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Introduction: The most effective treatment for high altitude sickness is
prompt descent. However, rapid descent is sometimes impossible and
alternative solutions are desirable. Supplemental oxygen at ambient
pressure and hyperbaric oxygen in a hyperbaric tent have both been
demonstrated to improve symptoms and increase arterial oxygenation
(SaO2) in those with high altitude sickness; however, their use in com-
bination has not previously been described in a controlled study.
Methods and Results: In this feasibility study, the SaO2 of six healthy,
well-acclimatized participants rose from 76.5 to 97.5% at 4900 m and
72.5 to 96.0% at 5700 m following the administration of oxygen via a
nasal demand circuit (33 ml of oxygen per pulse) inside a hyperbaric tent
(107 mmHg above ambient barometric pressure) (p � 0.05). This con-
trasted with an increase in SaO2 to 89.5% at 4900 m and 86.3% at
5700 m with only supplemental oxygen and an increase in SaO2 to
92.8% (4900 m) and 90.5% (5700 m) with only hyperbaric exposure. In
addition, combining treatments also resulted in an increase in tidal
volume (29.0 and 31.0%) and minute ventilation (12.0 and 23.0%)
together with a fall in heart rate (15.0 and 17.0%) at 4900 and 5700 m,
respectively. No significant differences in heart rate, tidal volume,
minute ventilation, SaO2, or respiratory rate were seen when hyperbaric
treatment and supplemental oxygen were directly compared.
Conclusions: In healthy, well-acclimatized subjects the combination of
hyperbaric exposure and supplemental oxygen has a noteworthy effect
on physiological parameters at high altitude. Awareness of this knowl-
edge may enhance the treatment of patients with life-threatening high
altitude sickness.
Keywords: hypoxia, altitude sickness, mountaineering, hyperbaric ther-
apy, supplemental oxygen.

ALTHOUGH A NUMBER of therapeutic options are
now available for the treatment of high altitude

sickness, the most effective treatment remains prompt
descent (5,6). However, in a remote mountainous set-
ting, this may prove impractical for individuals too sick
to descend under their own power and, therefore, al-
ternatives are often desirable. One approach which has
been shown to offer a consistent benefit to those with
acute mountain sickness, high altitude pulmonary
edema, and high altitude cerebral edema is to increase
the partial pressure of inspired oxygen (PiO2). This can
be done by either increasing the fraction of inspired
oxygen (FiO2) with supplemental oxygen or the baro-
metric pressure (PB) with hyperbaric treatment (e.g., the
“Gamow Bag”) (3,4,10). Despite the potential availabil-
ity of both treatments at high altitude, their use in
combination has only been described once in the med-

ical literature (3). Using healthy, well-acclimatized
mountaineers, this feasibility study attempted to take
the first step in showing that combination therapy can
be used successfully in a remote field setting to manip-
ulate cardiac and respiratory parameters.

METHODS

This project was completed with ethical approval
from University College London and all subjects pro-
vided written, informed consent.

Subjects

Six healthy male mountaineers from the 2005 Xtreme
Everest Expedition to Cho Oyu underwent testing at
Chinese Base Camp 4900 m above sea level (433–435
mmHg) and at Advanced Base Camp 5700 m above sea
level (386–388 mmHg) following a 3-d period of accli-
matization at each site. Height (cm), bodyweight (kg),
and age (yr) of the subjects (mean � SD) was 178.8 �
3.7, 78.2 � 5.3, and 32.2 � 6.7, respectively. The subjects
were asked to report any symptoms of altitude (or
other) sickness prior to testing. No such symptoms
were reported in any of the volunteers who took part
and all were able to tolerate the testing to completion.
All subjects were born, and normally reside, at low
altitude. None of the subjects had ventured to high
altitude during the previous 6 mo.

Procedure

Each test was completed in the supine position and
lasted for 2 h. The test period was divided into four
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consecutive 30-min stages with data collected continu-
ously. The final 10 min of each stage were used for
analysis. The test stages were: Stage 1—breathing am-
bient air; Stage 2—breathing ambient air and supple-
mental oxygen; Stage 3—breathing air inside an in-
flated hyperbaric tent; Stage 4—breathing air and
supplemental oxygen inside an inflated hyperbaric tent.
All stages were completed in daylight hours in a spa-
cious tented structure. The temperature inside the hy-
perbaric tent was not recorded.

The variables that were manipulated in this study
included altitude, supplementary oxygen use, and hy-
perbaric exposure. The outcome variables in this study
were arterial blood oxygen saturation (SaO2), heart rate
(HR), tidal volume (VT), respiration rate (RR), and
minute ventilation (VE).

