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Background

Acute mountain sickness occurs in some unacclimatized persons who travel to terres
trial altitudes at which barometric pressures are the same as those in commercial 
aircraft during flight. Whether the effects are similar in air travelers is unknown.

Methods

We conducted a prospective, single-blind, controlled hypobaric-chamber study of adult 
volunteers to determine the effect of barometric pressures equivalent to terrestrial alti-
tudes of 650, 4000, 6000, 7000, and 8000 ft (198, 1219, 1829, 2134, and 2438 m, respec-
tively) above sea level on arterial oxygen saturation and the occurrence of acute 
mountain sickness and discomfort as measured by responses to the Environmental 
Symptoms Questionnaire IV during a 20-hour simulated flight.

Results

Among the 502 study participants, the mean oxygen saturation decreased with in-
creasing altitude, with a maximum decrease of 4.4 percentage points (95% confidence 
interval, 3.9 to 4.9) at 8000 ft. Overall, acute mountain sickness occurred in 7.4% of 
the participants, but its frequency did not vary significantly among the altitudes 
studied. The frequency of reported discomfort increased with increasing altitude and 
decreasing oxygen saturation and was greater at 7000 to 8000 ft than at all the lower 
altitudes combined. Differences became apparent after 3 to 9 hours of exposure. Per-
sons older than 60 years of age were less likely than younger persons and men were 
less likely than women to report discomfort. Four serious adverse events, 1 of which 
may have been related to the study exposures, and 15 adverse events, 9 of which were 
related to study exposures, were reported.

Conclusions

Ascent from ground level to the conditions of 7000 to 8000 ft lowered oxygen satu-
ration by approximately 4 percentage points. This level of hypoxemia was insufficient 
to affect the occurrence of acute mountain sickness but did contribute to the in-
creased frequency of reports of discomfort in unacclimatized participants after 3 to 
9 hours. (ClinicalTrials.gov number, NCT00326703.)
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A commonly encountered but gener-
ally unrecognized exposure to moderate 
altitude (6500 to 8000 ft [1981 to 2438 m]) 

occurs during commercial f light. Although the 
cabins of commercial aircraft are pressurized to 
protect occupants from the very low barometric 
pressures at f light altitudes, sea-level pressure 
(760 mm Hg) is not maintained. Instead, aircraft 
are designed to maintain cabin pressure at a level 
no lower than 565 mm Hg (equivalent to an alti-
tude of 8000 ft) when the airplane is at its maxi-
mum operating altitude.1 Higher levels of pres-
surization decrease the energy available for 
other aircraft systems, reduce the operational life-
time of aluminum airframes, and necessitate in-
creased structural weight, resulting in decreased 
fuel efficiency.

Some unacclimatized persons who travel to 
terrestrial altitudes above 6500 ft experience acute 
mountain sickness, a self-limited syndrome char-
acterized by symptoms of headache, nausea, vom-
iting, anorexia, lassitude, and sleep disturbance.2 
The prevalence of acute mountain sickness in-
creases with the altitude attained, the rate of as-
cent, and the presence or absence of a history of 
acute mountain sickness.2-8 Although the patho-
physiology of acute mountain sickness is not com-
pletely understood, hypobaric hypoxia is thought 
to play a predominant role,9 and the severity of 
symptoms is inversely related to arterial oxygen 
saturation.4,10

Some passengers on long commercial f lights 
experience discomfort characterized by symptoms 
similar to those of acute mountain sickness.11,12 
The symptoms are often attributed to factors such 
as jet lag, prolonged sitting, dehydration, or con-
tamination of cabin air.13 However, because baro-
metric pressures in aircraft cabins are similar to 
those at the terrestrial altitudes at which acute 
mountain sickness occurs, it is possible that some 
of the symptoms are related to the decreased par-
tial pressure of oxygen and are manifestations of 
acute mountain sickness.14

Although immobility may contribute to passen-
gers’ discomfort,15 exercise may not be beneficial. 
Exercise reduces arterial oxygenation,16 which can 
increase the frequency and severity of acute moun-
tain sickness17 and affect sensory perception and 
psychomotor performance.18

We conducted a prospective, single-blind, con-
trolled study to determine the effect of baromet-

ric pressures equivalent to terrestrial altitudes of 
up to 8000 ft on oxygen saturation and the occur-
rence of acute mountain sickness and discomfort 
in volunteers selected to represent commercial 
airline passengers during a simulated 20-hour 
f light. Secondary objectives were to determine 
the effect of exercise at these altitudes on discom-
fort and the effect of altitude on sensory and 
psychomotor performance.

