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Introduction
The number of international travelers to cities located in the South 
American Andes Mountains has increased substantially over the 
past decade. In 2008, Cusco Peru (elevation 3 400 meters) was the 
destination of one million foreign visitors [1]. It is estimated that 
approximately 75 % of these travelers ascend to Cusco in flights de-
parting from sea level and lasting one hour [1]. This rapid ascent 
from low to high altitude ( > 2 500 meters) often results in acute 
mountain sickness (AMS), a syndrome characterized by a headache 
and the presence of nausea, lassitude, shortness of breath, dizzi-
ness or difficulty sleeping.

Since prevention of AMS is preferable to treatment, much at-
tention has focused on identifying potential risk factors of this syn-
drome [2–4]. It is generally understood that AMS is precipitated by 
a deficiency in the acclimatization to altitude-induced hypoxia and 
its occurrence is positively related to speed of ascent and altitude 
attained [5]. In addition, there is some evidence that obesity is as-
sociated with the development of AMS [2, 6–9], although this find-
ing has not been consistent across all studies [3, 4, 10, 11]. For ex-

ample, Wu et al. [2] examined the incidence of AMS among 11 000 
workers at altitudes between 3 500 meters and 5 000 meters dur-
ing the construction of the Qinghai-Tibet railroad. They found that 
overweight workers (BMI ≥ 25 kg/m2) were 3 times more likely to 
suffer from AMS than normal weight workers. In a regression anal-
ysis, obesity was a significant predictor of AMS, independent of rate 
of ascent, heavy physical exercise, age, absolute altitude reached 
and magnitude of oxygen desaturation. More recently, Yang et al. 
[8] assessed AMS in 262 men (120 obese and 142 non-obese) 12 
and 24 h after rapidly ascending by air to an altitude of 3 658 me-
ters. AMS scores among obese men (BMI > 28 kg/m2) were higher 
than non-obese men (BMI between 18.5 and 23.9 kg/m2) at both 
time points. In contrast, Schneider et al. [3] administered the En-
vironmental Symptom Questionnaire (ESQ) to mountaineers who 
had ascended to an altitude of 4 559 meters in the Alps and found 
no difference in AMS prevalence between those subjects with a BMI 
equal to or greater than 26 and those with a BMI below 26. Similar-
ly, Wagner et al.[10] reported that 33 % of Mt. Whitney (elevation 
4 419 meters) summiteers met the criteria for AMS, but a logistic 
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Abstr act

Acute mountain sickness (AMS) can occur upon rapid ascent from low 
to high altitude. This study examined the association between central 
adiposity and the development of AMS in young adults during a high-al-
titude hike. Total and regional body fat were measured at sea level using 
dual-energy X-ray absorptiometry. Within 24 h of arriving in Cusco, Peru 
(3 400 meters) participants embarked on a 14-mile hike across the An-
des Mountain range in southern Peru. Symptoms of AMS were assessed 
using the Lake Louise score at 24 h (3 400 meters), 29 h (4 100 meters), 
34 h (3 800 meters) and 53 h (2 900 meters). 14 participants (mean age 
21 ± 2 years; women: 11, men: 3) completed the study. The number of 
participants exhibiting at least mild AMS increased from 6 (54 %) at 
3 400 meters to 9 (64 %) at 3 800 meters. A higher AMS score at 
4 100 meters was associated with greater android (r = 0.72, p < 0.01), 
trunk (r = 0.73, p < 0.01) and total body (r = 0.71, p < 0.01) fat, but not 
with total body fat  % (r = 0.39, p = 0.16). Our findings suggest that cen-
tral obesity, but not total body fat per se, may be an important factor 
in the development of AMS.
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regression model revealed that age, not BMI, was the only physical 
characteristic that predicted AMS occurrence.

