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ABSTRACT
VINETTIL G., R. TURNER, A. TABONI, S. RAUCH, P. M. E. SERAGLIO, N. NETZER, G. STRAPAZZON, and H. GATTERER. Car-
diorespiratory Responses to Exercise in Hypobaric versus Normobaric Hypoxia: A Randomized, Single-Blind, Crossover Study. Med. Sci.
Sports Exerc., Vol. 57, No. 3, pp. 632—640, 2025. Purpose: There is controversy whether there are meaningful physiological differences be-
tween hypobaric (HH) and normobaric hypoxia (NH). This study aimed to compare the cardiorespiratory responses to acute HH and NH under

strictly controlled conditions. We hypothesized no differences at rest and during submaximal exercise, whereas during maximal exercise, a

higher maximal ventilation (Vgmay), peripheral oxygen saturation (Sp0O,), and maximal oxygen consumption (VOay,y) in HH than in NH.
Methods: In a randomized, single-blind, crossover design, eight young healthy subjects (three females) were studied in an environmental

chamber in which either the barometric pressure (HH) or the inspired oxygen fraction (NH) was reduced to the equivalent of ~4000 m altitude.

Measurements were taken at rest, and during submaximal (moderate and high intensity) and maximal cycling exercise. Results: All resting

parameters were similar between HH and NH, except for a lower root mean square of the successive R-R interval differences in HH

(P <0.05). SpO, was 2% higher in HH at all exercise intensities (P < 0.05). During submaximal exercise, minute ventilation was similar be-

tween HH and NH. However, HH yielded a 7% lower tidal volume during moderate-intensity exercise (P < 0.05) and a lower respiratory ex-
change ratio during high-intensity exercise (P < 0.01). Vgpax and VO, were 11% and 6% higher in HH, respectively (P < 0.01 for both).
SpO, at maximal exercise was positively correlated with Vimaxs VEmax/VO2maxs and VOyyay. Conelusions: The higher VO, found in HH
than in NH can be attributed to the higher Vg counteracting desaturation at maximal exercise. Conversely, submaximal SpO, improved in

HH through mechanisms other than increased ventilation. These findings are likely due to respiratory muscle unloading in HH, which operated
through different mechanisms depending on exercise intensity. Key Words: EXERCISE PERFORMANCE, F,0,, HEART RATE
VARIABILITY, HIGH ALTITUDE, HYPOBARIC CHAMBER, TERRAXCUBE

mbient hypoxia is characterized by a reduced partial
pressure of O, (P;0,) and can result from a reduction
in either barometric pressure (Pg), termed hypobaric
hypoxia (HH), or the fraction of oxygen in the inspired gas
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mixture (F;O,), termed normobaric hypoxia (NH) (1).
Whether HH and NH elicit the same physiological responses
is controversial (2—7). At rest, lower peripheral oxygen satura-
tion (SpO,) in HH compared with NH was reported (8—11),
along with a lower (8,12) or similar (10) minute ventilation
(Vg). Heart rate (HR) was reportedly higher in HH (8,9) or
similar (10), whereas HR variability (HRV) was either lower
in HH (9) or again similar (11). Adding to the controversy,
others found no physiological differences at all between the
two conditions at rest (1). During submaximal exercise, some
studies reported lower SpO, and higher HR in HH compared
with NH (13,14) or lower Vg (15), results that remain either
unconfirmed or only partially confirmed by others (15-18).
At maximal exercise, theoretical models (19) and experimen-
tal evidence (20) suggest a higher maximal oxygen consump-
tion (VOsmax ) in HH compared with NH, due to improved
maximal ventilation (Vgmay) because of the lower air density.
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However, meta-analytic findings did not detect a statistically
significant difference in VO, max between acute HH and NH
(21). These inconsistent outcomes have been attributed to differ-
ences in the magnitude and/or duration of hypoxia (6,22), in-
spired carbon dioxide partial pressure, humidity and temperature
(6,23), and spontaneous daily Py fluctuations at high altitude (5).