Me thods

The study protocol was approved by the institution-
al review boards of Oklahoma State University and 
the Boeing Company before the recruitment of 
volunteers began. All volunteers gave written con-
sent to participate after being informed of the 
study’s purpose, procedures, and inherent risks 
and benefits. Data collection began on October 
26, 2002, and ended on April 22, 2003. The study 
was funded by the Boeing Company. The data 
were held jointly by the Boeing Company and 
Oklahoma State University under a data-confi-
dentiality agreement. Two of the authors, both 
employees of Boeing, performed the statistical 
analysis. All authors contributed to the design, 
interpretation, and preparation of the manuscript 
and attest to the accuracy and completeness of 
the information reported.

Study participants

Volunteers between 21 and 75 years of age who had 
not been at altitudes above 4000 ft (1219 m) and 
had not traveled by commercial airplane for more 
than 3 hours in the preceding month were recruit-
ed from the general population of the greater Tulsa, 
Oklahoma, area (altitude, 650 ft [198 m]). Equal 
numbers of men and women were selected so that 
their age distribution was similar to that of com-
mercial airline passengers (unpublished data). All 
participants were medically evaluated to exclude 
those with acute or chronic conditions that could 
increase the risk of harm from exposure to high 
altitudes (see Table MI of the Supplementary Ap-
pendix, available with the full text of this article 
at www.nejm.org).

Test Conditions and Equipment

The study was conducted in a hypobaric chamber 
(C.G.S. Scientific) (see the Methods section of the 
Supplementary Appendix). Environmental temper-
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ature, relative humidity, and altitude were recorded 
continuously during the test sessions. The altitudes 
investigated were sequentially selected by means of 
an algorithm designed to minimize the number 
of test sessions (see Fig. M1 of the Supplementary 
Appendix). The altitudes were 650 ft (ground level, 
198 m; barometric pressure, 742 mm Hg), 4000 ft 
(1219 m, 656 mm Hg), 6000 ft (1829 m, 609 
mm Hg), 7000 ft (2134 m, 586 mm Hg), and 
8000 ft (2438 m, 565 mm Hg).

Each participant took part in only one test ses-
sion. A maximum of 12 participants, balanced 
with respect to age and sex, were assigned to each 
session. We did not consider familial and social 
relationships when making the assignments. 
The altitude for each session was randomly se-
lected from those under consideration, and partic
ipants were unaware of the selected altitude.

At the beginning of each session, the chamber 
was depressurized at a rate of 500 ft (152 m) per 
minute to the target altitude, which was main-
tained for 20 hours, the maximum anticipated 
length of nonstop commercial f lights. After 20 
hours, the chamber was repressurized to ground-
level altitude at a rate of 350 ft (107 m) per minute. 
These are the rates of change in pressure that are 
commonly used in commercial aviation. To main-
tain blinding, brief depressurization and repres-
surization were performed at the beginning and 
end of the sessions testing ground-level altitude.

Test sessions began at 10 a.m. and ended at 
6 a.m. the next day. Meals and snacks were pro-
vided, but participants were allowed to bring food 
and medications. Alcohol consumption and tobac
co smoking were prohibited. Participants spent 
most of the time in assigned coach-class airplane 
seats but were encouraged to walk or stand when 
not involved in a particular test activity. They 
had unrestricted access to toilet facilities within 
the chamber. Five commercial movies were played 
in an unvarying sequence and time schedule on 
in-chamber VCRs, and audio headsets were provid
ed. Viewing was optional. A sleep period extended 
from 11 p.m. to 5 a.m., during which lights were 
dimmed and interaction with participants was lim-
ited to a single oxygen-saturation measurement.

During hours 1 through 9 of every test session, 
five randomly selected participants between the 
ages of 21 and 60 years exercised by walking on 
a horizontal treadmill at a rate of 3.0 mi (4.8 km) 
each hour for 10 minutes per hour.

Outcome Measures

Using a pulse oximeter (Nellcor N-20E), we mea-
sured arterial oxygen saturation before depressur-
ization; at 1, 3, 5, 7, 9, 11, 13, 16, and 19 hours 
after depressurization; and during the first and sec-
ond hours after repressurization. For participants 
who exercised during the test session, oxygen 
saturation was measured immediately before and 
after each 10-minute exercise period. Oxygen sat-
uration values were not provided to participants 
during the session.