We note that all of these previous experiments used BMI as a 
surrogate for “body fatness”. Ri-Li and colleagues [9] were the first 
to prospectively evaluate the association between obesity, assessed 
by hydrostatic weighing, and the development of AMS. 9 obese 
(total body fat ≥ 30 %) and 10 non-obese (total body fat < 25 %) men 
spent 24 h in a hypobaric environmental chamber, in which the bar-
ometric pressure was held at 483 mm Hg (a pressure equivalent to 
an altitude of 3 658 meters). The average AMS scores among the 
obese men increased more rapidly with time spent in the chamber 
compared to the non-obese men. Moreover, nighttime arterial ox-
ygen saturation (SaO2) levels were lower in the obese men, which 
suggests these men experienced sleep-disordered breathing [12]. 
Because central obesity is the strongest predictor of sleep-disor-
dered breathing [13], we hypothesize that individuals who distrib-
ute fat centrally are more susceptible to AMS. Yet, the aforemen-
tioned studies lacked the methodological approach needed to ex-
amine this hypothesis. Accordingly, the purpose of the present 
study was to examine the association between total and regional 
body fat, assessed with dual-energy X-ray absorptiometry (DXA), 
and the development of AMS in a group of young adults trekking 
across the Andes Mountains region of southern Peru.

Methods

Participants
University students who were enrolled in a study-abroad program 
to Peru volunteered for this study. All participants were free of car-
diovascular or pulmonary diseases and were non-smokers. No par-
ticipants reported taking any medications to aid altitude acclima-
tization (e. g., sildenafil, acetazolamide) prior to or during the trip. 
Participants were sea level natives with no history of traveling to 
altitudes above 2 000 meters. The authors have read and under-
stand the ethical standards document of the journal and thereby 
assure that the present study was conducted in accordance with 
recognized ethical standards and national/international laws [14]. 
Each participant provided written informed consent. The Towson 
University Institutional Review Board approved the study.

Experimental design
The study was conducted during June of 2014. At sea level (Tow-
son, MD, USA; elevation 141 meters), body composition was de-
termined by DXA and aerobic capacity was assessed during an ex-
ercise test using expired gas analysis. Within one week of complet-
ing these measurements, participants traveled to Lima, Peru (sea 
level) and then flew to Cusco, Peru (elevation, 3 400 meters). 24 h 
after arriving in Cusco, participants embarked on a 14-mile hike 
across the Andes Mountain range in southern Peru. The hike began 
in Tambomachay (elevation, 3 750 meters) and reached an altitude 
of 4 100 meters in 5 h. An additional 2 h was spent climbing to 
4 300 meters, after which participants descended to Paucarcancha 
(elevation, 3 800 meters) and set up a campsite. Following an over-
night stay, the participants descended the mountain for approxi-
mately 5 h until they reached the town of Lamay (elevation, 
2 900 meters). SaO2 was measured by pulse oximetry (Vive Precision) 

and symptoms of AMS were assessed according to guidelines estab-
lished by the Lake Louise AMS consensus report at 24 h (3 400 me-
ters), 29 h (4 100 meters), 34 h (3 800 meters) and 53 h (2 900 me-
ters) after arrival in Cusco [15].

Body composition assessment
Height and weight were measured in metric units using a stadiom-
eter and digital scale, respectively. Total body DXA scans were ac-
quired by the same operator in the frontal plane using the Lunar 
iDXA in the standard mode (GE Healthcare, Madison, WI, USA). The 
DXA scanner underwent a daily quality assurance procedure ac-
cording to manufacture guidelines. The precision error for total 
body analysis is 0.010 g/cm2. Bone landmarks were used to define 
body regions (e. g., arms, legs, trunk). Abdominal visceral fat was 
computed over the android region and reported as grams. The an-
droid region is roughly 10 cm in height, extending from the iliac 
crest toward the head, a height that is 20 % of the distance from the 
iliac crest to the base of the mandible. Scans were analyzed with 
the enCORE software (version 14.0).