Less discussed confounding factors are related to denitro-
genation kinetics, the “alveolar gas equation effect” and the
use of respiratory valves and tubing. Contrary to NH, in HH
the reduced inspired N, partial pressure promotes tissue denitro-
genation, with excess tissue N, being washed out through the
lungs (24). This transient excess N, exhalation and dilutes the
other alveolar gases, so that alveolar O, and CO, partial pres-
sures (PoO, and P,CO,) are transiently reduced relative to
NH (25), a finding that has been consistently observed during
and immediately after decompression (8,10). After N, equili-
bration, the alveolar gas equation applies,' where the more the
respiratory exchange ratio (RER) deviates from 1.0, the more
the alveolar O, mass balance depends on F,0, (26), resulting,
ceteris paribus, in higher PAO, in HH than in NH the more
the RER is <1.0, and vice versa (27). Finally, breathing through
a three-way valve and the associated tubing has often been per-
formed to administer the normobaric hypoxic mixture and/or to
prevent CO, build-up in the normobaric/hypobaric chamber
(8,10,14) or to connect the subjects to a mixing chamber respi-
rometry system (16). However, this setup increases breathing re-
sistance and dead space (28) and may represent a confounding
factor on ventilatory mechanics of a greater magnitude than the
actual difference between HH and NH itself.

The primary aim of this study was to confirm or challenge
current notions on the differences in cardiorespiratory responses
between acute HH and NH at rest and during exercise by using
a high-quality design. We controlled for the aforementioned
confounders by allowing free breathing of PO,-matched
normobaric and hypobaric ambient air equivalent to ~4000 m
altitude in a randomized, single-blind, crossover fashion. We
hypothesized maximal exercise SpO,, VEmax, and V02 max 1O
be higher in HH than in NH, whereas we did not expect any
difference during rest and submaximal exercise.

METHODS

Participants. Eight healthy individuals (three females)
aged 31 + 5 yr (range, 23-39) who were physically fit
(176 + 6 cm, 69 £ 9 kg, body mass index 22 + 3 kg m ™ (range,
18-27), VO3 max 55.0+ 6.6 mL-kg "min "' (range, 44.7-66.4)
gave written informed consent to participate and completed the
study. They were all nonsmokers, had no history of systemic
disease, and resided at altitudes <1300 m. They were instructed
to abstain from heavy exercise and to match nutrition and fluid
intake during the 48 h (including a light meal 2 h before testing)
and to avoid high-altitude (>2500 m) exposure during the 4 wk
preceding testing sessions. The study was conducted in accor-
dance with the Declaration of Helsinki and was approved by

IPAOZ = PO, PAREI({)Z + F1O; - PACO; - lﬁlégk

the Ethics Committee for Clinical Trials of the Autonomous
Province of Bolzano (No. 92-2020).

Interventions. Tests were performed in a large
(12x6x5 m), well-ventilated (inspired CO, fraction <0.1%)
environmental chamber capable of controlling either Py or
F10, of the ambient air (terraXcube, Bolzano, Italy; 250 m
above sea level). Three identical sessions were performed: the
first in normoxia for familiarization, followed by a session in
HH or NH after 3-10 d. After a 2-wk break, tests were per-
formed in the remaining condition (NH or HH). The order
was randomized, and the participants were blinded to the order.
In the first hypoxic session, Py or F;0, was set to 462.3 mm Hg
(HH) or 13.0% (NH), respectively, whereas in the subsequent
session, F|O, or Py was individually set to match the P;O, of
the first session, accounting for daily variations in atmospheric
pressure. Considering the saturated water vapor pressure at 37°
C (47 mm Hg) (29), this resulted in a P{O, 0f 89.5 2.3 mm Hg
in HH and 89.7 + 2.0 mm Hg in NH (P = 0.579), corresponding
to an equivalent altitude of 4006 + 168 m with the model atmo-
sphere equation (30). Temperature and humidity were kept con-
stant at 21.0°C £ 0.1°C and 40% = 3%, respectively.

