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I. ABREVIATIONS

AMS = acute mountain sickness

EEG = electroencephalography

FiO, = inspiratory oxygen fraction

FiCO; = inspiratory carbon dioxide fraction
HbO, = oxyhaemoglobin

HbTot = total haemoglobin

HHbD = deoxyhaemoglobin

HR = heart rate

HVR = hypoxic ventilatory response

NIRS = near infrared resonance spectroscopy

PetCO, = end-tidal CO, pressure

SpO, = pulse arterial oxygen saturation
TSI = tissue saturation index

VE = minute ventilation

VO;max = maximal oxygen consumption

Vt = tidal volume
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II. ABSTRACT

Factors underlying the amplitude of exercise performance reduction at altitude and
the development of high-altitude illnesses are incompletely understood. To better describe
these mechanisms, we assessed cardiorespiratory and tissue oxygenation responses to
hypoxia in elite high altitude climbers. Eleven high-altitude climbers were matched with
eleven non-climber trained controls according to gender, age and fitness level (maximal
oxygen consumption, VO,max). Subjects performed two maximal incremental cycling tests,
in normoxia and in hypoxia (inspiratory oxygen fraction: 0.12). Cardiorespiratory
measurements and tissue (cerebral and muscle) oxygenation were assessed continuously.
Hypoxic ventilatory and cardiac responses were determined at rest and during exercise;
hypercapnic ventilatory response was determined at rest. During maximal exercise in
hypoxia, climbers exhibited similar reductions than controls in VO;max (climbers -39+7%,
controls -39+9%), maximal power output (climbers -27+£5%, controls -26+4%) and SpO,.
However, climbers had lower hypoxic ventilatory response during exercise (climbers
1.7+0.5, controls 2.6+0.7 L-min"'-%"; p<0.05) and lower hypercapnic ventilatory response
(climbers 1.8+1.4, controls 3.8+2.5 mL-min"' -mmHg'; p<0.05). Finally, climbers exhibited
slower breathing frequency, larger tidal volume and larger muscle oxygenation index. These
results suggest that elite climbers show some specific ventilatory and muscular responses to

hypoxia that might confer advantages for climbing at high altitude.
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III. INTRODUCTION

Hypoxic exposure induces reduction in maximal exercise performance and maximal
oxygen uptake (VO,max). After several hours at high altitude, symptoms of high-altitude
illness such as acute mountain sickness (AMS) may also develop (Bartsch & Swenson
2013). Significant interindividual differences have been reported regarding the amplitude of
exercise performance reduction in hypoxia as well as the development of AMS. Therefore,
understanding the physiological factors underlying these interindividual differences is of
particular interest. Measurements performed in hypoxia under laboratory setting have been
proposed to distinguish good and poor responders to hypoxia. Pulse oximetry (SpO,) during
hypoxic exposure at rest might be a predictor of AMS susceptibility (Burtscher et al. 2004;
Faulhaber et al. 2014; Roach et al. 1998). A relationship between the hypoxic ventilatory
response (HVR) and altitude illnesses has also been suggested. Some studies found a
negative correlation between HVR either at rest or during exercise and AMS susceptibility
(Moore et al. 1986; Richalet et al. 1988; Richalet et al. 2012) while others did not (Bartsch et
al. 2002; Hohenhaus et al. 1995; Milledge et al. 1991). The most appropriate physiological
factors and types of laboratory measurement to predict the occurrence of AMS remain
debated (Bartsch 2014; Burtscher et al. 2008; Richalet & Canoui-Poitrine 2014).

Some individuals may be prone to large exercise performance reduction in hypoxia.
The mechanisms underlying the amplitude of performance decline are multifactorial and
incompletely understood (Amann & Calbet 2008). The ability to maintain VO,max and
performance during aerobic activities at altitude are linked to the ability to defend SpO,
(Chapman et al. 1999). Endurance athletes with exercise-induced hypoxemia in normoxia
have larger decline in VO,max and endurance performance in hypoxic conditions compared
to non-hypoxemic athletes (Chapman et al. 2011; Lawler et al. 1988). Lower exercise HVR,
expiratory flow limitation and impaired pulmonary gas exchange are potentials mechanisms

explaining the larger hypoxia-induced reduction in exercise performance (Chapman 2013).
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In addition to athletes and maximal exercise performance, smaller exercise-induced
reduction in SpO, at altitude in recreational climbers has also been shown to predict
successful ascent to the summit (Lazio et al. 2010).

To wunderstand the individual physiological characteristics leading to better
preservation of maximal exercise performance in hypoxia and smaller sensitivity to AMS,
investigating the physiological characteristics of elite high altitude climbers is an attractive
challenge. Only few studies described their characteristics. In the 1980’s, studies about
extreme-altitude climbers showed a positive correlation between HVR at rest and
performance at extreme altitude (Masuyama et al. 1986; Schoene et al. 1984). Climbers with
larger HVR were able to reach and sleep higher than others (Masuyama et al. 1986; Schoene
et al. 1984). In elite climbers, Oelz et al. (1986) reported resting hyperventilation both in
normoxia and in hypoxia resulting in higher SpO, in hypoxia. Conversely, Bernardi et al.
(2006) reported that elite climbers reaching 8000-m summits without supplemental oxygen
displayed lower ventilatory sensitivity to hypoxia than climbers failing to reach the summit
or needing oxygen supplementation. Therefore, the specific physiological characteristics of
elite high altitude climbers remain to be elucidated and could provide important insights
regarding the factors leading to better exercise performance preservation at altitude and low

altitude sickness sensitivity.

The aim of this study was to assess cardiorespiratory responses to hypoxia in elite
high altitude climbers. In addition, while SpO, is generally used to characterize hypoxic
stress, we also evaluated cerebral and muscle oxygenation at rest and during exercise in
hypoxia with near infrared resonance spectroscopy (NIRS) since reduced tissue oxygenation
may be an important factor underlying exercise limitation under hypoxic conditions (Verges
et al. 2012). We hypothesized that elite climbers may have greater hypoxic cardiorespiratory
responses and better preservation of arterial and tissue oxygenation in hypoxia compared to
non-climber trained individuals.
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IV. MATERIALS AND METHODS

A. Subjects

Eleven high-altitude climbers were matched with eleven controls subjects according
to gender, age and fitness level (maximal oxygen consumption, VO,max). Climbers were all
members of the national high-altitude climbing team of the French Alpine Club (Fédération
Frangaise des Clubs Alpins et de Montagne). They all had high skills and large experience
(> 5 yrs) in high altitude mountaineering. Their physical activity mostly consisted in rock,
ice climbing and mountaineering. Climbers were frequently exposed to altitudes >2000 m
(81 + 45 days per year) but they were not acclimatized to high altitude at the time of the tests
(no sojourn above 2000 m over the past two months). Control subjects were trained
individuals performing running and cycling at low altitude (< 1000 m). All subjects lived at
low altitude (< 1300 m) and were not acclimatized to high altitude. Subjects refrained from
physical exercise on the 2 days prior to the tests, abstained from drinking caffeinated
beverages on test day, and had their last meal at least 2 h prior to the tests. All subjects were
healthy and were not taking any medications during the study. The study was approved by
the local ethics committee and performed according to the Declaration of Helsinki. Subjects

were fully informed of the procedure and risks involved and gave their written consent.