Symptomatic reactions to the test environment 
were assessed with the Environmental Symptoms 
Questionnaire IV (ESQ-IV), in which symptoms are 
rated on a five-point Likert scale ranging from “not 
at all” to “extreme” (Table MII of the Supplemen-
tary Appendix).19 The questionnaire was completed 
independently by each participant according to a 
standard set of instructions and was adminis-
tered during the same hours that oxygen satura-
tion was measured, except at hour 16 (during the 
sleep period). ESQ-IV factor scores were calcu-
lated as described by Sampson et al.19 (Table 1, 
and Table MIII of the Supplementary Appendix).

Participants were classified as having acute 
mountain sickness when their score for the factor 
acute mountain sickness–cerebral (AMS-C) ex-
ceeded 0.7, the published criterion score.19 The 
proportion of participants classified as having 
acute mountain sickness at any time was calcu-
lated in two ways: the point prevalence (the pro-
portion of participants whose factor score ex-
ceeded the criterion score at that time) and the 
cumulative prevalence (the proportion of partici-
pants whose factor score exceeded the criterion 
score at that time or had exceeded the criterion 
score at any time since depressurization) (see the 
Methods section of the Supplementary Appendix).

To assess the occurrence of discomfort, we 
developed time-dependent criterion scores for all 
ESQ-IV factors based on the distribution of factor 
scores when participants were at ground level. The 
score below which 97.5% of the ground-level 
scores fell at each administration of the question-
naire was defined as the time-dependent criterion 
score for that factor at that time. A participant 
was classified as experiencing specific factor-
related discomfort when the participant’s factor 
score exceeded the corresponding time-dependent 
criterion score. We combined factors considered 
a priori to be related to altitude — AMS-C and 
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acute mountain sickness–respiratory (AMS-R) 
— into a single factor, altitude-related malaise, 
which was considered to be present when the fac-
tor scores for AMS-C, AMS-R, or both exceeded 
their respective time-dependent criterion scores 
(see the Methods section of the Supplementary 
Appendix).

The Purdue Pegboard Dexterity Test, Kentucky 
Comprehensive Listening Test, Snellen Visual Acu-
ity Test, and Farnsworth–Munsell 100-Hue Test 
were administered before, after, and intermittently 
during each session to assess psychomotor and 
sensory performance (see Table MVII of the Sup-
plementary Appendix).

Statistical Analysis

We estimated that at each altitude, a group of 108 
participants would provide 80% power to detect 
a twofold difference in the expected prevalence of 
outcomes at a 5% significance level. Values for 
missing factor scores were imputed by using a 
value midway between the factor scores immedi-
ately before and after the missing score. Mixed 
models were used to determine the effects of alti-
tude, time since the beginning of the session, exer-

cise, age, and sex on oxygen saturation. Logistic 
regression was used to analyze the point preva-
lence of the ESQ-IV factors.20 Log-rank tests and 
Cox proportional-hazards regression21,22 were used 
with cumulative prevalence, and linear regression 
was used for measures of performance. Data that 
were missing because the participant left the study 
were treated as censored for all subsequent peri-
ods in the Cox models. Two-sided Fisher’s exact 
tests were used to compare the hour-by-hour cumu-
lative prevalence of each ESQ-IV factor.23 P values 
based on Fisher’s exact tests were not corrected 
for multiple comparisons. A post hoc analysis was 
conducted to determine the contribution of indi-
vidual symptoms to the observed effect altitude had 
on discomfort (see the Methods section of the Sup-
plementary Appendix).

R esult s

Of 759 applicants, 502 participated in the study 
(Fig. 1). A total of 209 of the 431 participants who 
were 60 years of age or younger were randomly 
assigned to exercise. Testing was stopped at hour 5 
(altitude, 8000 ft) in the case of one participant, 

Table 1. ESQ-IV Factors and Participant Symptoms and Sensations.*

Factor Symptoms and Sensations

AMS-C† Headache,‡ sick to stomach, feel sick, feel weak, lightheaded,‡ dizzy, faint, 
vision dim, coordination off,‡ lost appetite, feel hung over

AMS-R† Headache,‡ sick to stomach, hurts to breathe, depressed, backache,‡ hard 
to breathe, could not sleep, short of breath,‡ stomach cramps, 
stomachache, nose stuffed, nosebleeds