After entering in the environmental chamber, the subject was
placed supine on a bed, and during the next 20 min, the cham-
ber either was progressively decompressed to the target Py
(HH) or was progressively flushed with N, to reach the target
FiO, (NH). To ensure participant blinding, decompression
and recompression phases were simulated at the beginning
and the end of the NH session by means of low-amplitude
(~40 mm Hg) decompression—recompression cycles. After
reaching the target Py or F;O,, subjects rested supine for an
additional 25 min, with resting measurements recorded dur-
ing the last 5 min. Then, after a 20-min break, they were
seated on a cycle ergometer (E100; COSMED, Rome, Italy),
saddle height was individually adjusted and recorded, and
they were instructed to start pedaling at a self-selected cadence
>80 min~'. Power output was initially maintained at 60 W for
females and 80 W for males WVGO/SO) for 10 min to ensure
steady-state conditions, and then it was increased every min-
ute by 20 W for males and 15 W for females until exhaustion
(defined as inability to maintain pedaling cadence despite
strong verbal encouragement). Maximal mechanical power
output (VV max) Was calculated as the work rate of the last com-
pleted step plus the fractional duration of the last uncompleted
step multiplied by the power increment (31). To verify the at-
tainment of HR,,, and VO, may, after a 30-min recovery, a
supramaximal verification bout at 105% of W, was carried
out to exhaustion, preceded by a warm-up consisting of 4 min
at 40% Winax and 2 min at 70% W pax.

Measurements. Throughout all sessions subjects wore
an electrocardiograph, a fingertip SpO, monitor on the nondom-
inant hand (WristOx, Model 3150 with 8000SM sensor; Nonin
Medical, Plymouth, MN) and a face mask connected to a porta-
ble breath-by-breath gas exchange analyzer METAMAX® 3B;
CORTEX Biophysik, Leipzig, Germany) that was calibrated ac-
cording to the manufacturer’s instructions. To ensure reliable
SpO, readings, the nondominant hand was kept warm with a
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loose-fitting surgical glove to avoid vasoconstriction, and partic-
ipants were instructed to keep it still and to use only the contra-
lateral hand to grip the ergometer’s handlebar. Oxygen uptake,
carbon dioxide output (V 0, and VCO,, at standard temperature
and pressure, dry air, STPD), respiratory exchange ratio
(VC02 / VO,, RER), Vg (at body temperature and Pg, saturated
with water vapor, BTPS), tidal volume (Vr), respiratory fre-
quency (fr), and end-tidal gas partial pressures (end-tidal oxy-
gen partial pressure (PgrO,) and end-tidal carbon dioxide par-
tial pressure (PerCO,) were recorded. Continuous arterial blood
pressure was measured noninvasively by finger plethysmogra-
phy (Finapres® NOVA; FMS, Amsterdam, the Netherlands)
at rest only. Electrocardiogram and blood pressure waveforms
were sampled at 1 kHz (PowerLab 16/35 and LabChart soft-
ware; ADInstriments, Dunedin, New Zealand).

Data treatment. Cardiorespiratory data were averaged
over the last 5 min of the 25-min supine rest, the 10-min mod-
erate-intensity exercise step (W /80), and the last 30-s of a
fixed, high-intensity step of the incremental test, namely,
165 W for females and 200 W for males (W45 /200)- Peak car-
diorespiratory data were assessed as the highest 30-s average
near the end of the incremental test and the supramaximal ver-
ification bout (indicated with the suffix “max” and “verif,” re-
spectively). For comparison purposes, the predicted VO pax
in hypoxia was calculated by the meta-analytic equation of
Macinnis et al. (21), whose input variables are sea-level \Y%
O3 max normalized per body mass (VO3 ma /kg) and Model
Atmosphere’s equivalent altitude (30). By means of the
CVRanalysis 1.0 software (32), resting baroreflex sensitivity
(BRS) was calculated with the sequence method (33) and rest-
ing HRV with time-domain and spectral analysis. Root mean
square of the successive R-R interval differences (RMSSD),
total power of the R-R spectrum (Ptot), spectral power of the
very low-frequency (VLF; 0.04-0.15 Hz), low-frequency
(LF; 0.15-0.40 Hz), high-frequency (HF, 0.15-0.40 Hz) band,
and the LF/HF ratio were extracted. LF and HF were also
expressed in normalized units (LFnu and HFnu), which repre-
sent their relative value in proportion to Ptot minus VLF.