B. Experimental design

First a maximal incremental cycling test was performed in normoxia. Subjects
exercised on a computer-controlled electrically-braked cycle ergometer (Ergometrics 800,

Ergoline, Bitz, Germany) with breath-by-breath gas analysis and electrocardiogram
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(Medisoft, Dinant, Belgium). After a two-minute resting period, subjects started cycling at
90 W (males) or 60 W (females) for 3 min, followed by 15 W (males) or 10 W (females)
increments every minute until volitional exhaustion. After a 30-min resting period,
hypercapnic normoxic and isocapnic hypoxic cardiorespiratory responses, as well as tissue
oxygenation response, were measured at rest. After breathing ambient air for 5 min, subjects
inhaled a normoxic hypercapnic gas mixture (inspiratory oxygen fraction, FiO, = 0.21;
inspiratory carbon dioxide fraction, FiCO, = 0.05) for 5 min, then ambient air for 5 min and
then an isocapnic hypoxic gas mixture (FiO, = 0.12, FiCO, adjusted to maintain end-tidal
partial CO, pressure, PetCO,, similar to the value recorded at the end of the ambient air
period). Gas mixtures were delivered by an IsoCap-Altitrainer 200° (SMTEC, Nyon,
Switzerland) via a face mask. One-hour after the end of the normoxic exercise test, a second
maximal incremental test was performed in hypoxia. Subjects inhaled the gas mixture (FiO,
= 0.12) delivered by an IsoCap-Altitrainer 200° (SMTEC) via a face mask. After a two-
minute resting period, subjects started cycling at 60 W (males) or 30 W (females) for 3 min,
followed by 15 W (males) or 10 W (females) increments every minute until volitional

exhaustion.

C. Measurements

Cardiorespiratory measurements
Minute ventilation (VE), breathing pattern, gas exchanges and heart rate (HR) were
measured continuously breath-by-breath. SpO, was measured continuously by pulse
oximetry (Masimo Radical 7, Masimo Corp., Irvine, CA). Blood lactate concentration at
exhaustion (Lactate Plus, Nova biomedical Corporation, Waltham, MA) was determined

during each exercise test.
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Near infrared resonance spectroscopy (NIRS)

Oxy[HbO:]-, deoxy[HHDb]-, and total[HbTot]-haemoglobin concentration changes
and tissue oxygenation index (TSI) were estimated throughout testing sessions over multiple
sites using a two-wavelength (780 and 850 nm) multichannel, continuous wave NIRS system
(Oxymon MKIII, Artinis Medical Systems, the Netherlands). Quadriceps muscle
hemodynamic was assessed from the left vastus lateralis using a 4-cm interoptodes distance.
Probe holder was secured to the skin using double-sided tape and covered with a black
sweatband to shield the optodes from ambient light. Left prefrontal cortex hemodynamic was
assessed between Fpl and F3 locations according to the international 10-20 EEG system
with 3.5-cm interoptodes distance. The probe holder was secured to the skin with double-
sided tape and maintained with Velcro headbands. Data were recorded continuously at 10 Hz

and filtered with a 3-s width moving Gaussian smoothing algorithm before analysis.

Sensations
Dyspnea and leg fatigue were assessed each two minutes with a standard 100 mm

visual analog scale.

D. Data analysis

Cardiorespiratory and NIRS data were averaged over the last 20 s of each step during
exercise and over the last 30 s of each period during the hypercapnic and hypoxic test. To
compare normoxic and hypoxic exercise tests at iso-power output and at exhaustion, values
corresponding to rest, 25% and 50% of the maximal normoxic power output (25%N and
50%N), 100% of the hypoxic workload (ExhH) and 100% of the normoxic power output

(ExhN) were analysed. The hypoxic ventilatory response at rest (during the resting hypoxic
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response test) and during the exercise test (at rest, 25%N, 50%N, ExhH) was calculated as
follows (Richalet et al. 2012):

(VEhypoxia- VEnormoxia) / (SPO2, normoxia-SPO2, hypoxia)
The hypoxic cardiac response at rest (during the resting hypoxic response test) and during
the exercise test (at rest, 25%N, 50%N, ExhH) was calculated as follows (Richalet et al.
2012):

(HRhypoxia-HRnormoxia) / (SPO2, normoxia-SPO2, hypoxia)
The hypercapnic ventilatory response during the resting hypercapnic response test was
calculated as follows:

(VEhypercapnia- V Enormocapnia) / (PetCO2, hypercapnia-P€tCO2, normocapnia)

HbO,, HHb and HbTot concentrations and TSI are delta from the previous normoxic period
in the hypercapnic and hypoxic response test and delta from the rest period during the

exercise tests.

E. Statistical analysis

All statistical procedures were completed on Statistica version 10 (Statsoft, Tulsa,
OK, USA). Normality of distribution and homogeneity of variances of the main variables
were confirmed using a Skewness-Kurtosis normality test and the Levene’s test,
respectively. Two-way ANOVA (group x condition) with repeated measures were
performed for maximum power output, VO,max and blood lactate concentration at
exhaustion. Three-way ANOVA (group x condition X time) with repeated measures were
performed for cardiorespiratory parameters, sensations and NIRS data measured during
exercise. Post-hoc Tukey’s tests were applied to determine a difference between two mean
values if the ANOVA revealed a significant main effect or interaction effect. Correlations

were performed using linear regression and Pearson’s coefficient. For all statistical analyses,
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a two-tailed alpha level of 0.05 was used as the cut-off for significance. All data are

presented as mean values + SD.

V. RESULTS

Climbers and controls had similar anthropometric characteristics, lived at similar

altitude level and had similar normoxic VO,max (Table 1).

A. Normoxic and hypoxic exercise tests

Tables 2 and Figure 1 show normoxic and hypoxic cardiorespiratory responses
during exercise in climbers and controls. Similar reductions from normoxia to hypoxia in
both groups were observed for maximal power output (climbers -27 + 5% versus controls -
26 £ 4%; p > 0.05) and VO,max (climbers -39 + 7% versus controls -39 = 9%; p > 0.05).
Submaximal and maximal minute ventilation, heart rate and SpO, were similar between
climbers and controls. Breathing pattern shows significant difference between climbers and
controls (Figure 1). A significant group main effect was obtained for both breathing
frequency (FR; F = 6.1, p = 0.03) and tidal volume (Vt; F = 6.2, p = 0.03) while a significant
group x condition X time interaction was obtained for breathing frequency (F = 4.4, p =
0.01). FR was larger in controls compared to climbers while VT was larger in climbers
compared to controls. In addition, controls at ExhH in hypoxia had larger FR compared to
climbers. Significant group main effect (F = 7.8, p = 0.02) and group x time interaction (F =
3.3, p = 0.03) were obtained for hypoxic ventilatory response that was significantly larger at
ExhH in controls compared to climbers (Figure 2). No difference in hypoxic cardiac

response was observed between groups (results not shown).
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A significant main group effect was obtained for dyspnea (F = 5.6, p = 0.04) and leg fatigue
(F =5.3, p = 0.04) while a significant group x time X condition interaction was obtained for
dyspnea only (F = 8.0, p = 0.003). Dyspnea was greater in climbers compared to controls in
normoxia at 50%N and ExhN only.

No difference in blood lactate concentration at exhaustion was found between climbers and
controls both in normoxia (13.5 £ 2.6 versus 12.5 + 3.5 mmol-L™", p > 0.05) and in hypoxia
(13.9 + 3.5 versus 12.4 + 3.0 mmol-L™, p > 0.05).

NIRS data during exercise are shown in Table 3. Significant group x time x condition
interaction (F = 14.2, p < 0.001) were obtained for muscle TSI. Climbers had significantly
larger muscle TSI at 50%N in hypoxia and at ExhH in normoxia. All other NIRS variables

did not differ between groups.

