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ABSTRACT
Background The Japanese Antarctic Research 
Expedition (JARE) has been conducting research 
activities in inland Antarctica, which is extremely cold 
dryland covered with a thick ice sheet. This environ-
ment may cause a health disorder called acute mountain 
sickness (AMS). To improve the safety of expedition 
members, we evaluated the impact of extreme environ-
mental conditions on human health and the effective-
ness of monitoring of hypoxia for the early detection of 
AMS.
Methods In total, 9 members from JARE 59 were 
studied. Dome Fuji Station (Dome F), located 3,810 
m above sea level (ASL), was the destination of the 
research party. We analyzed daily AMS scores (higher 
values correspond to more severe AMS-related symp-
toms), physiological findings, and percutaneous arterial 
blood oxygen saturation (SpO2) during the inland 
activity. We also determined the factors related to AMS 
scores.
Results The average AMS score on arrival at Dome F 
was significantly higher than that at the departure point 
(560 m ASL). The average SpO2 level was significantly 
lower than that at other points. The SpO2 level corre-
lated negatively with the AMS score in Spearman’s rank 
correlation. Generalized estimating equations analysis 
showed that the AMS score was negatively associated 
with SpO2 level and positively associated with age.
Conclusion Hypoxia is a contributory factor to AMS 
which we can easily assess by measuring the SpO2 level 
with a pulse oximeter. SpO2 monitoring is a potentially 
useful health management tool for members in inland 
Antarctic expeditions. In addition, our results are help-
ful for understanding physiological responses and health 
issues in extreme environments.
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Antarctica is covered with a thick ice sheet that reaches 
up to an average of 2,450 m above sea level (ASL). The 
average altitude of the Antarctic Continent is 2,300 m 
ASL, which is remarkably high compared with other 
continents. The average temperature is −10 ̊C along 
the Antarctic seaboard but decreases to –60 ̊C inland, 
with the lowest temperature dropping below –80 ̊C. The 
extreme cold, dryness, and strong winds in Antarctica 
have created one of the most severe natural environ-
ments on Earth. Additionally, the air is rarefied at high 
altitude, precluding the success of any living creatures 
on inland Antarctica.

The Japanese Antarctic Research Expedition 
(JARE) has performed various observations at Syowa 
Station (69°00′S, 39°35′E, 29 m ASL), the Japanese 
Antarctic base, and the surrounding areas since 1956. 
The wintering team of JARE stays in Antarctica for 14 
months, 10 months of which is spent in isolation with 
no means of leaving the station. Despite the lack of 
supplies from the outside world during this period, most 
wintering members maintain good health.1, 2

Dome Fuji Station (Dome F, 77°30′S, 37°30′E) 
was established on the second-highest summit of the 
East Antarctic ice sheet in 1995 to conduct deep ice-
core drilling.3, 4 Dome F is located 3,810 m ASL and 
1,000 km distant from Syowa Station (Fig. 1). Since 
1995, JARE has been also carrying out research activi-
ties under extreme environmental conditions at high 
altitude, which can lead to health disorders including 
acute mountain sickness (AMS).5 Although no severe 
cases have been reported in JARE inland parties in the 
past, some members have complained of AMS-related 
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symptoms during inland activity, such as headache, 
fatigue, breathlessness, and sleep disturbance. AMS is 
a lethal disease for which pre-symptomatic prevention 
is hugely important.6 Some reports have mentioned 
the importance of hypoxemia as a predictive factor of 
AMS7–9; however, to date this has not been reported for 
inland Antarctica. With the goal of improving the safety 
of members during Antarctic expeditions, we evaluated 
the impact of extreme environmental conditions of the 
Antarctic inland on human health and effectiveness by 
monitoring of hypoxia for the early detection of AMS.