Statistics. Sample size was calculated to detect a 2% mean
difference in SpO,, assuming a 2% SD of difference, a type I
error of 0.05, and a statistical power of 0.8, resulting in n = 8
matched pairs. Normal distribution of the data was assessed
by means of Shapiro—Wilk test and normal Q-Q plots and
was rejected only for resting BRS, RMSSD, Ptot, and HF,
which are presented as median (interquartile range), whereas
the remaining resting data and all the exercise data are presented
as mean + SD. Resting data were compared between HH and
NH by paired-sample two-tailed #-test if normally distributed
or by Wilcoxon signed-rank test if not. Incremental exercise
data were investigated with two-way ANOVA for repeated
measures to assess the effect of condition (HH or NH) and ex-
ercise intensity (W60 /805 Wies /200, and Wmax) and their interac-
tion. If Mauchly’s test rejected sphericity, the Greenhouse—
Geisser correction was applied. In case of a significant effect
of condition, or condition—intensity interaction, the Sidak mul-
tiple comparison test was performed between HH and NH of

TABLE 1. Parameters at rest in NH and HH.
NH HH P

Effect Size

Sp0, (%) 784+26 79225 0.090 0.30
VO, (L-min™" sTPD) 0.289+0.044 0.291+0.045 0.803 0.06
RER 0.81+0.03 0.81 +0.02 0.241 0.28
Ve (Lmin-! 87ps) 9117 88:15 0328 0.24
Vit (L BTPS) 0.60+0.13 0.59 + 0.1 0.612 0.12
f2 (min™") 15.7 + 41 15443 0.736 0.07
Vg /VO, (BTPS/STPD) 31.5+27 30.1+£26 0.142 0.56

Vg /VCO, (BTPS/STPD) 38.7+3 372+32 0.272 0.48

Per05 (mm Hg) 50.7 £ 2.1 50725 0985 0.01
Pe:C0, (mm Hg) 32718 32619 0898 0.03
HR (min™") 59+ 6 60+5 0.283 0.23
SAP (mm Hg) 118 + 6 167 0572 0.35
DAP (mm Hg) 62+5 6246 0,654 0.15
BRS (ms mm Hg™") 13.3[6.1] 108[96] 0297 0.45
RMSSD (ms) 61 [29] 47 [15]* 0.039 0.74
Ptot (ms?) 3867 [3348]  2449[3052]  0.313 0.40
VLF (ms?) 1653+ 1394  1083:902  0.291 0.49
LF (ms?) 15291254  1413:1131 0790 0.10
HF (ms?) 1062 [1775] 500 [769]  0.945 0.05
LFnu (%) 450208 522197 0213 0.3
HFnu (%) 455+206  395+187 0225 0.30
LF/HF 138+113  194:166  0.164 0.39

*P < 0.05 versus NH.
DAP, diastolic arterial blood pressure; nu, normalized unit; SAP, systolic arterial blood
pressure.

the same intensity, using a single pooled variance when spheric-
ity was met, or computing individual variances for each com-
parison if sphericity was rejected. The effect size was deter-
mined by Cohen’s d (Wilcoxon’s 7 for nonnormally distributed
data) and classified as follows: 0.2—0.4 small, 0.5-0.7 medium,
and >0.8 large (34). The agreement between HR ., and HR ¢i¢
and VO, max and VOoyeir was assessed by Bland—Altman
analysis. Linear regression analysis was applied to selected
variables for which there could be a plausible physiological re-
lationship. The level of significance was set at P < 0.05. The
statistical package Prism 9 (GraphPad Software, La Jolla,
CA) was used.