B. Resting hypercapnic and hypoxic test

Figure 3 shows the hypercapnic ventilatory response at rest. Hypercapnic ventilatory
response was smaller in climbers compared to controls (climbers 1.8 + 1.4 versus controls
3.8 +2.5 mL-min"-mmHg; p < 0.05). No difference in HVR at rest was observed between
groups (results not shown). All other cardiorespiratory parameters did not differ between
groups in hypercapnia or in hypoxia between groups (results not shown). NIRS variables did

not differ between groups (results not shown).

C. Correlations

Positive correlations between changes from normoxia to hypoxia in maximal power
output and SpO; at rest (r = 0.44, p < 0.05), 25%N (r = 0.65, p < 0.05) and 50%N (r = 0.62, p

< 0.05) were observed. No correlation between changes from normoxia to hypoxia in
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maximal power output and hypoxic or hypercapnic ventilatory responses was observed

(results not shown).

VI. DISCUSSION

This study aims to identify the cardiorespiratory and tissue oxygenation responses to
hypoxia in elite high altitude climbers compared to non-climber trained individuals.
Compared to control individuals, climbers exhibited 1) similar hypoxia-induced reductions in
VO;max and maximal power output, ii) similar SpO, reduction in hypoxia both at rest and
during exercise, iii) lower hypoxic ventilatory response during exercise and hypercapnic
ventilatory response at rest, iv) slower and deeper breathing pattern during exercise and v)
larger muscle oxygenation index during exercise. These results suggest that elite climbers
show some specific ventilatory responses to hypoxia that might confer advantages for

climbing at high altitude.

Normoxic VO,max values in climbers in the present study are similar to previous
reports in elite climbers (Richalet et al. 1988) but slightly lower than values from six world-
class high-altitude climbers (Oelz et al. 1986). This is the first study to compare elite
climbers with non-climber trained athletes paired for VO,max. In order to determine the
specific physiological profile of elite climbers, it is important to compare them to controls
individuals of similar VO,max because of the well-known effect of maximal aerobic
capacity on exercise hypoxic responses (Faiss et al. 2014; Gore et al. 1996; Lawler et al.
1988; Mollard et al. 2007). The amplitude of reduction in maximal power output and
VO,max observed in the present study when FiO, was reduced to 0.12 is consistent with
studies using similar levels of hypoxia in trained individuals (Rupp et al. 2013; Subudhi et

al. 2007). The fact that the normoxic and hypoxic maximal exercise tests were performed
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one hour apart is unlikely to have influenced the outcomes of the present study since i) the
amplitude of performance reduction was similar compared to previous studies and ii) both
climbers and controls performed exactly the same protocol. Despite their great ability to
climb at high altitude, elite climbers showed similar reductions in maximal power output and
VO,max in hypoxia compared to controls. Hence, their performance at high altitude may not
be underlined by greater preservation of maximal aerobic capacity, at least measured during
cycling. Climbing at high altitude requires other abilities and skills than maximal aerobic
capacity. It has been suggested for instance that elite climbers exhibit a lower metabolic cost
for climbing at high altitude (Billat et al. 2010). Additional field measurements may be
required to identify specific physiological responses during climbing at high altitude in elite

climbers.

The amplitude of reduction in SpO; in hypoxia either at rest (Burtscher et al. 2004) or
during exercise (Richalet et al. 2012) has been proposed as a potential predictor of altitude
tolerance in the general population (i.e. non elite climbers). Because elite climbers are
successful at high altitude and therefore appear to tolerate well high altitude, we
hypothesized they would show smaller reduction in arterial and tissue oxygenation in
hypoxia compared to controls. The present results show that the drop of SpO, from
normoxia to hypoxia at rest and during exercise was the same between groups. Previous
studies having measured hypoxia-induced reduction in SpO; in elite climbers compared to
non-climber active individuals (Richalet et al. 1988) or less successful elite climbers (i.e. not
reaching 8000-m summits without oxygen supplementation) (Bernardi et al. 2006) did not
report differences between groups, while Oelz et al. (1986) reported lower SpO, reduction in
a small group of elite climbers (n = 6) versus control untrained subjects (n = 3) in hypoxia at
rest. Based on the present results, the reduction in inspired oxygen pressure appeared to
translate into similar reduction in arterial blood oxygenation in both elite climbers and

controls subjects paired for VO,max. We also aimed to assess whether at the tissue level,
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reduction in oxygenation is similar during hypoxic exposure in elite climbers and controls.
Interestingly, while hypoxia-induced pre-frontal deoxygenation was similar in both groups,
quadriceps oxygenation during exercise was larger in climbers compared to controls, both in
normoxia and hypoxia. The smaller reduction in quadriceps TSI during exercise in elite
climbers may be interpreted as a greater O, delivery to the muscle or a smaller muscle
oxygen extraction. Exercise training in hypoxia has been suggested to improve muscle
responses to exercise (Hoppeler et al. 2008), including metabolism and efficiency, although
these results remain controversial (Robach et al. 2014). Hence, since elite climbers
frequently trained under hypoxic conditions, they may exhibit some specific muscular

adaptations which remain to be evaluated in further details.

When combining data from both groups, significant positive correlations were
observed between changes from normoxia to hypoxia in maximal power output and SpO,
reduction at rest and during exercise. The role of SpO; reduction regarding maximal exercise
performance decrement in hypoxia has been previously suggested based on similar
correlations (Chapman et al. 1999; Faiss et al. 2014; Lawler et al. 1988; Mollard et al. 2007,
Wehrlin & Hallen 2006). It seems that the ability to defend SpO, during hypoxic exercise
may be a key mechanism regarding the amplitude of maximal exercise performance
reduction. Hence, the similar reduction in SpO, during hypoxic exercise between elite

climbers and controls may underlie their similar reduction in maximal exercise performance.

HVR is frequently suggested as an important mechanism for altitude acclimatization,
individuals with larger ventilatory response being thought to better acclimatize and tolerate
high altitude exposure (Moore et al. 1986; Richalet et al. 1988; Richalet et al. 2012). Some
studies also suggested that successful climbing at high altitude was associated with larger
HVR (Masuyama et al. 1986; Schoene et al. 1984). In the present study, in contrast with our
hypothesis and the above reports, elite climbers had lower HVR especially during high
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intensity exercise (Figure 2) compared to controls. Lower respiratory chemosensitivity in
climbers is supported by the lower hypercapnic ventilatory response measured in this group
compared to controls (Figure 3). These results may appear paradoxical based on previous
results suggesting better acclimatization in subjects with larger HVR. They may however
corroborate the data from Bernardi et al. (2006) who reported lower minute ventilation
without higher desaturation at 5200 m in climbers who reached 8000-m summits without
oxygen supplementation compared to climbers who did not reach the summit or needed
supplemental oxygen. These authors proposed that this lower hypoxic ventilatory response
in successful elite climbers may suggest a better ventilatory efficiency and could allow these
individuals to preserve a larger ventilatory reserve for extreme altitude climbing. Hence, one
could suggest that, in this specific population of elite climbers, slightly lower HVR
compared to control subjects might be beneficial for successful climbing at high altitude. In
ski mountaineers, Faiss et al. (2014) reported a positive correlation between hypoxia-induced
hyperventilation during exercise and VO,max decrement and suggested that a too large
increase in minute ventilation in hypoxia might be inefficient to preserve oxygenation and
performance. Whether mechanisms such as improved oxygen pulmonary diffusion (Calbet et
al. 2003; Torre-Bueno et al. 1985) may contribute to improve ventilatory efficiency in elite

climbers as suggested by Bernardi et al. (2006) remains to be investigated.

Another remarkable result from the present study is the difference in breathing
pattern observed in climbers compared to controls (Figure 1). Slower and deeper breathing
as observed in climbers may improve gas exchange (Bernardi et al. 2001; Keyl et al. 2003)
and therefore enhance ventilatory efficiency. Similar to the present results, Bernardi et al.
(2006) reported slower and slightly deeper breathing in successful elite climbers. Hence,
specific breathing pattern may be part of the physiological characteristics of elite climbers.