MATERIALS AND METHOD
Subjects
This study involved an inland Antarctic research party 
participating in the 59th JARE, which lasted from 
2017 to 2019. The party comprised 10 healthy Japanese 
individuals including one woman; however, a male 
participant was excluded from the analysis because of 
missing data and self-administered acetazolamide of 38 
days’ duration to prevent mountain sickness.6, 10 At the 
beginning of this study, the mean age of participants 
was 45.6 years (ranges 30–60 years); two members had 
previous experience of staying at Dome F. All subjects 
climbed Mt. Fuji (3,776 m ASL) in Japan as an advanced 
highland training in August 2017. Two participants had 

a smoking habit.
The subjects split up and set off in five large snow 

vehicles measuring 3.5 × 7 m. The party left Syowa 
Station on November 8, 2017 (Day 1) and arrived at 
point S16 (69°02′S, 40°03′E, 560 m ASL), 16 km from 
Syowa Station, on the same day. After 6 days (Day 7), 
the party left S16 and took 27 days (until Day 33) to 
reach Dome F. During movement to or from Dome F, 
the subjects drove snow vehicles to cover about 40 km 
in 6 h and did outdoor work for short periods, 10–30 
min, several times per day. The normal temperature 
inside the vehicles was about 20 ̊C during engine 
operation, but only –10°C to 0°C in the early morning 
because the engines had just been started up. During 
their stay at Dome F, the subjects were mainly engaged 
in construction and maintenance of the observation 
facilities for 8–10 h almost every day. During this study, 
participants mostly ate three regular balanced meals 
per day. Although caloric intake was not accurately 
determined, it was estimated that the daily intake from 
meals was 2000–3000 kcal depending on the individual. 
The party left Dome F on January 12, 2018 (Day 66) 
and arrived at point S16 on January 25, 2018 (Day 79) 
and stayed for 2 days. A timeline of this inland activity 
is shown in Fig. 2.

Fig. 1. Location map of Syowa Station (Syowa St.) and Dome Fuji Station (Dome F) in Antarctica.
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Basic health check
During the journey, all subjects had a medical checkup 
inside the snow vehicles during rest after getting up 
every morning. Percutaneous arterial blood oxygen 
saturation (SpO2) was measured using a pulse oximeter 
(OXIM S-114, SEASTAR Corporation, Tokyo, Japan) 
for monitoring of hypoxia. We also measured systolic 
and diastolic blood pressure (HEM-6111, OMRON 
Corporation, Kyoto, Japan), pulse rate, body tempera-
ture, body weight (PS-130WH, KYOWA Manufacturing 
Co., Ltd., Osaka, Japan). We did not calibrate the body 
weight meter because the atmospheric pressure and 
latitude changes affect measurements under such condi-
tions, though within an acceptable range (error of 1%). 
We made comparisons of average levels of each param-
eter over 2 days at the following time points: on arrival 
at S16 (days 1 and 2), Point A; on arrival at Dome F 
(days 34 and 35), Point B; departure from Dome F (days 
65 and 66), Point C; and return to S16 (days 79 and 80), 
Point D.

High-altitude-related symptoms
High altitude related symptoms during the expedition 
were investigated based on the 1991 Lake Louise AMS 
score.11 Symptoms of AMS in the evaluating consisted 
of headache (0, no headache; 1, mild headache; 2, 

moderate headache; 3, Sever headache, incapacitating), 
gastrointestinal symptoms (0, no gastrointestinal symp-
toms; 1, poor appetite or nausea; 2, moderate nausea or 
vomiting; 3, severe nausea and vomiting, incapacitat-
ing), fatigue and/or weakness (0, not tired or weak; 1, 
mild fatigue/weakness; 2, moderate fatigue/weakness; 
3, severe fatigue/weakness, incapacitating), dizziness/
lightheadedness (0, not dizzy; 1, mild dizziness; 2, mod-
erate dizziness; 3, severe dizziness, incapacitating), and 
difficulty sleeping (0, slept as well as usual; 1, did not 
sleep as well as usual; 2 woke many times, poor night’s 
sleep; 3, could not sleep at all).11 Every symptom was 
assessed by each subject via self-check sheets. AMS 
score was taken as the sum of the points. In general, a 
total score of 3 to 5 indicates mild AMS and a score of 6 
or more signifies severe AMS.