RESULTS

No significant differences were found between HH and NH
at rest except for RMSSD, which was higher in HH with a me-
dium effect size (Table 1). During exercise, there was a signif-
icant effect of intensity on all investigated variables (P =
0.040 for SpO,, P <0.0001 for all others). The effect of condi-
tion, condition—intensity interaction, and the pairwise compari-
sons between conditions at a given intensity are shown in
Table 2. Although submaximal VO, and Vg were similar be-
tween conditions, SpO, was higher in HH at all intensities
(~2% relative difference) and Wmax, VO, max » and ngax were
higher in HH (Fig. 1) (medium effect size for all). Additionally,
V1 at Wy /80 and RER at Wigs /200 Were significantly lower in
HH compared with NH (medium effect size for both). How-
ever, the relationship between RER and percent VO may utiliza-
tion was similar (Fig. 2). At maximal exercise, fg, VEmax / \Y
07 max , and PO, were also significantly higher in HH com-
pared with NH (medium effect size for all), PzrCO, was lower
(large effect size), whereas RER, Vr, and HR,,.x were similar.
As a consequence, the higher Vemax in HH was obtained
through a higher f (Fig. 3A), and the VO3 pay /HR g ratio
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TABLE 2. Parameters during incremental exercise in NH and HH.

Exercise Condition
Intensity NH HH Effect Size
Power output® " €' (W) Vgy g0 73:10 73+10 —
Wies/o0 187+ 18 187 £ 18 —
W, ~ 238+40  246+38** 0.20
Sp0§ ! (%) Weoeo  76.7£22  782x21* 0.70
W0 745:23 758112 0.71
Wi  749:20  764:20* 0.73
HRC: ! (min~") Weoeo 122217 12115 0.06
Wigsz0 16813 165+ 15 0.20
Wonax 1807 1807 0.05

VO, O (Lmin ' sTPD)  Wegs 142840129 13900163 025
Wigs/m 25050292 24720289 012
Wi 2863+0.460 30410493 037

VO /HR" C*! (mL-beat™) Wepjqp 119222 117222 0.12
Wigsjoo 151226 15228 0.03
Wi 160£30  169:32°* 031
RER" € ! Wepmo  089+0.05 0.88:003 0.18
Wigso 1082005  1.04:006** 069
Wi 1182005 1.18:£0.05 0.02
Ve' O (LminT BTPS)  Wege  428+4.9  422:65 0.12
Wigso 982+176 951+ 16.1 0.18
W 147.8+348  164.1£39** 0.44
VE (L BTPS) Weoeo 1624025 150023 050
Wigsjonp 251£043 240+ 041 0.27
Wi 262:045 262043 0.00
21 (min) Weoeo  27.0%46  285:49 033
Wies/o0 39-8+8 40592 0.09
Wi 564£89  626:102%** 065
Vi/VO," ! (BTPS/STPD) Wepjgp  30.0£28 30329 0.09
Wigsjoo 392251 385155 0.12
W ~ 512£56  535:55* 041
VE/VCO,' (BTPS/STPD) Weojgo 338%30  343:25 0.18
Wigsjzo 361241  368:37 0.16
Woe  433:49  452:36 0.44
Per05 € ! (mm Hg) Weoeo 511227 519:26 0.27
Wigsjonp 603%31  60.3:34 0.01
Wi 06.9%27  684:21* 0.61
PerCOF " C*'(MMmHg)  Wgpe 351226  34.0:20 0.46
Wigsoo 320%35 309232 0.34
Wom  272£22  252:16* 1.07

€ significant effect of condition (HH vs NH), ' significant effect of exercise intensity, ¢ * ' sig-
nificant effect of condition—exercise intensity interaction.