Instrumentation

The LifeShirt� System (Vivometrics, Ventura, CA),
hereafter referred to as “sensor garment,” is an ambu-
latory, multi-sensor, continuous monitoring system that
was used to collect data on SaO2 via an ear-clip oximeter,
pulmonary function (VT, RR, VE) via respiratory induc-
tive plethysmography (16), and electrical activity of the
myocardium via 3-lead electcocardiography. The sen-
sor array of the garment is embedded in a sleeveless
undergarment made of Lycra material that fits snugly
against the skin and can be worn comfortably for ex-
tended periods. Sensors for monitoring a variety of
pulmonary signals are embedded in this shirt. Prior to
each use, the sensor garment system was calibrated
using a fixed bag volume provided by the manufac-
turer. An onboard digital logger continuously en-
crypted and stored the subject’s physiological data on a
compact flash memory card. Proprietary PC-based soft-
ware was used to decrypt and process the recorded
data.

Equipment

The supplemental oxygen was delivered through a
nasal demand breathing system (PD 110, Summit Oxy-
gen, Fleet, Hampshire, UK). This system consists of a
nasal cannula attached to a battery operated pulse dose
meter which releases oxygen from a pressurized cylin-
der when a fall in pressure is sensed along the nasal
cannula. A dial on the regulator controlled the volume
of oxygen delivered in each pulse. For this experiment
the dial was set to deliver a pulse of 33 ml of oxygen
into the nasal cavity at the start of each breath.

The nasal demand system and oxygen cylinders were
manufactured and tested to UK safety specifications.
The accuracy of the pulse dose was confirmed by man-
ufacturer’s tests prior to departure and following the
return of the system to the UK. Although the accuracy
of the system’s pulse dose had been previously con-
firmed in manufacturer’s tests at high altitude, it was
not possible to accurately measure the pulse dose dur-
ing this study.

The same hyperbaric tent (PAC, Treksafe, NSW, Aus-
tralia) was used throughout the experiment (Fig. 1).
Once the participant was inside, the tent was inflated to

107 mmHg (14 KPa) above atmospheric pressure. This
was confirmed by readings taken regularly from a dig-
ital barometer placed inside the chamber (Huger Field
Syscom II, Oregon Scientific, Tualatin, OR). In order to
maintain safe levels of oxygen and carbon dioxide
(CO2), the supplied foot pump was used in accordance
with operator’s instructions and the fraction of inspired
oxygen was measured by a temperature-compensated
oxygen fuel cell sensor placed inside the tent (Teledyne
Sensor, Viamed, W. Yorks, UK). Unfortunately the cap-
nography device used inside the chamber malfunc-
tioned at both sites and, therefore, concentrations of
CO2 were not obtained.

Data Analysis

Data are reported as the mean � SD. Statistical sig-
nificance was established at p � 0.05 a priori. SPSS
statistical package version 11.5 was used for analysis.
Variables from each altitude were analyzed via a 1-way
ANOVA. “Stage” was used as the independent variable
for the ANOVAs, and the mean values of the last 10 min
of each stage were the inputs for the analysis. Where it
was determined that statistically significant differences
existed among group means, Tukey HSD was used for
post hoc multiple comparison testing in order to deter-
mine at which treatment levels the means actually dif-
fered.

RESULTS

In healthy, well-acclimatized mountaineers resting at
4900 m and 5700 m, the addition of supplemental oxy-
gen (Stage 2) increased SaO2 by 17% and 16% (p �

Fig. 1. The portable hyperbaric chamber used for this experiment.
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0.001), respectively, while the use of the hyperbaric tent
(Stage 3) increased SaO2 by 21% and 20%, respectively
(p � 0.001). When both modalities were combined
(Stage 4), the SaO2 increased by 27% and 32% at the two
altitudes studied. This difference was found to be a
significant improvement on the SaO2 achieved during
Stages 2 and 3 (p � 0.05).

Significant increases in both VT and VE were found
when treatments were combined (Stage 4) (Table I). At
4900 m VT increased by 29% (p � 0.05), while at 5700 m
a 31% increase was noted. Although the increase did
not reach significance at 5700 m, it is evident that a
trend is clearly visible (Table I).