Muscular discomfort Backache,‡ feel weak, thirsty, muscle cramps, muscles tight, legs ache, feet 
ache, hands ache, arms ache, shoulders ache, gas pressure, numbness

Exertion Lightheaded,‡ hard to breathe, hurts to breathe, chest pains, feel weak, 
heartbeat fast, heart pounding, short of breath‡

Fatigue Feel weak, dizzy, faint, thirsty, feel tired, feel sleepy, could not sleep,  
concentration off, eyes irritated, vision blurry, runny nose

Cold stress Feel weak, feel worried, hands shaking, urinate more, feel feverish, hands 
cold, feet cold, feel chilly, shivering

Distress Feel sick, hurts to breathe, depressed, chest pains, feel tired, feel sleepy, 
feel worried, feel irritable, feel restless, bored, chest pressure, cough

Ear, nose, and throat discomfort Sinus pressure, skin burns and itches, ears blocked, ears ache, cannot 
hear, ears ringing, nose stuffed, mouth dry, sore throat

Alertness Feel tired, feel sleepy, could not sleep, concentration off, depressed, feel 
alert, feel good

*	Adapted from Sampson et al.19 

†	Both AMS-C (acute mountain sickness–cerebral) and AMS-R (acute mountain sickness–respiratory) are considered a 
priori to be altitude-related.

‡	In post hoc analysis, this symptom was found to be one of the most important contributors to discomfort.
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a 75-year-old asymptomatic woman, because her 
oxygen saturation had decreased to 78%. Immedi-
ately after repressurization, it rose to 95%, her pre-
exposure value. Eleven other participants with-
drew voluntarily during the study: eight because of 
symptoms of discomfort and three for personal 
reasons (Fig. 1).

Barometric pressure and the corresponding al-
titude were the only environmental variables that 

varied systematically among the test sessions. 
Mean relative humidity was higher at ground level 
than at the other altitudes (see Table RI of the 
Supplementary Appendix).

Oxygen Saturation

Mean oxygen saturation decreased as altitude in-
creased, with a maximum decrease of 4.4 percent-
age points (95% confidence interval [CI], 3.9 to 4.9) 
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Figure 1. Enrollment and Randomization of Study Participants.

Eleven participants withdrew from the study voluntarily. During the 650-ft session, a 21-year-old woman withdrew at hour 13 because of 
headache and a 53-year-old woman at hour 1 because of anxiety. During the 4000-ft session, a 21-year-old woman withdrew at hour 19 
for personal reasons. During the 6000-ft session, a 55-year-old man withdrew at hour 7 because of headache, a 27-year-old woman at 
hour 13 because of headache and nausea, and a 71-year-old woman at hour 13 because of diarrhea. During the 7000-ft session, a 31-
year-old woman withdrew at hour 13 because of headache and nausea. During the 8000-ft session, a 29-year-old woman withdrew at 
hour 9 for personal reasons, and three men withdrew — a 22-year-old at hour 9 for personal reasons, a 25-year-old at hour 9 because of 
back pain, and a 24-year-old at hour 5 because of nasal congestion. In addition, a 75-year-old asymptomatic woman was removed from 
the 8000-ft session at hour 5 by an investigator because of falling oxygen saturation (95% initial saturation, 78% at hour 5, and 95% im-
mediately after repressurization).
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at 8000 ft as compared with 650 ft (Fig. 2, and 
Fig. R1 of the Supplementary Appendix). At all 
times during the sessions, all interaltitude com-
parisons were significant. Mean oxygen saturation 
fell by 0.9 percentage point (95% CI, 0.7 to 1.1) dur-
ing sleep, and it was lower in the older participants: 
95.3% (95% CI, 95.1 to 95.5) in those less than 40 
years of age, 94.5% (95% CI, 94.3 to 94.7) in those 
40 to 60, and 93.8% (95% CI, 93.5 to 94.1) in those 
older than 60 years. Women had a higher mean 
oxygen saturation level than men (95.1% [95% CI, 
94.9 to 95.2] vs. 94.3% [95% CI, 94.1 to 94.4]).

In the exercise group, the mean oxygen satura-
tion after exercise was 1.3 percentage points lower 
than the value before exercise (95% CI, 1.1 to 1.6). 
During the exercise period (hours 1 to 9 of the 
study session), the mean pre-exercise oxygen satu-
ration was 0.7 percentage point (95% CI, 0.4 to 1.0) 
higher in the exercise group than in the group of 
participants who did not exercise. There was no 
significant difference in mean oxygen saturation 
between the two groups after the exercise period 
(0.0 percentage point; 95% CI, −0.3 to 0.3) (see 
Table RII of the Supplementary Appendix). 