*P<0.05 **P<0.01,and ***P< 0.001 versus NH.

nu, normalized unit; Weo/g0, 60 W for females and 80 W for males; Wgs/200, 165 W for
females and 200 W for males; W .y, maximal power output.

was higher in HH than in NH (small effect size) (Fig. 3B). The
time to exhaustion of the supramaximal verification bout was
106 + 16 s in HH and 112 £+ 19 s in NH (P = 0.455). In both
HH and NH, compared with the incremental test, the
supramaximal verification bout did not show significantly dif-
ferent peak HR (178 £ 6 min~ ' in HH, P =0.130 vs incremental
test, and 179 + 7 min! in NH, P = 0.163 vs incremental test)
and VO, (3.019+ 0.485 L'min_' in HH, P=0.458 vs incremen-
tal test, and 2.841 + 0.481 L'min ' in NH, P = 0.620 vs incre-
mental test), with high agreement regardless of HH or NH
(overall VOoyerit — VOomax bias —0.022 + 0.099 L-min !,
95% limits of agreement —0.216 to +0.172 L-min '; overall
HRyerir — HR e bias —2 + 3 min !, 95% limits of agreement
~7 to +4 min ).

SpO, at maximal exercise was positively related to VEmaX,
both absolute (Fig. 4A) and normalized for VO3 max

(Vemax/ VO max ) (Fig. 4B). VO, s Was positively related
to SpO, at maximal exercise (Fig. 4C). On average, the V
Oomax /kg predicted from the meta-analytic equation (21)
was lower (40.7 £ 2.8 mL-kg "min") than that measured in
HH (44.4 + 6.5 mL-kg "'min" !, P = 0.046) but not in NH
(419 + 6.8 mLkg "min"', P = 0.508) and drifted from the
identity line at high VO, na /kg (Fig. 4D).

DISCUSSION

The main findings of this study are that under fully con-
trolled conditions and matched P;O, corresponding to an
equivalent altitude of ~4000 m, HH and NH elicit similar acute
physiological responses at rest, but with increasing exercise in-
tensity, differences in breathing pattern or mechanics occur,
which can improve SpO, and VO, max in HH.

HH versus NH effects at rest. Our data support that re-
spiratory differences at rest between short-term HH and NH
exposure at an equivalent altitude of ~4000 m are minimal,
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FIGURE 1—SpO,, VE, and VO, as a function of absolute mechanical
power output. Arrow indicates the increase in maximal power output in
HH compared with NH. Open symbols, HH; closed symbols, NH.
*P <0.05, ** P<0.01 versus NH.
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*

55+
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| T T T 1
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FIGURE 2—RER and the ventilatory equivalent for oxygen (Vg / VO,) as
a function of percentage utilization of the condition-specific VO, . The
arrows indicate the shift of the %\702 max in HH compared with NH. The
RER points lie on the same relationship, while the Vg/VO, versus
%VOymax curve is shifted leftward and upward in HH compared with
NH. Open symbols, HH; closed symbols, NH. *P < 0.05, ** P < 0.01,
and *** P <0.001 versus NH.

if existent. The present findings are in agreement with
Faulhaber et al. (18) but contrary to Savourey et al. (8,10),
who showed lower SpO, and arterial PO, and PCO, in HH
than in NH. The latter findings may be explained by the timing
of measurement, as measurements were performed during and
immediately after a rapid decompression, when N, exhalation
in HH is substantial and can dilute alveolar gases (25). Given
the small peak tissue N, outflow of ~10 mL-min~' BTPS” and
its ~24-min half-time (24), our 20-min decompression plus
20-min exposure to the target Py likely ensured that resting al-
veolar N, partial pressure was only ~0.3 mm Hg above, and
resting PO, only ~0.2 mm Hg below, their respective
steady-state values in HH. Therefore, it is not surprising that
we observed similar resting PerO, and SpO, between HH
and NH (Table 1). Conversely, there are two Vg-independent
mechanisms by which resting PO, and SpO, could be even
higher in HH than in NH: 1) the “alveolar gas equation effect”
(27), which, however, yields a PoO, gain in HH of only
+0.2 £ 2.4 mm Hg when inserting the individual resting

"Resulted converting to our Py the value of 15.45 mL'min " reported in (24),
which we assume to be at body temperature and pressure, dry as reported in
the methodological paper of the same research group (53).