Faulhaber et al. (2014) also reported that AMS susceptible subjects have larger breathing
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frequency and lower tidal volume at rest in hypoxia compared to AMS non-susceptible

subjects.

No difference was observed in hypoxic cardiac response either at rest or during
exercise between climbers and controls. Previous studies also reported no difference in
hypoxic cardiac response in successful elite climbers (Bernardi et al. 2006; Oelz et al. 1986).
In the present study, climbers reported larger dyspnea and leg fatigue levels during exercise
both in normoxia and hypoxia. This may relate to the fact that climbers did not perform
cycling training as opposed to controls. It also raised the issue of exercise modality when
comparing climbers to other sportsmen. Future research should evaluate the physiological
responses of climbers at high altitude during climbing to determine potential adaptations

specific to their usual exercise and environmental conditions.

In conclusion, elite climbers exhibit similar reduction in maximal power output and
VOmax in hypoxia compared to non-climber controls with similar VO,max, but lower
hypoxic ventilatory response with slower and deeper breathing pattern. In addition, NIRS
index of better quadriceps oxygenation during exercise suggests some specific muscular
adaptations possibly due to exercise training in hypoxia. Hence, specific ventilatory and

muscular responses to hypoxic exercise may characterize elite climbers.

VIIL. PERSPECTIVES

Interindividuals differences regarding altitude tolerance, in terms of exercise
performance reduction and altitude illness, is a striking phenomenon (Martin et al. 2010).
While some extraordinary individuals are able to reach summits above 8000 m without

additional oxygen, others develop severe altitude illnesses such as life-threatening
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pulmonary or cerebral oedema below 4000 m (Bértsch & Swenson 2013). The mechanisms
and individual phenotypes underlying tolerance to hypoxia at high altitude remain an
important scientific quest that should have important implications not only for climbers,
travellers and workers at altitude but also for pathological conditions with hypoxic stress.
The present study describe some specific responses to hypoxic exercise in high altitude elite
climbers that may provide them benefits to perform in hypoxia (Bernardi et al. 2006). Future
studies should confirm these results during climbing and high altitude exposure and should
consider additional factors including genetic profile (Hennis et al. 2015) in order to improve

our understanding of how humans can adapt to hypoxia.
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VIIL CONCLUSION

THESE SOUTENUE PAR LARA PUTHON

TITRE
Physiological characteristics of elite high altitude climbers

Abstract: Factors underlying the amplitude of exercise performance 1‘é(itlcti()n at altitude and
the development of high-altitude illnesses are incompletely understood. To better describe
these mechanisms, we assessed cardiorespiratory and tissue oxygenation responses to
hypoxia in elite high altitude climbers. Eleven high-altitude climbers were matched with
eleven non-climber trained controls according to gender, age and fitness level (maximal
oxygen consumption, VO;max). Subjects performed two maximal incremental cycling tests,
in normoxia and in hypoxia (inspiratory oxygen fraction: 0.12). Cardiorespiratory
measurements and tissue (cerebral and muscle) oxygenation were assessed continuously.
Hypoxic ventilatory and cardiac responses were determined at rest and during exercise;
hypercapnic ventilatory response was determined at rest. During maximal exercise in
hypoxia, climbers exhibited similar reductions than controls in VO,max (climbers -39+7%,
controls -39+9%), maximal power output (climbers -27+5%, controls -26£4%) and SpO,.
However, climbers had lower hypoxic ventilatory response during exercise (climbers
1.7%0.5, controls 2.6+0.7 L-min"- %" p<0.05) and lower hypercapnic ventilatory response
(climbers 1.8:1.4, controls 3.842.5 mL-min" -mmHg™; p<0.05). Finally, climbers exhibited
slower breathing frequency, larger tidal volume and larger muscle oxygenation index. These
results suggest that elite climbers show some specific ventilatory and muscular responses o

hypoxia that might confer advantages for climbing at high altitude.
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TIIRE
Altitude, Performance et Tolérance :
Caractéristiques physiologiques des alpinistes de haut niveau

Résumé : Les facteurs influengant I’amplitude de perte de performance a I’exercice en
altitude et le développement de pathologies liées a I’altitude sont incomplétement décrits.
Afin de mieux comprendre ces mécanismes, les réponses cardio-respiratoires et 1’évolution
de I’oxygénation tissulaire en hypoxie des alpinistes de haut niveau ont été évaluées. Onze
alpinistes (A) de haut niveau ont ét¢ appariés a onze sujets sportifs controles (C) selon le
sexe, I’age et le niveau d’entrainement (consommation maximale en oxygéne, VO,max). Les
sujets ont réalisés deux tests d’effort incrémental maximal sur bicyclette, en normoxie et en
hypoxie (fraction inspirée en oxygeéne = 0.12). Des mesures cardio-respiratoires et
d’oxygénation tissulaire (cérébrale et musculaire) ont été réalisées en continues. Les
réponses ventilatoires et cardiaques a I’hypoxie ont été déterminées au repos et durant
I’effort ; la réponse ventilatoire a I’hypercapnie a été déterminée au repos. A 1’effort
maximal en hypoxie, les alpinistes présentaient une diminution semblable aux sujets
contrdles de VO,max (A -39+7%, C -39+£9%), de puissance maximale (A -27+5%, C -
26+4%) et de saturation artérielle pulsée en oxygéne. Cependant, les alpinistes avaient une
réponse ventilatoire inférieure a I’hypoxie (A 1.7+0.5, C 2.6+0.7 L'min™"-%"; p<0.05) et &
I’hypercapnie (A 1.8+1.4, C 3.8+2.5 mL-min™ -‘mmHg™"; p<0.05). Enfin, les alpinistes
présentaient une fréquence respiratoire inférieure, un volume courant supérieur et un index
d’oxygénation musculaire supérieur. Ces résultats suggérent que les alpinistes de haut niveau
ont des réponses ventilatoires et musculaires spécifiques qui pourraient leur conférer un

avantage pour évoluer en haute altitude.
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x. ANNEXES

A. Tables et Figures

Figure 1

Minute ventilation (panel A) and breathing pattern (panels B and C) during exercise in
normoxia and hypoxia. Con, controls; Climb, climbers; N, normoxia; H, hypoxia; 25%N
and 50%N, 25% and 50% of the maximal normoxic power output; Exh H, power output at
exhaustion in hypoxia; Exh N, power output at exhaustion in normoxia; VE, minute
ventilation; Vt, tidal volume; FR, breathing frequency. * Significant difference between

groups (p<0.05); " significant group main effect (p<0.05).
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Figure 2

Hypoxic ventilatory response during exercise. HVR, hypoxic ventilatory response; see
Figure 1 for other abbreviations. * Significant difference between groups (p<0.05); "

significant group main effect (p<0.05).
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Figure 3
Hypercapnic ventilatory response at rest. AVE, changes in minute ventilation from
normocapnia to hypercapnia; APetCO,, changes in end-tidal CO, partial pressure from

normocapnia to hypercapnia. * Significant difference between groups (p<0.05).
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Table 1

Subjects’ characteristics.

Climbers Controls
n=11 n=11
Number of females/males 3/8 3/8
Age (years) 25 (2) 24 (4)
Height (cm) 174 (8) 173 (7)
Weight (kg) 66 (9) 65.7 (7)
Residential altitude (m) 643 (465) 314 (128)
VO,max (mL-min"-kg™) 53.3 (4.6) 51.7 (8.1)

Data are means (SD); VO,max, sea level maximal oxygen consumption.
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Table 2

Cardiorespiratory responses and sensations during exercise.