Acute Mountain Sickness and Discomfort

Only 0.17% of the responses to the questionnaire 
(634 of 375,496) were missing; most missing re-
sponses (614 of 634) were due to failure to admin-
ister the test during hour 5 in one test session. The 
cumulative prevalence of acute mountain sickness 
(AMS-C factor score, >0.7) was 7.4% (with symp-
toms reported by 37 of 502 participants) and did 
not vary significantly among the altitudes studied 
(Table 2, Fig. 3, and Table RIII of the Supplemen-
tary Appendix). The results of the analyses of 
ESQ-IV factor scores were consistent whether pub-
lished criterion scores for AMS-C and AMS-R (0.7 
and 0.6, respectively) or time-dependent criterion 
scores for all factors were used to determine point 
or cumulative prevalences. We report hereafter only 
the results of the analysis of cumulative prevalence 
based on published criterion scores (AMS-C >0.7) 
to assess acute mountain sickness and the cumu-
lative prevalence based on time-dependent criteri-
on scores for other ESQ-IV factors to assess dis-
comfort. For other results, see Tables RIV and RV 
and Figures R2, R3, and R4 of the Supplementary 
Appendix.
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Figure 2. Mean Oxygen Saturation during Test Session.

During the exercise period, 209 of 431 participants 60 years of age or less were randomly assigned to exercise, 
which consisted of walking on a horizontal treadmill at a rate of 3.0 mi (4.8 km) per hour for 10 minutes of every 
hour during 9 hours of the test session. Oxygen saturation values in the sedentary group and pre-exercise values in 
the exercise group were used to calculate mean oxygen saturation during exercise hours. During the sleep period, 
with participants sleeping in coach-class airplane seats, lights were dimmed and interaction with participants was 
limited to a single measurement of oxygen saturation. I bars indicate 95% CIs.
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The cumulative prevalence of some measures 
of discomfort — the ESQ-IV factors for altitude-
related malaise, muscular discomfort, and fatigue 
(Table 1) — were directly related to altitude and 
inversely related to oxygen saturation. The cumu-
lative prevalences of altitude-related malaise and 
muscular discomfort at 8000 ft were significantly 
greater than the prevalences at the lower altitudes 
combined. At both 7000 ft and 8000 ft, the cumu-
lative prevalence of the ESQ-IV factor for fatigue 
exceeded that at the combined lower altitudes. The 
exertion factor was inversely related to oxygen 
saturation, and its cumulative prevalence at 7000 ft 
differed from that at the combined lower altitudes. 
These differences in measures of discomfort be-
came apparent after 3 to 9 hours of exposure to 
altitude. The cold-stress factor was not related to 

altitude in the log-rank test but was related to alti-
tude, although not to oxygen saturation, in the 
Cox proportional-hazards models. The cumulative 
prevalence of cold stress at 650 ft was less than 
that at the higher altitudes. The cumulative preva-
lences of the factors distress, alertness, and ear, 
nose, and throat discomfort through the 19th hour 
(the last hour of measurements before repressur-
ization) were not significantly affected by altitude 
or oxygen saturation (Table 2 and Fig. 3).

Exercise was associated with a reduced overall 
cumulative prevalence of muscular discomfort but 
did not affect other outcomes. Women were more 
likely than men to report discomfort (Table 2). 
Participants in the oldest age group were less 
likely than those in the other age groups to report 
discomfort, and those in the middle age group 

Table 2. Results of the Cox Proportional-Hazards Analyses.*

Outcome Odds Ratios for Independent Variables†

Altitude
Oxygen 

Saturation Exercise Sex Age Age2

Acute mountain sickness‡

Cox model 1§ 1.11 (0.96–1.28) — 1.05 (0.48–2.27) 1.66 (0.83–3.32) 0.80 (0.53–1.19) 0.94 (0.78–1.13)

Cox model 2¶ 1.06 (0.88–1.27) 0.92 (0.77–1.10) 1.04 (0.48–2.25) 1.78 (0.87–3.62) 0.77 (0.51–1.17) 0.95 (0.79–1.15)