Assessment of aerobic capacity
Peak oxygen consumption was determined with a Bruce treadmill 
protocol [16] using a TrueOne 2400 Metabolic Measurement Sys-
tem (Parvo Medics, Sandy, UT, USA) with breath-by-breath analysis. 
Maximal heart rate was defined as the highest value recorded dur-
ing the test and VO2max was represented by the highest observable 
VO2 averaged over 60 s. To ensure that each participant achieved 
maximal exertion during the treadmill test, the following 3 criteria 
were met by every participant: (a) maximal achieved heart rate of 
at least 85 % age predicted maximum; (b) a respiratory exchange 
ratio (RER) of at least 1.1; and (c) a respiratory rate  > 35 breaths per 
minute [17].

Assessment of AMS
All participants completed an AMS self-report questionnaire. The 
items in the questionnaire include symptoms of headache, gastro-
intestinal symptoms, fatigue/weakness, dizziness or lightheaded-
ness, and difficulty sleeping. Each of these symptoms was rated on 
a scale of 0 to 3, with 0 representing no symptoms; 1, mild symp-
toms; 2, moderate symptoms; and 3, severe symptoms. A diagno-
sis of AMS was based on the presence of a headache plus at least 
one other symptom and an overall score of 3–5 (defined as mild 
AMS) or 6–15 (defined as severe AMS). The sensitivity and speci-
ficity of the questionnaire has been reported elsewhere [18].

Overnight sleep monitoring
3 Morpheus Ox (WideMed Ltd, Herzliya, Israel) sleep monitoring 
devices were available to obtain polysomnography (PPG) derived 
signals during sleep as described elsewhere [19] Briefly, PPG uses 
a pulse oximeter to detect blood volume changes in the microvas-
cular bed of the fingertip, and proprietary software [20, 21] is used 
to analyze the PPG for baseline variations, envelope and rate. These 
parameters are combined to generate a PPG-derived respiration 
(PDR) waveform that is correlated with saturation reductions to de-
tect a clinically relevant apnea-hypopnea index (AHI). In this study 
we report a 4 % (2007 AASM criteria) oxygen desaturation index 
(ODI4) for defining hypopneas. Furthermore, the PPG software 
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platform facilitates the detection and measurement of respiratory 
events, sleep/wake epochs, and total sleep time [20, 21]. Respira-
tory events occurring during sleep epochs are averaged over total 
sleep time to generate the AHI value. The women in the sample 
with the highest, lowest and median total body fat values were as-
signed to wear the device at sea level, and at 3 400 meters.

Statistical analysis
Primary outcomes were inspected for normality using stem and 
leaf plots and the Shapiro-Wilk test. All data are presented as me-
dian (interquartile range) unless specified otherwise. Comparisons 
of body fat parameters according to AMS score were made using 
the Wilcoxon-Mann-Whitney test (non-parametric) or independ-
ent samples t-test (normally distributed data). The relation be-
tween AMS scores at each altitude with non-normally distributed 
body composition parameters were examined using Spearman cor-
relations (rho). Pearson product-moment correlations were used 
to compare AMS scores with body composition parameters that 
were normally distributed. The level of statistical significance was 
set at p < 0.05 (2-tailed). All analyses were conducted using STATA, 
version 12 (StataCorp LP, College Station, TX, USA).

Results
14 participants (3 men, 11 women, age 21 ± 2 years) completed all 
aspects of the study. ▶Table 1 displays the participant character-
istics according to sex. Of note, women had higher total percent 
body fat compared with men (p = 0.01) and achieved a lower peak 
oxygen consumption during the exercise test (p < 0.01). No differ-

ences in abdominal visceral and trunk fat between men and women 
were observed.

Results of the Shapiro-Wilk test demonstrate that apart from 
abdominal visceral fat (p < 0.01), all data were normally distribut-
ed. At 3 400 meters and 4 100 meters, 8 participants (57 %) report-
ed at least mild AMS (AMS score ≥ 3). The incidence increased to 10 
participants (71 %) at an altitude of 3 800 meters. At 2 900 meters, 
only 3 individuals (21 %) reported an AMS score ≥ 3. The mean SaO2 
of the sample at 3 400 meters, 4,100 meters, 3,800 meters and 
2,900 meters was 88.9 ± 6.0, 82.5 ± 5.4, 82.4 ± 5.1 and 94.1 ± 1.8 %, 
respectively. ▶Fig. 1 displays the distribution of AMS scores across 
the sample using boxplots. The bottom and top of each box repre-
sent the lower 25th quartile of scores and the 75th quartile of scores, 
respectively. The middle line represents the median score.