Rest 25%N 50%N Exh H Exh N
Power Climb 0 83 (15) 151 (29) 216 (36) 298 (57)
output (W) con 0 85 (16) 152 (27) 219 (35) 299 (57)
cimp N 98 (1) 98 (1) 97 (1) 97 (1) 96 (2)
H 86 (5) 73 (7) 69 (7) 68 (6) -
Sp02
(%) c N 97 (1) 97 (1) 97 (1) 96 (1) 96 (2)
on H 85 (5) 75 (5) 73 (6 72 (7 -
cimp N 340(20) 42.0 (3.5) 43.3 (4.3) 42.2 (4.3) 34.0 (3.3)
mbH 33.2(1.9) 34.9 (2.4) 33.4 (2.4) 28.7 (2.2) -
PetCOz
(mmHg) Con N  36.5(3.7) 41.1 (2.1) 41.8 (1.4) 416 (2.2) 31.1 (1.8)
H  34.4(3.3) 35.6 (2.7) 33.4 (2.8) 27.4 (1.4) -
cimp N 73 (11) 114 (13) 145 (12) 171 (15) 192 (11)
HR H 93 (15) 145 (12) 169 (10) 184 (10) -
I
(tmin) c N 65 (13) 109 (11) 136 (12) 163 (11) 186 (11)
oy 88 (17) 136 (13) 160 (12) 177 (10) ;
cimp N 0.1(0.4) 1.1 (0.9) 3.2 (1.5)* 6.2 (1.8)* 9.7 (0.6)
H 0.6 (1.0) 3.5 (1.7) 7.0 (1.4) 9.5 (0.7) -
Dyspnea
con N 0.0 (0.0) 0.5 (1.0) 1.7 (1.5) 4.2 (1.7) 9.1 (1.3)
H 0.2 (0.5) 2.6 (1.3) 5.7 (1.7) 9.7 (0.6) -
cimp N 0.0 (0.0) 1.0 (1.0) 3.4 (1.7)* 6.3 (1.7)* 9.7 (0.6)
H 1.0 (1.5) 3.7 (1.5) 7.3 (1.3) 9.6 (0.7) -
Leg fatigue
c N 0.0 (0.0) 0.4 (0.7) 1.8 (1.4) 4.7 (1.5) 9.0 (1.6)
on -y 0.6 (1.0) 2.9 (1.5) 6.1 (1.7) 9.7 (0.6) -

Data are means (SD); Con, controls; Climb, climbers; N, normoxia; H, hypoxia; 25%N and 50%N,
power output of 25% and 50% of the maximal normoxic power output; Exh H, power output at

exhaustion in hypoxia; Exh N, power output at exhaustion in normoxia; SpO,, arterial pulse oxygen
saturation; PetCO,, end-tidal CO; pressure ; HR, Heart rate * Significant difference between groups

(p<0.05).
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Table 3

Cerebral and muscle NIRS variables during exercise.

25%N 50%N ExhH ExhN
cimp N 3739 4.1 (4.4) 4.8 (3.6) “11.1 (4.1)
5Q-HbO; H  -9.8(6.2) -13.3 (8.2) -20.5 (6.6) -
(umol-L™) con N -3.1 (2.9) 4.2 (3.7) -6.3 (6.3) -8.9 (7.0)
H  -11.8(5.8) -15.5 (7.9) -18.5 (8.6) -
cimp N 01(46) 4.3 (7.4) 7.8(9.2) 10.7 (11.0)
AQ-HHb H 5.8 (6.2) 9.5 (8.7) 15.9 (9.3) )
(umol-L™) con N -0.6 (6.3) 4.1(8.2) 10.1 (12.1) 12.1 (14.0)
ony 8.4 (8.7) 14.1 (11.4) 17.7 (14.3) )
cimp N 38(66) 0.1(6.3) 2.9 (11.3) -0.3 (11.3)
AQ-HbTot H  -4.0(6.1) -3.8 (5.4) 4.6 (7.1) )
-1
(umol-L™) con N -3.7 (5.6) -0.1 (5.9) 3.8 (8.1) 3.2 (11.2)
H  -3.3(56) 1.4 (5.8) 0.8 (8.2) ]
cimp N 15386 5.0 (5.7) 6.2 (6.2)" -10.7 (8.4)
AQTS| H  -88(5.1) -11.9 (6.7)* -18.5 (9.0) ]
(%) con N 1.2(7.2) -6.0 (8.5) 125 (12.8) -13.7 (11.8)
H  -11.6 (7.6) -16.5 (8.7) -18.3 (8.2) )
cimp N 0.8 (2.5) 5.1 (3.3) 8.0 (3.5) 6.9 (3.7)
APFC-HOO; H  -1.4(3.3) 0.1 (5.3) -3.3 (6.5) )
(umol-L™) con N 0.0 (1.7) 2.7 (2.5) 7.6 (3.9) 7.8 (5.5)
H  -3.0(209) -3.0 (3.9) 5.7 (6.4) )
cimp N 0.2 (1.0) 0.0 (1.8) 1.1 (1.4) 4.9 (2.4)
APFC-HHD H 3.3 (2.3) 6.5 (3.2) 9.4 (3.4) )
(umol-L™) con N 0.4 (1.0) 0.0 (1.2) 1.7 (2.0) 6.4 (3.1)
H 3.4 (1.5) 5.7 (1.9) 8.3 (3.0) )
cimp N 1.0 (2.1) 5.1 (3.0) 9.1 (2.8) 11.7 (4.7)
APFC-HETo! H 1.9 (2.1) 6.6 (4.5) 6.2 (8.0) ]
(umol-L™) con N 0.4 (1.3) 2.8 (2.2) 13.5 (4.6) 13.5 (4.6)
H 0.4 (2.0) 2.7 (3.2) 2.6 (8.1) ]
cimp N 1.4 (2.0) 0.7 (3.9) 3.2 (5.4) -11.3 (8.1)
APFC.TSI H  -3.1(3.9) 5.6 (5.5) 15.4 (17.7) ]
(%) con N 0.4 (1.6) 0.6 (2.3) 2.0 (2.7) 11.4 (8.2)
H  -47(25) -8.8 (4.2) 17.5 (12.4)

Data are mean (SD) delta from rest; Con, controls; Climb, climbers; N, normoxia; H, hypoxia ; 25%N
and 50%N, power output of 25% and 50% of the maximal normoxic power output; Exh H, power
output at exhaustion in hypoxia; Exh N, power output at exhaustion in normoxia; PFC, pre-frontal
cortex; Q, quadriceps; HbO,, oxyhemoglobin; HHb, Deoxyhemoglobin; HbTot, total hemoglobin. *
Significant difference between groups (<0.05).
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ALTIPERF Code sujet :
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ALTIPERF Code suyjet :
CONSIGNES DE REMPLISSAGE

Le cahier d’observation doit étre complété de la maniére suivante :

Compléter toutes les sections, si une donnée est manquante, noter « DM » a coté
de la case correspondante.

Ex : Taille : DM
Ecrire sur le cahier d’observation avec un stylo bille, de fagon lisible.

Les corrections doivent étre faites de la facon suivante : rayer 'ancienne donnée
de maniere a ce qu’elle soit toujours lisible, écrire la nouvelle valeur a coté ainsi
que la date de la correction et la signature ou paraphe de l'investigateur ou

responsable scientifique. Ne pas utiliser de blanc correcteur.

Ex: Poids: 45kg 48kg 1817/01/201% ou GM

En cas de modification d’'une page entiere, barrer toute la page d'un grand trait
et remplir une page vierge qui sera datée, signée et insérée dans le cahier

d’observation.