At 5700 m, a 15% fall in HR was seen when supple-
mental oxygen was used inside the hyperbaric tent
(Stage 4) (p � 0.05). Although a similar fall was noted at
4900 m (17%), this did not reach statistical significance
(Table I). No significant changes in RR were noted
across the four stages of the experiment at either alti-
tude (Table I). There was no significant difference in
SaO2, HR, VE, VT, or RR when the nasal demand supple-
mental oxygen circuit (Stage 2) and the hyperbaric
(Stage 3) exposure were compared directly at either of
the altitudes studied in this experiment (Table I). At no
point during the experiment did the FiO2 deviate signif-
icantly from 0.21.

DISCUSSION

In remote, mountainous regions, a range of safe ther-
apeutic options should ideally be available which can
relieve alveolar hypoxia and hence restore normal lev-
els of SaO2. The results of our study support previous
work which has demonstrated clear improvements in
SaO2 when supplemental oxygen (7,8,13) and hyperbaric
exposure (9) are administered independently to healthy
volunteers at high altitude. In addition, our results also
demonstrate that when used in combination, these
treatments significantly increase SaO2 levels. A fall in

HR can also be seen in our data, reflecting improve-
ments in arterial oxygenation. To the best of our knowl-
edge, this combination has only been previously de-
scribed in case report form (3). From the experience of
the authors, it is clear that such an approach has not
seen considerable use in the field. Two reasons may
explain this: 1) the limited availability of supplemental
oxygen at high altitude; and 2) a perceived increase in
fire risk when using supplemental oxygen inside the
hyperbaric tent.

A solution to both of these factors may lie in the use
of a demand oxygen system inside the hyperbaric tent.
At present, continuous flow systems are widely used in
the Himalayas for high altitude mountaineering. Al-
though these devices have an established track record
at altitude, they can be highly inefficient, delivering a
constant stream of oxygen throughout the respiratory
cycle. In contrast to this, the demand system is designed
to deliver oxygen only during inspiration. These cir-
cuits are now widely used in patients with chronic
obstructive pulmonary disease, where oxygen use can
be reduced by 31–56% during rest and sleep without a
fall in SaO2 (1,11,19). However, during exercise, the per-
formance of certain demand devices can deteriorate,
with significant falls in SaO2 and increases in oxygen use
being noted (15). Although this tends not to occur in
systems which deliver oxygen at a high flow rate dur-
ing the early phase of inspiration (as in the nasal de-
mand system used in this study), it would be mislead-
ing to conclude from this paper that the circuit’s
performance would be similar at higher levels of ven-
tilation (2). This is an important factor to consider when
making comparisons between the two treatments used
in this experiment. In resting participants, we were
unable to identify any differences in SaO2, VE, HR, VT, or
RR between the use of the hyperbaric tent and the nasal
demand system (delivering 33 ml of oxygen per pulse)
when used separately. However, this should not imply

TABLE I. MEAN � SD VALUES OF THE ARTERIAL SATURATION OF OXYGEN (SAO2), HEART RATE (HR), TIDAL VOLUME (VT),
RESPIRATORY RATE (RR), AND MINUTE VENTILATION (VE) IN SIX HEALTHY RESTING PARTICIPANTS AT 4900 M AND 5700 M.

Stage

1 2 3 4

Supplemental Oxygen No Yes No Yes
Hyperbaric Exposure No No Yes Yes
SaO2 (%)

4900 m 76.5 � 3.9 89.5 � 4.7* 92.8 � 1.3* 97.5 � 1.0*†
5700 m 72.5 � 3.4 86.7 � 5.6* 90.5 � 1.6* 96.0 � 1.3*†

HR
4900 m 72.0 � 10.7 67.8 � 9.8 65.7 � 7.5 61.3 � 6.6
5700 m 73.3 � 5.5 70.8 � 3.4 65.5 � 3.8†† 62.8 � 2.2*†

VT (mls)
4900 m 715.0 � 153.1 734.2 � 102.9 794.4 � 88.4 923.3 � 124.0††
5700 m 777.5 � 208.2 788.6 � 197.7 909.8 � 177.2 1018.7 � 241.9

RR
4900 m 21.0 � 3.1 19.9 � 3.4 20.2 � 3.2 18.2 � 3.3
5700 m 21.8 � 2.9 22.2 � 2.7 21.5 � 1.9 20.3 � 3.6

VE (L � min�1)
4900 m 15.0 � 1.7 14.6 � 0.9 15.9 � 1.1 16.8 � 2.0
5700 m 16.9 � 2.3 17.5 � 1.5 19.6 � 1.0 20.7 � 2.5

* Represents a significant difference at the p � 0.001 level compared to stage 1; † represents a significant difference at the p � 0.01 level compared
to stage 2; †† represents the significant difference at the p � 0.05 level compared to stage 1.
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that both would work equally well in those with high
altitude pulmonary edema or other conditions that
present with high levels of ventilation. Only by under-
taking trials in this population can the true performance
of the demand circuit be understood. Nevertheless, our
results demonstrate clear physiological changes in
healthy, well-acclimatized mountaineers with the si-
multaneous use of both systems.

