values

especially in normoxia, whereas in hypoxia the difference

would be minimal. Errors in measured PO2 will clearly

affect the exactitude of calculated variables. Nevertheless

these errors decrease with the severity of hypoxia espe-

cially at 4,500 m, which is the most important altitude of

interest of this paper, and cannot significantly interfere in

the difference between trained and untrained subjects.

Furthermore, considering that exercise duration and/or

intensity was not equal for all subjects, we cannot exclude

the fact that blood temperature at exercise was variable

among subjects and could slightly influence the values of

Pa¢O2.

Even with these caveats, we are convinced that the data

reported above are basically correct. They will be discussed

in the sections that follow.

In normoxia, as expected, in spite of a lower HRmax, TS

have a greater _Qmax because of a greater SVmax than US.

This important _Qmax allowed TS to have a greater _QaO2max;

in spite of a lower Ca¢O2max mainly due to a lower

Sa¢O2max. Furthermore, as shown with their lower S�vO2max;

TS have a greater O2ERmax than US.

In hypoxia, this study indicates a significant decrease in

aerobic performance at and above 1,000 m for the two

populations. Maximal lactate concentrations are similar in

all conditions, suggesting that subjects actually performed

at their maximum. The comparison between trained and

untrained subjects shows a larger decrease in _VO2max in TS

than US at 4,500 m.

Several parameters could account for the greater de-

crease in aerobic performance in TS than US in moderate

acute hypoxia.

Ventilatory parameters

Our results confirm a positive correlation between maximal

ventilation and _VO2max: Therefore, subjects who have the

greater _VO2max have the greater maximal ventilation.
_VEmax was lower in TS at 4,500 m in comparison with sea
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level. Thus, _VEmax is more affected by hypoxia in TS. This

difference in _VEmax between TS and US has a consequence

on _VE= _VO2max: Indeed with regard to _VE= _VO2max

(Table 3), our results confirm the relative hypoventilation

in TS as shown by the lower HVRe in TS. However, dif-

ferences between US and TS in PAO2 and PetCO2 do not

reach significance at altitude. Moreover, in US,
_VE= _VO2max increases with altitude because of _VO2max

decrement, whereas _VEmax remained unchanged. In TS,
_VO2max decrement was greater than in US, however _VEmax

also decreased. In consequence, in TS, _VE= _VO2max also

increased with hypoxia, but with a tendency to be lower

than in US ðD _VE= _VO2max ¼ 6:9� 2:4 vs 11:3� 3:1; TS vs

US, 4,500 m, p=0.07). Thus, in acute hypoxia the relative

hypoventilation in TS is accentuated in comparison with

normoxia. We could estimate that if TS were able to keep

the normoxic _VEmax value at 4,500 m, i.e by 23 l min–1, it

would impact PAO2 by 4.9 mmHg and thus Sa¢O2max

decrement by around 4%. Thus, in TS, the more important
_VEmax sensitivity to acute hypoxia and the relative hypo-

ventilation could contribute by 50% to a lower Sa¢O2max

and thus a greater _VO2max decrement at 4,500 m in this

group.

O2 transport

Maximal O2 transport is the product of maximal cardiac

output and arterial O2 content. _Qmax remained unchanged

in moderate acute hypoxia. This result is in agreement with

previous studies (Hartley et al. 1973; Horstman et al. 1980;

Hughes et al. 1968; Stenberg et al. 1966; Wagner et al.

1986). However, this is the first study to show a similar

trend in trained and untrained subjects. In moderate acute

hypoxia, the decrease in HRmax is now a well accepted fact

and there are many hypotheses about this decrement.

However, the precise mechanisms of this HRmax decline

remain to be identified. On the other hand, Ca¢O2max de-

creased in TS and US at and above 1,000 m. This greater

decrement in TS is fully explained by the difference in

Sa¢O2max since [Hb] changes are similar in both groups.

Finally, the _QaO2max decrement, significant at and above

1,000 m in both groups, is fully explained by the drop in

Sa¢O2max. At 4,500 m in TS, the greater arterial O2 desat-

uration explains that there is no more difference in
_QaO2max between groups. The position of the oxyhemo-

globin dissociation curve could also affect O2 saturation.

However, there is no difference between groups in pH at

maximal exercise (Table 4). Thus, this parameter could not

explain the difference in Sa¢O2max between trained and

untrained subjects.
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There is a correlation between D _VO2max in hypoxia and

D _QaO2max in both populations. The more important
_QaO2max decrement in TS in comparison with US could

partly explain the greater _VO2max decrement in TS at

4,500 m. As mentioned before, at this altitude, there is no

more difference in _QaO2max between TS and US.

Tissue O2 extraction

Tissue O2 extraction in normoxia is much greater in TS

than in US. Furthermore, in hypoxia the increase in

O2ERmax is less important in TS than US (8 vs. 15% at

4,500 m, P < 0.05). These results suggest that there is a

compensation of the Sa¢O2max decline with altitude by an
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increase in O2ERmax that would limit the decrease in O2

availability for the muscle. Indeed, this compensation

appears different for the two populations. US could

easily increase O2ERmax until 4,500 m, thus limiting the
_VO2max decrement. This compensation is more difficult

in TS probably because they approach, even in norm-

oxia, the physiological upper limit of O2ERmax as wit-

nessed by the very low value of S�vO2max: This result is

confirmed by the dramatic decrease in Da-�vO2max in TS

at 4,500 m. At this altitude, there is no more difference

between groups. At 4,500 m P�vO2max is about 6 mmHg

in TS indicating that the muscle venous PO2 is probably

close to zero. At ~ 4,500 m, a previous study reported

values of P�vO2max about 13 mmHg (Wagner et al. 1986).