Toutes les cases des en-tétes de page (groupe et initiales sujets; ex: MA GR)
doivent étre renseignées.
En cas de survenue d’évenement indésirable grave, prévenir le promoteur dans

les plus brefs délais et au plus tard dans les 48 heures.

La fiche de consentement du volontaire doit étre impérativement complétée et
signée par le volontaire et 'investigateur préalablement a I'entrée du volontaire
dans l'étude. Un exemplaire est conservé par le volontaire, un autre par

'investigateur.

Le cahier d’observation doit étre impérativement signé par 'investigateur, en

derniére page lors de la sortie d’étude du sujet.
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ALTIPERF

VISITE D’INCLUSION

Lieu : Hopital Sud Grenoble

Date : / /
Heure :
Consentement (date de signature) : / /

Code sujet :

CRITERES D’INCLUSION PRINCIPAUX

Sujets alpinistes

- Age entre 18 et 40

- Pratique de l'alpinisme a haut niveau (national ou
international)

- Sujet bénéficiant d’une couverture de la sécurité sociale

Sportifs de plaine

- Age entre 18 et 40 ans

- Absence de pathologie chronique

-Pratique d'un sport en compétition (niveau régional ou
national)

-Pas d'exposition réguliere a une altitude supérieure a
2000m

(Y

U

U O 00

CRITERES DE NON INCLUSION PRINCIPAUX

Sujets alpinistes

-Pathologies respiratoires, cardio-vasculaires,
neuromusculaires, métaboliques, rénales

- Alcoolisme

-Pathologies psychiatriques ou ATCD de troubles du
comportement

Sportifs de plaine

- Pathologies respiratoires, cardio-vasculaires,
neuromusculaires, métaboliques, rénales

- Alcoolisme

- Pathologies psychiatriques ou ATCD de troubles du
comportement

- Exposition réguliére a une altitude supérieure a 2000m

ooo

U OO0 O
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ALTIPERF Code sujet :

Données générales

Age

Sexe

Poids

Taille

IMC

Pratiques sportives

Sports pratiqués

Nombre d'années de pratique

Nombre d'entrainements/semaine

Nombre d'heures
d'entrainement/semaine

Niveau

Exposition a l'altitude

Date et description de la derniére
exposition >2000m

Altitude max atteinte lors de la derniere
exposition

Durée d'exposition >2000 m lors de la
dernieres exposition

Nombre de jour/an avec altitude
atteinte > 2000m

Altitude lieu d'habitation

Antécédents médicaux et chirurgicaux significatifs
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ALTIPERF

VISITE TEST HOPITAL SUD

Date :
Heure :

/

Code sujet :

Test en normoxie

Temps
(min)

Puissance
(W)

Sa02
(%)

FC VE
(bpm) | (L/min)

V02

(ml/min/kg)

VCO2

(ml/min/kg)

Essoufflement
(EVA)

Fatigue
Jambes (EV

Repos

Effort

30

Lactate

Baseline :
Puissance dernier palier

Epuisement :

terminé :

atteint :

+3 min :

+5 min :

46



ALTIPERF

Code suyjet :

Test en hypoxie (FiO2 = 12%)

Temps
(min)

Puissance
(W)

Sa02
(%)

FC
(bpm)

VE
(L/min)

V02

(ml/min/kg) | (ml/min/kg)

VCO2

Essoufflement
(EVA)

Fatigue
Jambes (E\

Repos
hypoxie
sur vélo

Effort

Lactate

Puissance dernier palier

Baseline :

Epuisement :

terminé :

+3 min :
atteint :

+5 min :
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ALTIPERF

Code suyjet :

Réponses ventilatoires

Temps
(min)

Sa02 (%)

FC (bpm)

VE (L/min)

V02
(ml/min/kg)

VCO2
(ml/min/kg)

Normoxie poikilo

Normoxie hypercapnie

FiCO2

v (b (W N (-

Normoxie poikilo

=

Hypoxie isocapnique

FiO2

v |~ W (N -
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C. Note d’information au participant

DRCI n° 1315 Numéro RCB 2013-A00629-36 version n° S du 15.05.13

NOTE D’INFORMATION AU PARTICIPANT

Document constitué en application du Code de Santé Publique

Investigateur :

Pr. Patrick LEVY
Laboratoire EFCR, CHU de Grenoble
CS 10217
38043 GRENOBLE cedex 9
Tél. : +33 0(4) 76 76 55 16

Promoteur : CHU de Grenoble
Direction de la Recherche Clinique et de I’Innovation, CHU de Grenoble
CS 10217
38043 GRENOBLE cedex 9
Tél. : +33 0(4) 76 76 56 09

Titre identifiant la recherche :

Etude des caractéristiques physiologiques a I’effort et en hypoxie
de I’alpiniste de haut niveau

Le Dr. cooovevenee m'a proposé¢ de participer a une recherche organisée par le C.H.U.
de GRENOBLE portant sur une étude physiopathologique comportant une série
d’évaluations des fonctions cardiovasculaires et respiratoires ainsi que de l'oxygénation
musculaire et cérébrale au repos et a I’effort en respirant I’air ambiant ou un mélange gazeux
appauvri en oxygene simulant 1’altitude.

Il m’a précisé que j’ai le droit de refuser de participer a cette recherche ou de retirer
mon consentement, a tout moment sans encourir aucune responsabilité ni aucun préjudice de
ce fait (article L1122-1 du code de la santé publique). Les données recueillies précédemment
a cet arrét seront utilisées sauf si je ne le souhaite pas. Je suis donc libre d'accepter ou de
refuser. J'ai bien regu et j'ai bien compris les informations suivantes.

Aucun frais ne sera facturé du fait de la participation a cette étude.

BUT DE L’ETUDE

11 s’agit d’évaluer les réponses cardiovasculaires et respiratoires au repos et a l'effort
en situation d'hypoxie (air inspiré plus pauvre en oxygene que l'air ambiant au niveau de la
mer, similaire a I’altitude), ainsi que 1'évolution de 'oxygénation des muscles et du cerveau
dans ces mémes situations. L’objectif de I’étude est d’évaluer les -caractéristiques
physiologiques (adaptation cardiovasculaire et respiratoire, évolution de 1’oxygénation des
muscles et du cerveau) propres aux alpinistes de haut niveau pouvant expliquer leur
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performance et leur tolérance a l'altitude, en les comparant a des athlétes « de plaine », c'est a
dire a des sportifs évoluant a des altitudes basses (inférieures a 2000m).

METHODOLOGIE

Au cours d’une visite préalable dite de sélection, une vérification des critéres d’inclusion
ainsi qu’un examen clinique seront réalisés. L’investigateur vous remettra cette lettre
d’information accompagnée du formulaire de consentement.

Si vous acceptez de participer, une deuxiéme visite aura lieu pour réaliser les tests
expérimentaux consistant pour I’essentiel en deux évaluations a I’effort sur bicyclette.

DEROULEMENT DE L’ETUDE

Cette ¢étude sera donc organisée en deux visites a I’hdpital ; la premicre d'une durée d'une
heure étant la visite d'inclusion, et la deuxiéme d'une durée de 4h étant celle ou seront
réalisés les tests expérimentaux. Le détail des examens réalisés a 1’hopital vous est présenté
ci-apres.

Sur un plan pratique :

Vous serez convoqué pour chaque visite au CHU de Grenoble, a ’'UM Médecine du Sport &
des Activités Physiques de I’Hopital Sud.