Statistical analysis
The comparison of average levels of each measurement 
item among Point A, B, C, and D was assessed by 
repeated-measures analysis of variance. The relation-
ship between SpO2 level and AMS score (including 
the severity of each symptom) was assessed using 
Spearman’s rank correlation because the variables 
were not normally distributed. For the estimation of 
associated factors with AMS score, we used generalized 

Fig. 2. A timeline of expedition details including height above sea level and air temperature. Dome F, Dome Fuji Station.
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estimating equations (GEE), which is a good method for 
analysis of repeated measurements or other correlated 
observations, such as clustered data. Age, smoking sta-
tus, and measurement items (SpO2, body temperature, 
body weight, and systolic blood pressure) were selected 
as the independent variables, and all daily data were 
used for GEE. Pulse rate and diastolic blood pressure 
were excluded from GEE due to high variability and 
multicollinearity, respectively. All data analyses were 
performed using IBM SPSS Statistics Version 24 (IBM, 
Armonk, NY). P < 0.05 was considered statistically sig-
nificant. Values are reported as mean ± standard error.

Ethics approval
This study was approved by the Medical Ethics 
Committee of the National Institute of Polar Research 
(NIPR), Japan (No. November-1-2017), Project Research 
no. KZ-32. We obtained informed consent from all 
research subjects.

RESULTS
Trends in daily average levels of SpO2, body tempera-
ture, pulse rate, blood pressure, and body weight are 
shown in Fig. 3. The AMS trend including each symp-
tom is presented in Fig. 4. Average levels of SpO2, body 
temperature, pulse rate, blood pressure, body weight, 
and AMS score at each point are shown in Table 1. The 
average levels (± standard error) of SpO2 at Points A to 
D was 97.9% ± 0.2%, 84.8% ± 1.4%, 87.9% ± 0.8%, and 
97.8% ± 0.3%, respectively. The average SpO2 levels 
at Point B was significantly lower than at any other 
points (Point A, P < 0.001; Point C, P = 0.008; Point D, 
P < 0.001). The average body temperature was 35.7°C 
± 0.2°C, 35.8°C ± 0.1°C, 35.7°C ± 0.2°C, and 36.2°C ± 
0.2°C at Points A to D, respectively. The average body 
temperature at Point D was significantly higher than at 
Point B (P = 0.031) and Point C (P = 0.001). The average 
pulse rate (per minute) at Points A to D was 76.6 ± 3.8, 
78.7 ± 3.0, 85.2 ± 4.0, and 73.1 ± 3.7, respectively. The 
average pulse rate at Point C was significantly higher 
than at Point A (P = 0.006) and Point D (P = 0.002). The 
average systolic / diastolic blood pressure at Points A 
to D was 138.7 ± 6.5/89.1 ± 3.6 mmHg, 136.8 ± 5.5/96.7 
± 4.0 mmHg, 130.8 ± 5.0/91.8 ± 4.7 mmHg, and 132.2 
± 3.8/87.9 ± 4.0 mmHg, respectively. The average 
diastolic blood pressure at Point B was significantly 
higher than at Point A (P = 0.048) and Point D (P = 
0.003). The average body weight in each point was 74.0 
± 3.2 kg, 70.6 ± 3.0 kg, 68.7 ± 2.7 kg, and 69.4 ± 2.9 kg, 
respectively. The average body weight at Points B, C, 
and D was significantly lighter than at Point A (P = 0.002, 
0.001, and 0.003). and average body weight at Points C 

was significantly lighter than at Point B (P = 0.017). The 
average AMS score at Points A to D was 0.33 ± 0.08, 0.50 
± 0.14, 0.33 ± 0.19, and 0.06 ± 0.06, respectively. The 
average AMS score at Point B was significantly higher 
than at Point D (P = 0.021) and the average AMS score 
at Point D was significantly lower than at Point A (P = 
0.013).

The correlation coefficient (ρ) between SpO2 level 
and AMS score including the severity of each symptom 
are shown in Table 2. SpO2 level was negatively cor-
related with AMS score (ρ = –0.095, P = 0.012) and the 
severity of fatigue (ρ = –0.112, P = 0.003).

In GEE analysis (Table 3), AMS score was posi-
tively associated with age (standardizing coefficient, B 
= 0.010, P < 0.001) and negatively associated with the 
level of SpO2 (B = –0.011, P = 0.035). There was no sig-
nificant relationship between AMS score and smoking 
habit (B = 0.114, P = 0.294), systolic blood pressure (B 
= –0.005, P = 0.070), body temperature (B = 0.026, P = 
0.445), and body weight (B = 0.010, P = 0.051).