These values are slightly higher than our calculated

P�vO2max in TS but similar than our values in US.

However, a study indicated that subjects with a highest
_VO2max (after training) showed a lowest P�vO2max (Roca

et al. 1992), suggesting a crucial dependence of P�vO2max

in training status. In our study, focused on highly

endurance trained subjects, the low P�vO2max values are

therefore in accordance with this hypothesis. In TS at

4,500 m, S�vO2max could no more decrease and therefore

could not compensate the decrease in SaO2max. This re-

sult is presented in Fig. 4, where we can see in US a

linear decrement in _VO2max with decreasing P�vO2: This

is not true in TS because at 4,500 m P�vO2max probably

reaches its lower limit. Increasing tissue O2 extraction by

increasing muscle capillaries is a potent physiological

adaptation to training at sea level. However, this adap-

tation in hypoxia becomes a disadvantage (especially at

4,500 m) because TS can no more increase O2ERmax to

compensate the SaO2max decrement. Therefore, tissue O2

extraction could also partly explain the difference in
_VO2max decrement between trained and untrained sub-

jects at 4,500 m.

The role of pulmonary diffusion limitation

At maximal exercise the alveolar-arterial O2 difference is

significantly greater in TS than US at each altitude and

lower at 4,500 m than at sea level in TS (Table 3). Thus

A-a¢DO2max is not aggravated by hypoxia but reduced in

TS at 4,500 m. Previous studies showed an alteration in

pulmonary gas exchange in hypoxia linked to an increase

in ventilation-perfusion inequality ð _VA= _QcÞ and alveolar-

pulmonary capillary diffusion limitation (Torre-Bueno

et al. 1985; Wagner et al. 1986). Furthermore, to explain

the decrease in A-a¢DO2max in TS at 4,500 m the in-

crease in pulmonary arterial pressure could enhance the

capillary recruitment, increasing the surface area for gas

exchange (Hillier et al. 1997). However, this hypothesis

remains to be validated. We have seen that an increase

of O2ERmax could limit the drop of O2 availability for

the muscle. However, this compensation is not favorable

for pulmonary gas exchange. The diffusion limitation

across the alveolar-arterial interface, resulting from in-

creased cardiac output and reduced blood transit time

(TT) in the pulmonary capillary could impair the alve-

olar-capillary O2 exchange (Dempsey et al. 1982; Wag-

ner et al. 1986). In normoxia, diffusion limitation appears

in elite athletes with a high _VO2ð[4� 5 lmin�1Þ: In the

present study, the non significant decrease in _Qmax in

moderate acute hypoxia suggests that in hypoxic condi-

tions, the erythrocyte transit time in pulmonary capil-

laries is not modified and probably does not contribute

per se to the hypoxia-induced decrease in Sa¢O2max.

Another factor could contribute to aggravate the diffusion

limitation in moderate hypoxia. The lower S�vO2 at

maximal exercise could have two opposite consequences

on A-a¢DO2. It increases the amount of O2 necessary to

diffuse in order to reach a given SaO2. In another hand,

it increases the alveolar-capillary PO2 gradient, and thus

facilitates the O2 diffusion process. A previous study has

shown that at any given PAO2; P�vO2 has a considerable

influence on the rate of diffusion of O2 (Wagner 1982).

Therefore, situations in which P�vO2 is low are associated

with an increased vulnerability of O2 exchange to dif-

fusion limitation (Wagner 1982). Thus, the greater arte-

rial desaturation in TS in moderate acute hypoxia, is

certainly due to a lower muscle S�vO2max (because of a

greater O2 extraction), associated with an unchanged
_Qmax with altitude. The greater decrease in Sa¢O2max than

S�vO2max with altitude explains the dramatic decrease in

Da-�vO2 at maximal exercise. At 4,500 m in TS, S�vO2max

is probably close to its lower limit and can no more

compensate Sa¢O2max decrement and contributes to

aggravate arterial desaturation. Therefore, as _Qmax does

not compensate this decrease, _VO2max is greatly affected,

especially in TS.

In conclusion, three of the sequential steps of O2 transfer

from the atmosphere to the tissues present differences be-

tween trained and untrained subjects in moderate acute

hypoxia (Fig. 5). In trained subjects at 4,500 m, a decrease

in maximal ventilation and a greater decrease in maximal

O2 transport than in untrained subjects associated to a

lower capacity to increase tissue O2 extraction could ex-

plain the greater _VO2max decrement in this group. Fur-

thermore, at 4,500 m, the important O2ERmax in trained

subjects reaches its limit and contributes to aggravate the

decrement in Sa¢O2 via the pulmonary diffusion limitation

because of an extremely low P�vO2:
The two main physiological characteristics developed

by aerobic training, i.e. increase in heart pumping capacity

and increase in muscle ability to extract O2 have reached

their limits in moderate acute hypoxia.
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