P,0,, PrrCO,, RER, and F;0, into the equation, and 2) an in-
creased gas diffusivity induced by hypobaria per se (35),
which could enhance lung diffusion capacity, although this ef-
fect should also be minimal at rest according to our results.
The slightly lower HRV indices in HH compared with NH
are in line with the results of Aebi et al. (9), although less pro-
nounced (only RMSSD significantly differed between condi-
tions in our study), probably because their hypoxic dose was
slightly higher in HH than in NH (P,O, 70 vs 74 mm Hg)
(9). The effect of the breathing pattern can be ruled out as it
was the same in HH and NH. Nevertheless, as respiratory si-
nus arrhythmia and HRV indices are positively related to intra-
thoracic pressure swings (36,37), the decrease in intrathoracic

%k %k %k
1
A 30— frR= 28 40 56 63
1 (mn)/ s
2.8-
2.4
Vr ]
L BTPS
( )20
16— o HH
1 e NH
1.2 ’I ; T ll, /I L) T T I T T T I T L) T I 1
40 80 120 160 200
VE (L min™" BTPS)
% %k %k
. 1
B . VO, /HR =12 1516 17
1804 (ML beaf') / S
160
HR ;
1
(min™) 140
1204
— T T —r—

1 I I
1.2 1.6 2.0 2.4 2.8 3.2 3.6
VO, (L min™! sTPD)

FIGURE 3—A, Relationship between V and V. Dashed lines represent
isopleths for the indicated respiratory frequency (fr), and arrows indicate
the increase in Vg in HH compared with NH. B, Relationship between ex-
ercise HR and VO,. Dashed lines represent isopleths for the indicated V
0O, /HR ratio, and arrows indicate the increase in maximal VO, in HH
compared with NH. For all panels: open symbols, HH; closed symbols,
NH. *P < 0.05, ** P < 0.01, and *** P < 0.001 versus NH.
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FIGURE 4—A and B, At maximal exercise, SpO, increases as a function of maximal minute ventilation, both absolute (V Emax) and normalized for maximal
oxygen uptake (Vema /VO2max ). C, VO3 iz increases as a function of SpO,. D, Relationship between measured and predicted (21) VO3 .5 , With the dashed
line representing the identity line. For all panels: open symbols, HH; closed symbols, NH; gray symbols, group means.

pressure swings by the lower air density may be a plausible
mechanism for the lower HRV in in HH.

HH versus NH effects during maximal exercise.
The agreement between peak HR and VO, during incremental
exercise and the verification bout support maximal effort in
both conditions. These data show that at ~4000 m equivalent
altitude, \702 max Was +6% = 4% higher in HH than in NH
(P < 0.01), with a decline from normoxia of —20% + 3% in
HH versus —24% =+ 5% in NH (P < 0.001). The increase in
Vemx  from NH to HH was even more pronounced
(+11% = 8%, P < 0.01 vs percent difference in VOZmaX),
resulting in an increase in the VEmax /\702maX ratio. These
findings (Fig. 4A-C) are consistent with previous reports,
where a higher Vg, for a given VO, has been consistently asso-
ciated with a higher SpO, and VO, e in ambient hypoxia
(20,38,39), as the operating point lies on the steep part of the
hemoglobin dissociation curve (19). As a result, the meta-
analytic prediction equation of Macinnis et al. (21) agreed with
our group average VO,ma in NH, but systematically
underestimated it in HH, with poor agreement at the individual
level in both conditions (Fig. 4D). Therefore, caution should
be exercised when using regression equations to predict indi-
vidual VOZ max decline in acute hypoxia, especially in HH.