The small volume of oxygen delivered by the de-
mand system also has an important influence on the
risk of fire within the hyperbaric tent. According to
West (17), work conducted by the National Fire Protec-
tion Association has demonstrated that a fall in burning
rate occurs at altitude that is due to the low partial
pressure of oxygen being present. An increase in burn-
ing rate can be approximated from the equation 23.5/
P0.5 where P is the total pressure as a fraction of sea-
level pressure. Therefore, at sea level an increase in
burning rate occurs when the oxygen concentration rises
above 23.5%, while at an altitude of approximately 3000 m
(the result of increasing PB by 107 mmHg inside the hy-
perbaric tent at 4900 m) the burning rate only increases
when the oxygen concentration rises above 28% (18). Even
at high respiratory rates, pulses of 33 ml of oxygen will
only have a small effect on the overall concentration of
oxygen inside a hyperbaric tent (which has a capacity of
more than 400 L and is constantly being replaced with
fresh air). This was confirmed by measurements obtained
from an oxygen fuel cell inside the hyperbaric tent during
tests at both altitudes. On each occasion, the fraction of
oxygen expressed as a percentage inside the tent did not
deviate from 21%. Nevertheless, the placement of an ox-
ygen analyzer inside the hyperbaric tent would provide
useful reassurance to those who were concerned about
this potential issue.

At 4900 m, the improvements seen in SaO2 were ac-
companied by a significant increase in VT (and an ac-
companying rise in VE that did not reach statistical
significance) in all six participants. In their landmark
paper, Gamow et al. demonstrated a steady rise in CO2
(0.56–0.97%) after approximately 1 h inside a hyper-
baric tent of similar dimensions to that used in our
experiment (4). Although there is significant inter-
individual variation in the change in minute ventilation
following exposure to CO2, it is possible to approximate
this increase by using the formula:

�V̇E � �%CO2�/4.

Here, �V̇E is the proportional increase in VE and
%CO2 is the percentage of CO2 present in inspired air
(14). Taking Gamow et al.’s mean value of 0.737% as an
estimate of CO2 inside the tent, the VE can be calculated
to increase by approximately 18%. This increase is con-
sistent with those seen in our experiment at 4900 m
(12%) and 5700 m (23%). Using pulse oximetry and near
infrared spectrometry, Imray et al. have demonstrated
that removing CO2 inside the hyperbaric tent by insert-
ing a soda lime scrubber has a deleterious effect on
regional cerebral oxygenation (rSO2) and SaO2 at alti-
tudes up to 5005 m (9). Indeed, inspiring 3% CO2 has
been shown to significantly increase rSO2 and SaO2 at
4680 m, however, no recording of the VE had been made
(8). Unfortunately, due to the malfunction of our ana-

lyzer, we were unable to measure CO2 directly during
our experiment. Accurate measurement of CO2 levels is
a noteworthy problem at high altitude as the low den-
sity of ambient air impairs calibration and limits the
entrainment of gas into the capnograph (12). Neverthe-
less, the rise in VT, VE, and SaO2 seen in these circum-
stances may point toward the existence of a respiratory
stimulant such as CO2 being present.

The results from our study have a number of signif-
icant limitations. Most importantly, only a small group
of healthy, well-acclimatized participants were studied
in a non-randomized treatment order that occurred
without washout periods between stages (thereby risk-
ing an order effect). Secondly, the absence of capnog-
raphy and temperature measurement makes it impos-
sible to say unequivocally that a rise in temperature or
CO2 concentration plays important parts in altering
respiratory or cardiovascular parameters in this present
study. But nevertheless, the marked increase in arterial
oxygen saturation seen in healthy subjects exposed to a
combination of hyperbaric pressure and supplemental
oxygen emphasizes the potential benefits of dual
therapy.

Although much has been done to educate and inform
the growing number of people who spend time at alti-
tude, the unpredictable nature of high altitude sickness
is a guarantee that life-threatening situations will con-
tinue to occur in this environment. While fatalities con-
tinue to take place at high altitude despite the availability
of either supplemental oxygen or portable hyperbaric
treatment, further investigation into their combined use is
warranted. This feasibility study suggests that the com-
bined use of supplemental oxygen and portable hyper-
baric exposure is worthy of further investigation in both
healthy subjects and those suffering from life-threatening
episodes of altitude sickness.
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