Body composition parameters from DXA are displayed in 
▶Table 2 according to self-reported AMS at 3 800 meters. No dif-
ferences in total body fat or  % total body fat were noted between 
those with and without severe AMS. No differences in the amount 
of android fat [1 919 g (975–2 872 g) vs. 1 031 g (635–1 409 g), 
p = 0.056] trunk fat [11 778 g (7 890–1 724 g) vs. 8 401 
(4 978–9 982 g), p = 0.069] and abdominal visceral fat [295 g (89–
516 g) vs. 55 g (24–113 g), p = 0.089)] were noted between those 
who reported severe AMS compared to those without. However, 
individuals who reported an AMS score of 6 or greater at 3 800 me-
ters had a higher BMI compared to those who reported no or mild 
AMS at 3 800 meters [27.5 (23.9–32.4) vs. 22.3 (20.0–23.0), 
p = 0.012].

Associations between markers of body fat parameters, maximal 
oxygen consumption and AMS scores at various altitudes are dis-
played in ▶Table 3. As expected, total body fat was highly correlat-
ed with trunk (r = 0.99, p < 0.01), android fat (r = 0.95, p < 0.01) and 
maximal oxygen consumption (r =  − 0.75, p < 0.01). A spearman cor-
relation revealed a significant relationship with abdominal visceral 
fat and self-reported AMS score at 3 800 meters (rho = 0.58, p = 0.03). 
A higher AMS score at 4 100 meters was associated with greater an-
droid (r = 0.72, p < 0.01), trunk (r = 0.73, p < 0.01) and total body 
(r = 0.71, p < 0.01) fat, but not with total percent body fat (r = 0.39, 

▶Table 1	  Participant demographics.

Variable Male  
(n = 3)

Female 
(n = 11)

P-value

Race or ethnicity, n

Asian 1 2

Black 0 1

White 2 8

Age (yrs) 19.3 ± 1.5 21.2 ± 1.7 0.12

Weight (kg) 71.0 ± 17.6 66.3 ± 13.2 0.5

Height (cm) 170.6 ± 3.0 165.1 ± 6.0 0.15

BMI (kg/m2) 24.2 ± 5.1 23.7 ± 4.5 0.86

Total body fat ( %) 21.0 ± 4.0 32.0 ± 5.0 0.01

Total body fat (kg) 15.9 ± 9.4 20.9 ± 7.5 0.35

Abdominal visceral 
fat (g)

213 ± 211 117 ± 163 0.41

Trunk fat (g) 7 621 ± 5 438 9 612 ± 4 348 0.51

Maximal VO2  
(ml/kg/min)

50.8 ± 4.2 38.7 ± 6.3  < 0.01

RER at max exercise 
(VCO2/VO2)

1.2 ± 0.9 1.2 ± 0.9 0.52

RR at max exercise 
(breaths per min)

53 ± 5 52 ± 6 0.83

HR at max exercise 
(beats per min)

192 ± 8 191 ± 9 0.89
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▶Fig. 1	 Distribution of AMS scores at each altitude with the group.
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p = 0.16) or maximal oxygen consumption (r =  − 0.24, p = 0.40). A 
significant association was observed between BMI and self-reported 
AMS score at 4 100 meters (r = 0.77, p < 0.01), but not at 3 400 me-
ters (r = 0.47, p = 0.09) or 3 800 (r = 0.50, p = 0.07).

Total body fat percentages and maximal aerobic capacities for 
the 3 women who underwent PPG monitoring were 23, 34 and 43 % 
and 39.4 ml/kg/min, 46.5 ml/kg/min and 27.6 ml/kg/min, respec-
tively. The mean overnight SaO2 at sea level among these women 
was 95.7 %. None of the women experienced sleep-disordered 
breathing at sea level, defined as an ODI > 5 event/hour of sleep. 
Importantly, at 3 400 meters, the leanest woman experienced an 
ODI of 12 events/hour, while the woman with the highest  % body 
fat exhibited an ODI of 52 events/hour. Data at 3 400 meters for the 
third woman was excluded from analysis because the PPG estimate 
sleep time was < 2 h.