Altitude-related malaise

Cox model 1 1.13 (1.02–1.25) — 0.77 (0.45–1.32) 1.48 (0.91–2.40) 0.64 (0.46–0.90) 0.86 (0.74–1.00)

Cox model 2 1.04 (0.91–1.18) 0.87 (0.77–0.98) 0.80 (0.47–1.36) 1.69 (1.03–2.78) 0.60 (0.43–0.85) 0.86 (0.74–1.00)

Muscular discomfort

Cox model 1 1.25 (1.06–1.47) — 0.38 (0.18–0.82) 2.20 (1.11–4.39) 0.56 (0.34–0.90) 0.84 (0.68–1.04)

Cox model 2 1.07 (0.89–1.29) 0.80 (0.69–0.92) 0.41 (0.19–0.86) 2.88 (1.41–5.89) 0.48 (0.29–0.79) 0.84 (0.68–1.04)

Exertion

Cox model 1 1.11 (0.98–1.27) — 0.74 (0.37–1.50) 1.28 (0.69–2.38) 0.69 (0.45–1.04) 0.83 (0.68–1.00)

Cox model 2 1.00 (0.85–1.18) 0.84 (0.73–0.98) 0.80 (0.39–1.61) 1.51 (0.80–2.84) 0.64 (0.42–0.98) 0.84 (0.69–1.02)

Fatigue

Cox model 1 1.14 (1.01–1.29) — 0.63 (0.34–1.16) 2.31 (1.27–4.21) 0.53 (0.33–0.84) 0.93 (0.77–1.12)

Cox model 2 1.03 (0.88–1.19) 0.84 (0.73–0.96) 0.64 (0.35–1.19) 2.79 (1.50–5.19) 0.48 (0.30–0.77) 0.93 (0.77–1.12)

Cold stress

Cox model 1 1.11 (1.02–1.21) — 1.21 (0.74–1.97) 2.79 (1.77–4.41) 0.91 (0.72–1.13) 0.92 (0.82–1.03)

Cox model 2 1.16 (1.03–1.29) 1.06 (0.95–1.19) 1.16 (0.70–1.89) 2.66 (1.67–4.24) 0.93 (0.73–1.17) 0.92 (0.83–1.03)

*	Cumulative prevalence is based on time-dependent criterion scores except as noted. 
†	For each outcome, the displayed odds ratios (and 95% confidence intervals) are the ratios of the odds of designated outcome at the follow-

ing levels of the independent variable: altitude = [(altitude in feet ÷ 1000) + 1] ÷ [altitude in feet ÷ 1000]; oxygen saturation = (SaO2 + 1%) ÷ SaO2; 
exercise = active ÷ sedentary; sex = women ÷ men; age = [(age in years − 50) ÷ 10 + 1] ÷ [(age in years − 50)] ÷ 10; age2 = [(age in years − 50) ÷ 10 + 1]2 
÷ [(age in years − 50) ÷ 10]2.

‡	Acute mountain sickness is defined as the cumulative prevalence of acute mountain sickness–cerebral (AMS-C) based on the published cri-
terion score.

§	Cox model 1 included altitude (in 1000-ft increments), exercise, sex, age, and age2.
¶	Cox model 2 included oxygen saturation in addition to all the variables included in Cox model 1.
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were most likely to do so (Table 2, and Fig. R5 
of the Supplementary Appendix).

The post hoc analysis showed that the five 
ESQ-IV symptoms that most contributed to dis-
comfort were backache, headache, light-headed-
ness, shortness of breath, and impaired coordina-
tion (Table RVI of the Supplementary Appendix).

Sensory and Psychomotor Performance

None of the tests of sensory perception or psycho-
motor performance were significantly affected by 
altitude over the range of altitudes investigated (see 
Table RVII of the Supplementary Appendix).

Adverse Events

No serious adverse events were identified during 
the test sessions, but in four participants, serious 
medical conditions were detected 1 to 30 days later. 
One participant was empirically treated for pneu-
monia at an acute care clinic 1 day after exposure 
to an altitude of 6000 ft. The relationship of this 
event to the study conditions was classified as un-
known. The remaining three serious adverse 
events (acute myelogenous leukemia diagnosed 
2 weeks after exposure to 650 ft, lung and pros-
tate cancer diagnosed several days after exposure 
to 6000 ft, and sarcoidosis diagnosed 4 weeks 
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Figure 3. Cumulative Prevalence of ESQ-IV Factors.