Interestingly, the higher VO, max 1N HH was not accompa-
nied by a higher HR,,,x (Fig. 3B), suggesting that it was not

associated with a greater sympathetic activation or vagal with-
drawal (40). The resulting higher VO5 pax /HRax ratio in HH
(Fig. 3B) could be the consequence of a greater maximal arte-
riovenous O, difference secondary to the greater arterial O,
content, but also of a higher maximal stroke volume resulting
from the higher f; (i.e., more respiratory pump cycles per unit
of time). Another interesting finding is the constancy of max-
imal exercise V1 between HH and NH, with the increase in
VEmax entirely driven by fi (Fig. 3A). This finding, however,
cannot be easily interpreted within existing models for the dif-
ferential control of fz and Vr, as these models mostly apply to
normobaric normoxic environments (41).

HH versus NH effects during submaximal exercise.
Contrary to previous reports of unchanged or lower SpO, in HH
compared with NH during submaximal exercise (13,15,18), we
found a slightly higher SpO, in HH despite similar V. However,
studies reporting lower SpO, in HH relied on natural altitude
ascent or investigated prolonged exposure to altitude (13,15),
where it is more difficult to match the time of exposure and
environmental/psychological conditions.

The “alveolar gas equation effect” could partially explain
SpO, differences during moderate exercise (Wi /80), as RER
was <1.0. In fact, inserting the individual moderate-exercise
P,0,, RER, and Pg1CO, into the equation yields a P,O, gain
in HH of +1.1 £ 1.5 mm Hg (P = 0.078). Accordingly, the
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measured PrrO, gain in HH during moderate exercise, although
not statistically significant, was of similar magnitude and direction
(+0.7 £ 1.4 mm Hg) and highly correlated with that of P,O,
(R* = 0.94). The “alveolar gas equation effect” is, however, nil at
the high-intensity step (W5 /200) as the RER was close to 1.0.
The reduced air density could have led to improved SpO, in
HH via several mechanisms other than an increase in VE both
during moderate- and high-intensity exercise. First, as
discussed previously, the increased gas diffusivity in HH
could have enhanced O, diffusion (35). Second, the reduced
work of breathing and diaphragm fatigue might have allowed
a higher fraction of the cardiac output to be delivered to loco-
motor muscles (42), resulting in higher mixed venous O, con-
tent and, at the same ventilation/perfusion ratio, arterial O,
content. Third, the reduced airway resistance, as well as our
observed lower V1 compared with NH, could attenuate intra-
thoracic pressure swings in HH, which has been demonstrated
to decrease venous return and cardiac output (43). Since lung
diffusion limitation (44) and right-to-left shunt (45) occur even
during light exercise in ambient hypoxia, a reduced cardiac
output is theoretically beneficial for SpO, in this setting due
to the increase in lung capillary transit time and reduced shunt
blood flow. Interestingly, hypobaria per se, both in normoxia
and hypoxia, was associated with lower cardiac output at
100 W and lower intrapulmonary shunt at any exercise inten-
sity (46). The effect of air density on the work of breathing,
and therefore on the competition for blood flow between respi-
ratory and locomotor muscles, is even more important during
high-intensity exercise (42). At this intensity, O, delivery be-
comes critical, and further small impairments in locomotor
muscle perfusion enhance anaerobic lactic metabolism (47).
This was the case in the W45 /200 Step, where RER was higher
in NH compared with HH, while Vg /VCO, was similar, indi-
cating greater lactic acidosis in NH. It is worth noting that, due
to the higher Vszax in HH, W s /200 corresponded to
82% =+ 8% of VOymax in HH and 88% =+ 7% in NH
(P < 0.001), and when this is accounted for, the differences
in RER disappear, whereas those in ventilation are amplified
(Fig. 2). Thus, hyperventilation was higher for a given level
of metabolic acidosis in HH compared with NH. The
acidosis-induced rightward shift of the hemoglobin dissocia-
tion curve may therefore be an additional explanation for the
lower SpO, during the Wies /200 step in NH.
Methodological considerations. The present study has
several methodological strengths. Unlike others (8,10,14), we
did not use respiratory valves and tubing systems, ensuring
minimal perturbation of the ventilatory pattern, while still me-
ticulously matching all environmental conditions, particularly
P;0,. Furthermore, our measurements followed a fixed and
consistent timing from the start of the simulated ascent,
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