Discussion
Among a group of young adults hiking in the Andes mountain 
range, we observed a 57 % incidence rate of AMS at 3 400 meters 
that increased to 71 % at 3 800 meters. There was a trend for those 
individuals who reported severe AMS to have greater central adi-
posity compared to those who reported no or mild AMS. Further, 
we found greater amounts of regional and total body fat were as-
sociated with increased AMS severity.

While there are several studies that have not found BMI to be a 
significant predictor of AMS among trekkers to very high altitudes 
(between 4 419 and 5 671 meters) [3, 4, 10, 11], our data corrobo-
rate previous reports in high altitude ( > 4 292 meters) railway work-
ers, which have demonstrated increased susceptibility to AMS in 
those classified as overweight or obese based on BMI criteria 
[2, 8, 9]. The most likely explanation for these conflicting data is 
that the former cohort studies lacked a significant number of obese 
individuals to tease out a meaningful effect of body habitus on AMS 
development using a regression analysis. In a small group of young, 
yet inexperienced hikers, we found that the median BMI among 
those who reported severe AMS at 3 800 meters was 27.5 vs. 22.3 
among those who reported no or mild symptoms. Further, there 
was a significant correlation between BMI and self-reported AMS 
score at 4 100 meters.

Using a hypobaric chamber to stimulate high-altitude exposure 
and hydrostatic weighing to quantify body fat, Ri-Li and colleagues 
[9] found that average AMS scores increased more with time spent 
in the chamber for obese men than for non-obese men. The pres-

ent study extends this line of scientific inquiry by quantifying both 
total and regional body fat using state-of-the-art DXA imaging. Our 
findings of greater trunk, android and visceral fat mass among 
those with severe AMS compared to those with no/minimally symp-
tomatic AMS (albeit not statistically significant) provide some in-
sight into the relative importance of central adiposity in promot-
ing high-altitude illness. It is generally understood that obesity is 
associated with sleep-disordered breathing [22] and nocturnal hy-
poxia and hypercapnia that may lead to AMS [23]. Indeed, lower 
SaO2 [9] and PaO2 [8] and higher PaCO2 [8] among obese individ-
uals have been reported at altitude. Not surprisingly, we also found 
an inverse association between altitude and SaO2 across our sam-
ple. In this context, we emphasize that central adiposity may in-
crease the severity of sleep-disordered breathing by elevating me-
chanical loads on the upper airway and blunting neuromuscular 
responses to upper airway obstruction [24]. Moreover, adipose tis-
sue is an abundant source of pro-inflammatory cytokines, such as 
TNF-α, and IL-6. These are markedly elevated in central obesity 
[25, 26], and their purported somnogenic activity [27] may lead to 
a depression in upper airway neuromuscular control. Interestingly, 
in our subsample of women who were fitted with a PPG-based de-
vice, none exhibited sleep-disordered breathing at sea level, yet all 
3 women experienced an increased number of apneic events at al-
titude, consistent with the periodic breathing phenomenon typi-
cally observed upon acute ascent to high altitude [28]. It is difficult 
to determine whether periodic breathing is the predominant cause 
of AMS, especially in light of the findings by Nussbaumer-Ochsner 
and colleagues [29] who reported that the number of apnea/hypo-
pneas experienced per night by young hikers upon arrival to 
4 556 meters increased with each successive night spent at this al-
titude, whereas AMS symptoms and self-reported sleep disturbanc-
es that were prominent on the first night improved with 3 days of 
acclimatization. Still, we find it intriguing that the woman in the 
present study with the greatest amount of visceral fat also exhib-
ited the greatest number of apneic events and reported the high-
est Lake Louise score at 3 800 meters. Although not definitive 
(please see Limitations), this finding provides proof of concept that 
the initial onset of symptoms of AMS may be more pronounced 
among those who distribute fat centrally perhaps due to the im-
pact on sleep-disordered breathing. The strong associations we 
observed between higher Lake Louise scores at altitude and in-
creased markers of central fat, but not total body fat percentage 
per se, lend further support to this theory.