Acute mountain sickness is the cumulative prevalence of acute mountain sickness–cerebral (AMS-C) based on the published criterion 
score. The cumulative prevalence of acute mountain sickness at 8000 ft was significantly different from the prevalence at the lower alti-
tudes combined only at hour 13. Discomfort was evaluated with the use of all other factors based on time-dependent criterion scores. 
Altitude-related malaise, muscular discomfort, exertion, fatigue, and cold stress were significantly related to altitude. A star on a line in-
dicates the time at which the difference between the altitude represented by that line and all other altitudes combined became signifi-
cant and remained significant for the balance of the test session. A star between two lines indicates that the comparison was between 
the altitudes represented by those two lines combined with all other altitudes combined.
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after exposure to 8000 ft) were considered to be 
unrelated to study exposures. Fifteen nonserious 
adverse events occurred during the chamber ex-
posure, some of which (four instances of pain in 
four participants from failure to equilibrate mid-
dle-ear pressure during recompression, insect bites 
in two persons during the same session, a panic 
attack, and low oxygen saturation in an asymp-
tomatic elderly woman at 8000 ft) were classified 
as related to study conditions.

Discussion

We found that ascent from ground level to 8000 ft 
by healthy unacclimatized adults lowered oxygen 
saturation by approximately 4 percentage points. 
This degree of hypoxemia did not affect the oc-
currence of acute mountain sickness, other adverse 
health outcomes, or impairment of sensory or psy-
chomotor performance, but it was associated with 
an increased prevalence of discomfort after 3 to 
9 hours. Exercise reduced muscular discomfort but 
did not significantly affect other ESQ-IV factors.

Our study was performed under controlled, 
highly replicable conditions in a hypobaric cham-
ber where the barometric pressure was the only 
environmental factor that varied systematically. 
The results of this randomized, controlled study 
of the effects of simulated altitude exposure on the 
occurrence of discomfort cannot be explained by 
other flight-related factors commonly postulated 
to cause symptoms in commercial-airline passen-
gers. Two studies conducted in commercial air-
craft reported oxygen saturation levels lower than 
those found in our study, raising the possibility 
that our findings may underestimate the preva-
lence of discomfort experienced by passengers.24,25

The ESQ-IV is considered a valid and reliable 
instrument for detecting acute mountain sick-
ness.26 Although we used the traditional methods 
of ESQ-IV analysis to measure acute mountain 
sickness, we did not use those methods to evalu-
ate discomfort. Instead, we used time-dependent 
criterion scores based on frequency distributions 
of factor scores reported at ground level to differ-
entiate the effects of prolonged confinement from 
the effects of hypobaric hypoxia. Although this 

modification increased the specificity of our anal-
ysis, the results based on it are not directly compa-
rable to those of other studies based on ESQ-IV 
factors. Nevertheless, our results for altitude-
related discomfort are generally consistent with 
reports of acute mountain sickness at similar ter-
restrial altitudes.2-7,27 We found that reports of 
discomfort were least frequent in the oldest age 
group and that the timing of the onset of discom-
fort was in close agreement with the range of 6 to 
10 hours reported for acute mountain sickness.2 
Although the medical literature is inconsistent con-
cerning the distribution of cases of acute moun-
tain sickness according to sex,2,4,28 we found that 
men were less likely than women to report dis-
comfort. The discomfort reported by our partici-
pants may represent subclinical acute mountain 
sickness.

There are few reports of the effects of exposure 
to altitudes below 10,000 ft (3048 m) in unaccli-
matized people. In 1971, McFarland summarized 
studies of hypoxia in normobaric conditions, hy-
pobaric chambers, aircraft, and mountain environ-
ments that explored the effects of hypoxia rel-
evant to commercial and military f light.29 His 
review, which focused on physiological and psy-
chological performance measures, coupled with 
the experience of military aviators during World 
War II, led to a general consensus that hypobaric 
hypoxia associated with barometric pressure equiv-
alent to 8000 ft is not harmful to healthy people.30 
Our findings support this conclusion. However, 
we did find evidence that the level of hypoxemia 
manifested at 7000 to 8000 ft played an important 
role in the development of discomfort. On the ba-
sis of our findings, we conclude that maintaining 
a cabin altitude of 6000 ft or lower (equivalent to 
a barometric pressure of 609 mm Hg or higher) on 
long-duration commercial flights will reduce the 
occurrence of discomfort among passengers.
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