Lors de la premiére visite de sélection, 1’étude vous sera présentée en détails et cette notice
d’information vous sera remise. L’investigateur vérifiera a partir d’un questionnaire médical
et sportif les critéres d’inclusion et d’exclusion vous permettant de participer a cette étude.
Un formulaire de consentement vous sera remis que vous devrez rendre signé a
I’investigateur si vous souhaitez participer a cette étude.

Suite a la visite d’inclusion, et aprés vérification de la signature du consentement, une
deuxiéme visite aura lieu pour réaliser i) une consultation de médecine du sport et de
montagne avec un examen clinique comportant un interrogatoire sur tous les antécédents
médicaux, l'auscultation cardio-pulmonaire, une mesure de votre poids, taille, un
¢électrocardiogramme de repos et une mesure de votre pression artérielle, et ii) les tests
expérimentaux consistant en deux tests d’effort en conditions de normoxie et d'hypoxie. Les
résultats des examens médicaux réalisés vous seront communiqués par le médecin de votre
choix.

Cette seconde visite permettra I’évaluation des réponses cardiovasculaire et respiratoire ainsi
que I'étude des modifications de l'oxygénation des muscles et du cerveau au repos et a
l'effort en normoxie et en hypoxie.

Vous réaliserez un premier test d’effort sur bicyclette en respirant un air équivalent a
I’altitude de Grenoble: ce test consiste a pédaler de fagon continue alors que vous respirez
librement dans un embout permettant de mesurer votre souffle. L’intensit¢ de 1’effort
augmentera progressivement et des encouragements verbaux vous seront donnés jusqu’a ce
que vous ne parveniez plus a pédaler. Régulierement au cours de l’effort, il vous sera
demandé d’évaluer sur une échelle de 1 a 10 I’intensité de votre essoufflement et I’intensité
de votre fatigue des jambes.
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Durant le test, une surveillance cardiovasculaire et respiratoire sera effectuée par:
— mesure des échanges gazeux (VO,max),
- enregistrement continu de I'¢lectrocardiogramme (12 ¢électrodes collées sur le corps
et les membres),
— mesure régulicre de la pression artérielle (brassard autour d'un bras),
— mesure continue de la saturation artérielle en oxygeéne (pince a l'extrémité d'un doigt
ou sur l'oreille),
— deux mesures de I'oxygene et dioxyde de carbone sanguins (par prélévement d'une
goutte de sang au lobe de ’oreille).
Des ¢lectrodes seront également positionnées sur votre cuisse et sur votre front de fagon a
mesure la quantité d’oxygene présente. L’ensemble de ces mesures sont indolores et non
invasives. Ce type de test est réalisé quotidiennement au sein du service de Médecine du
Sport du CHU de Grenoble pour le suivi des sportifs.

Aprées une heure de repos, vous réaliserez un second test d’effort sur bicyclette similaire au
premier test d’effort mais avec pour différence le fait que vous respirerez un mélange gazeux
ayant une contenance en oxygene moindre (équivalent au mélange gazeux respiré a 4300m
d'altitude, contenant 12 % d'oxygene).

Lors de ce test, les mémes mesures que celles décrites pour le premier test d’effort seront
réalisées. Ce type de tests en hypoxie est réalisé couramment (plus de 50 tests chaque année)
dans le secteur de Médecine de Montagne du CHU de Grenoble (Dr Bruno Tollenaere et Dr
Anne Favre Juvin) pour le dépistage des ‘bons et mauvais répondeurs a 1’altitude’, ceci pour
I’accompagnement des séjours en haute altitude (trekkings, himalayisme, professionnels...).

BENEFICES

Aucun bénéfice individuel direct n’est attendu. Les tests réalisés vous permettront cependant
de connaitre votre puissance maximale a l'effort et votre tolérance a I'hypoxie.
DUREE DE L'ETUDE
Vous serez inclus dans 1’étude pour une durée de 3 semaines.
Vous étes libre de participer a une autre étude clinique durant votre inclusion dans le présent

projet dans la mesure ou celle-ci n’interfére pas avec cette recherche. Vous pouvez participer
a une autre recherche a ’issue de celle-ci sans aucune période d’exclusion.

CONTRAINTES ET RISQUES

Les contraintes sont celles liées au fait de se rendre deux fois a ’hopital pour réaliser les
différents tests.

Les effets secondaires prévisibles sont :

— des courbatures au niveau du quadriceps du fait du pédalage sur bicyclette,
—des céphalées secondaires a une exposition simulée a la haute altitude.
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Les risques prévisibles sont ceux liés aux tests a I’effort: ces tests sont réalisés par un
médecin et un expérimentateur ou technicien expérimenté. Tres rarement, les tests a I’effort
sont associés a des complications cardiaques ou des baisses de tension qui pourraient étre
graves, et qui sont prévenues par I’application de procédures de surveillance et d’arrét
anticipé de I’exercice strictes. Aucune complication de ce type n’est survenue sur ce lieu de

recherche considéré du CHU de Grenoble, ces tests étant régulicrement pratiqués (1100/an)
dans des situations médicales comparables a celles des participants a cette étude.

PROTECTION DES PERSONNES

Le protocole a été examiné et approuvé par le Comité de Protection des Personnes Sud-Est V
de Grenoble qui a donné son avis favorable le 15 mai 2013

Le CHU de Grenoble a pris toutes les dispositions prévues par la loi sur la protection des
personnes et a souscrit un contrat d’assurance relatif a cette étude aupres de la SHAM
(contrat numéro 135.751).

Vous avez le droit de refuser de participer a cette recherche et vous pouvez retirer votre
consentement a tout moment, sans encourir aucune responsabilité ni aucun préjudice de ce
fait (Art.L.1121-1 du Code de la Santé Publique). Votre accord ou votre refus de participer a
cette étude n’affecteront en aucun votre suivi et vous bénéficierez de la prise en charge
hospitaliere habituelle si nécessaire.

Un exemplaire de cette fiche d’information vous est destiné.

Une information sur les résultats globaux de 1’étude vous sera communiquée a ’issue de
I’étude, soit par I’intermédiaire d’un fascicule-résumé envoyé par courrier, soit lors d’un
entretien en consultation, selon vos préférences et disponibilités.

CONFIDENTIALITE

Compte tenu des nécessités de la recherche et de son analyse ultérieure, les données
recueillies feront 1’objet d’un traitement informatis¢ par le CHU de Grenoble, dans un but
scientifique. La confidentialité sera garantie par le fait que seul un numéro d’anonymat
figurera dans les analyses et documents informatisés et qu’aucune donnée nominative
n'apparaitra. Le fichier informatis¢ utilisé pour la saisie et le traitement des données fera
l'objet d'une déclaration a la Commission Nationale Informatique et Libertés. Conformément
a la loi informatique et liberté, vous disposerez d’un droit d’acces, de rectification et
d'opposition aux données vous concernant. Vous pourrez exercer votre droit de consultation,
de modification ou d’opposition des données vous concernant aupres de I’investigateur ayant
procédé a votre inclusion ou du Pr. LEVY. Vous pouvez également avoir directement acces
aux données médicales vous concernant par I’intermédiaire du médecin de votre choix. Vos
données seront susceptibles d’étre consultées par les personnes diiment mandatées par le
promoteur ou par les autorités de santé, personnes soumises au secret médical.

Pour tout renseignement, vous pouvez contacter :

Pr. Patrick LEVY, Laboratoire EFCR, Hopital Michallon, CHU Grenoble
Tel : 04 76 76 89 56
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FORMULAIRE DE CONSENTEMENT

Investigateurs :
Laboratoire EFCR, CHU de Grenoble
CS 10217
38043 GRENOBLE cedex 9
TéL : +33 0(4) 76 76 55 16

Promoteur : CHU de Grenoble
Direction de la Recherche Clinique et de I’Innovation, CHU de Grenoble
CS 10217
38043 GRENOBLE cedex 9
Tél. : +33 0(4) 76 76 56 09

Titre identifiant la recherche :

Etude des caractéristiques physiologiques a I’effort et en hypoxie
de I’alpiniste de haut niveau

Je reconnais avoir pris connaissance de la fagon dont se déroule I'étude.