▶Table 2	  Body composition comparisons between participants with and without severe AMS at 3 800 m.

Variable AMS < 6  
(n = 10)

AMS ≥ 6  
(n = 4)

P-value

Android fat (g) 1 031 (635–1 409) 1 919 (975–2 872) 0.056

Trunk fat (g) 8 401 (4 978–9 982) 11 778 (7 890–1 724) 0.069

Total fat (g) 19 254 (13 104–21 422) 22 806 (16 745–33 109) 0.129

Visceral fat (g) 55 (24–113) 295 (89–516) 0.089

Body fat  % 33 (27–34) 29 (25–36) 0.887

BMI (kg/m2) 22.3 (20.0–23.0) 27.5 (23.9–32.4) 0.012

Values expressed as median (interquartile range)
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The above findings should be viewed in the context of several 
limitations. First, we did not measure blood markers in our sample, 
thereby precluding us from addressing a mechanistic link with em-
pirical evidence between central adiposity and AMS. Second, the 
small sample size may have limited our power to detect significant 
differences in body fat parameters between those with no AMS vs. 
those with severe AMS. We therefore cannot discount the possibil-
ity that we made a type 2 error. Alternatively, given that only 2 sub-
jects were overweight (BMI: 25.0–29.9) and one was obese 
(BMI: ≥ 30) it is possible that this otherwise homogenous group 
could be contributing to the significant association we observed 
between AMS scores at altitude and body fat parameters. Yet, we 
feel these limitations are balanced by our sophisticated assessment 
of regional body fat with DXA imaging, thereby offering a clear ad-
vantage over previous studies that have relied on hydrostatic 
weighing or BMI. Third, we cannot be entirely sure that other envi-
ronmental, motivational or physiological factors beyond the hypo-
baric environment may have worsened AMS symptoms reported 
by the participants. Of note, June is generally the coolest and dri-
est time of year in this region of Peru. Indeed, the temperature on 
the first day of the trek was approximately 19  °C. This dropped to 
near freezing (approximately 2  °C) at night and increased to 24  °C 
the following day. Also, symptoms of AMS commonly intensify dur-
ing periods of physical exertion because the metabolic require-
ments for oxygen increase substantially [30]. Aerobic capacity var-
ied widely among members of the group and was inversely related 
to total body fat, but all participants ascended at the same rate (ap-
proximately 75 meters increase in altitude per hour). Thus, al-
though we did not have reliable measures of exercise intensity, it 
can be assumed that those with lower fitness levels were hiking at 
a higher percentage of their maximal capacity. Also, some partic-
ipants in the present study reported having chewed cocoa leaves 
during the trek, a natural remedy that is thought to alleviate alti-
tude illness, although recent data would suggest otherwise [1]. 
Furthermore, since hiking guides provided meals, dietary content 
was similar across the sample (aside from the use of herbal supple-
ments by some), yet the quantity of food and water ingested 
throughout the trek was difficult to quantify. Finally, although the 
Lake Louise Score is a well-validated tool to assess AMS [18], Mac-
Innis and colleagues [31] found that the internal consistency of the 
score was improved by removing the sleep quality item, suggest-
ing that impaired sleep should be considered separately from other 
AMS symptoms. All that being said, because this experiment was 
conducted in the field rather than an environmental chamber, we 
believe our findings are more generalizable to those persons par-
taking in recreational activities at high altitude.

In summary, an increased incidence of acute mountain sickness 
with increasing altitude was observed among young men and 
women making a high-altitude ascent. Those who experienced 
more severe AMS had more abdominal visceral, android and trunk 
fat, suggesting that central adiposity, rather than total body fat per 
se, is an important risk factor in the development of AMS. These 
findings suggest a need for obese individuals to take precaution-
ary measures to reduce AMS risk.
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