L'intérét, la durée et les modalités de cette étude m'ont été présentés par le docteur
............................. qui m'a remis une note d'information.

J'ACCEPTE DE PARTICIPER A CETTE ETUDE DANS LES CONDITIONS PRECISEES
CI-DESSUS

Il m'a été précisé que je suis libre d'accepter ou de refuser et que je serai libre a tout moment
d'arréter ma participation sans encourir de responsabilités ni aucun préjudice de ce fait. J’en
informerai alors le Pr. LEVY. Les données recueillies jusqu’alors pourront étre utilisées
sauf si je ne le souhaite pas.

Les données qui me concernent resteront strictement confidentielles. Je n’autorise leur
consultation que par des personnes soumises au secret professionnel et collaborant a cette
recherche.

Je pourrai a tout moment demander toute information complémentaire aupres des médecins
investigateurs.

J’accepte que les données enregistrées a I’occasion de cette étude puissent faire I’objet d’un
traitement informatisé, aprés 1’anonymat, par le promoteur ou pour son compte. J’ai bien
noté que mon droit d’accés prévu par la loi informatique et liberté s’exerce a tout moment.
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J’ai recu une fiche d’information détaillée. J’ai re¢u copie du présent document, j’ai été
informé(e) qu’une copie sera également conservée par les organisateurs dans des conditions
garantissant la confidentialité, et y consens. J’ai été¢ informé que conformément a la
réglementation sur les études cliniques, le CPP Sud Est V a rendu un AVIS FAVORABLE
pour la réalisation de cette recherche, en date du 15/05/2013.L° Agence Nationale de Sécurité
du médicament (ANSM) a donné son autorisation en date du 24/05/2013.

J'ai pris bonne note que les données que je fournirai seront traitées de facon strictement
anonyme et confidentielle. Je n’autorise leur consultation que par des personnes qui
collaborent a la recherche, désignées par I’organisateur, et par les autorités de santé.

Je pourrai a tout moment demander toute information complémentaire au
Pr. Patrick LEVY

Tel: 04 76 76 89 56

E-mail : plevy@chu-grenoble.fr

Personne se prétant a la recherche Médecin investigateur

Date : Date :

Nom et Prénom : Nom et Prénom :
Signature : Signature :
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E. Serment d’Hippocrate

MIFPCCRATIR HIRACLIDAE ¥ COVS. =
ot Fu murnirs anagusr £ '-;-'-_,‘-;4;-;;\

SERMENT D’HIPPOCRATE

En présence des Maitres de cette Faculté, de mes chers condisciples et
devant |’effigie d’HIPPOCRATE,

Je promets et je jure d’étre fidele aux lois de [’honneur et de la probité dans
[’exercice de la Médecine.

Je donnerai mes soins gratuitement a l’indigent et n’exigerai jamais un
salaire au dessus de mon travail. Je ne participerai a aucun partage
clandestin d’honoraires.

Admise dans [’intimité des maisons, mes yeux n’y verront pas ce qui s’y
passe ; ma langue taira les secrets qui me seront confiés et mon état ne
servira pas a corrompre les meeurs, ni a favoriser le crime.

Je ne permettrai pas que des considérations de religion, de nation, de race,
de parti ou de classe sociale viennent s’interposer entre mon devoir et mon
patient.

Je garderai le respect absolu de la vie humaine.

Méme sous la menace, je n’admettrai pas de faire usage de mes
connaissances médicales contre les lois de |’ Humanité.

Respectueuse et reconnaissante envers mes Maitres, je rendrai a leurs
enfants l’instruction que j’ai regue de leurs peres.

Que les hommes m’accordent leur estime si je suis fidele a mes promesses.

Que je sois couverte d’opprobre et méprisée de mes confreres si j'y manque.
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ALTITUDE, PERFORMANCE ET TOLERANCE : CARACTERISTIQUES
PHYSIOLOGIQUES DES ALPINISTES DE HAUT NIVEAU

Résumé : Les facteurs influengant I’amplitude de perte de performance a I’exercice en altitude et le
développement de pathologies liées a 1’altitude sont incomplétement décrits. Afin de mieux comprendre ces
mécanismes, les réponses cardio-respiratoires et I’évolution de 1’oxygénation tissulaire en hypoxie des alpinistes
de haut niveau ont été évaluées. Onze alpinistes (A) de haut niveau ont été appariés a onze sujets sportifs
controles (C) selon le sexe, I’age et le niveau d’entrainement (consommation maximale en oxygene, VO,max).
Les sujets ont réalisés deux tests d’effort incrémental maximal sur bicyclette, en normoxie et en hypoxie (fraction
inspirée en oxygene = 0.12). Des mesures cardio-respiratoires et d’oxygénation tissulaire (cérébrale et
musculaire) ont été réalisées en continues. Les réponses ventilatoires et cardiaques a I’hypoxie ont été
déterminées au repos et durant ’effort ; la réponse ventilatoire a I’hypercapnie a été déterminée au repos. A
I’effort maximal en hypoxie, les alpinistes présentaient une diminution semblable aux sujets contrdles de
VO,max (A -39+7%, C -39+9%), de puissance maximale (A -27+£5%, C -26+4%) et de saturation artérielle
pulsée en oxygéne. Cependant, les alpinistes avaient une réponse ventilatoire inférieure a I’hypoxie (A 1.7+0.5, C
2.6£0.7 L'min™"-%"; p<0.05) et & I’hypercapnie (A 1.8+1.4, C 3.8+2.5 mL-min" -mmHg™"; p<0.05). Enfin, les
alpinistes présentaient une fréquence respiratoire inférieure, un volume courant supérieur et un index
d’oxygénation musculaire supérieur. Ces résultats suggérent que les alpinistes de haut niveau ont des réponses
ventilatoires et musculaires a I’hypoxie spécifiques qui pourraient leur conférer un avantage pour évoluer en

haute altitude.

Abstract: Factors underlying the amplitude of exercise performance reduction at altitude and the development of
high-altitude illnesses are incompletely understood. To better describe these mechanisms, we assessed
cardiorespiratory and tissue oxygenation responses to hypoxia in elite high altitude climbers. Eleven high-altitude
climbers were matched with eleven non-climber trained controls according to gender, age and fitness level
(maximal oxygen consumption, VO,max). Subjects performed two maximal incremental cycling tests, in
normoxia and in hypoxia (inspiratory oxygen fraction: 0.12). Cardiorespiratory measurements and tissue
(cerebral and muscle) oxygenation were assessed continuously. Hypoxic ventilatory and cardiac responses were
determined at rest and during exercise; hypercapnic ventilatory response was determined at rest. During maximal
exercise in hypoxia, climbers exhibited similar reductions than controls in VO,max (climbers -39+7%, controls -
39+9%), maximal power output (climbers -27+£5%, controls -26+4%) and SpO,. However, climbers had lower
hypoxic ventilatory response during exercise (climbers 1.7+0.5, controls 2.6+0.7 L-min"-%"; p<0.05) and lower
hypercapnic ventilatory response (climbers 1.8+1.4, controls 3.842.5 mL-min™ -mmHg'l; p<0.05). Finally,
climbers exhibited slower breathing frequency, larger tidal volume and larger muscle oxygenation index. These
results suggest that elite climbers show some specific ventilatory and muscular responses to hypoxia that might

confer advantages for climbing at high altitude.
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