DISCUSSION
No severe mountain sickness was found in any subjects, 
including the untargeted participants, so this inland 
operation was conducted safely. Hypoxemia is one of 
the predictive factors related to AMS,7 and a hypoxic 
state can easily be confirmed by the levels of SpO2 
(a normal level is typically between 96 and 99%), as 
measured using a pulse oximeter. SpO2 levels had a 
negative correlation with height above sea levels, and 
average level of SpO2 after arriving at Dome F was 
85.2%. Such low levels at low altitudes should raise 
suspicion of respiratory failure: for example, severe 
pneumonia or chronic obstructive pulmonary disease 
requiring oxygen inhalation. However, the high-altitude 
adaptation process reduces health risk and, in fact, no 
emergency cases except for one arrhythmia case have 
been reported among previous JARE inland parties or 
the current party. Usually, JARE inland parties travel at 
low speed in snow vehicles during their expedition and, 
consequently, the body can gradually become accus-
tomed to high altitude. As we previously reported,5 he-
matological acclimation responses are completed within 
several weeks and the resulting state of polycythemia 
is useful for oxygen transport. The activities of expedi-
tions are bound by time constraints and tight schedules. 
Nevertheless, to prevent acute mountain sickness, it 
is desirable for members to ascend gradually when 
travelling to inland Antarctica. Additionally, members 
of JARE are rigorously selected using a strict medical 
checkup before leaving for Antarctica.1, 2 These reasons 
may explain why no JARE members have developed 
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Fig. 3. Percutaneous arterial blood oxygen saturation (SpO2), body temperature, pulse rate, blood pressure, and body weight presented 
as daily values throughout the expedition. The dotted line represents height above sea level.
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severe medical conditions.
In the present study, the SpO2 level was negatively 

correlated with the AMS score. When considering each 
AMS-related symptom, we found a negative correla-
tion between SpO2 level and the severity of fatigue. 
Given that fatigue is a typical symptom arising from 
hypoxia, this result is understandable. The severity of 
headache, which is the most important symptom of 
early-stage AMS,11 and other symptoms did not show 
any significant relationship with SpO2 level. There are 
various possible reasons for these results. As previously 
mentioned, hypoxia can lead to polycythemia, which 
can itself cause headache, fatigue, and vertigo. In addi-
tion, sleep disturbances of subjects may be attributable 
to tremendous temperature differences (it is extremely 

cold especially in the early morning) and/or tight spaces 
inside snow vehicles, besides the hypoxic environment. 
The sleep component, which was removed from the 
new AMS scoring system (the 2018 Lake Louise AMS 
score),12 may not be important as a symptom of AMS. 
However, considering the overall AMS score, low levels 
of SpO2 might be related to hypobaropathy. Mandolesi 
et al.9 reported that AMS subjects present with more 
severe and prolonged oxygen desaturation than non-
AMS subjects. One would thus expect that monitoring 
of hypoxia benefits the timely detection of AMS. 
Moreover, during the stay in Dome F, the SpO2 level 
tent to increase and the average level of SpO2 at Point 
C was significantly higher than at Point B, albeit at the 
same altitude. It is known that altitude acclimatization 

Fig. 4. Acute mountain sickness (AMS) score and scores of AMS-related symptoms, namely headache, gastrointestinal symptoms (GI 
symp.), fatigue, dizziness, sleep disturbance (sleep dist.), as daily values throughout the expedition. The dotted line represents height 
above sea level.
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Table 1. Clinical parameters at different determination points

Point A: point S16 (day 1 and 2 at 560 m above sea level); Point B: the arrival at Dome Fuji Station (Dome F) (day 34 and 35 at 3,810 m 
above sea level); Point C: the departure from Dome F (day 65 and 66); Point D: the return to point S16 (day 79 and 80). AMS, acute 
mountain sickness; SpO2, percutaneous arterial blood oxygen saturation.
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improves respiratory function and gas exchange,13 and 
the subjects seem to have adapted physiologically in this 
study.

A recent meta-analysis and a review point out 
that there is no association between age and the risk of 
AMS, and it is not clear whether age is a protective fac-
tor or a risk factor for AMS.14, 15 However, ageing leads 
to changes in physical activity and functional fitness, 
and older members may become more susceptible to 
altitude-related illness. In the present study, AMS scores 
were positively associated with age despite a small sam-
ple number. Although most previous studies of age and 
AMS have targeted climbers and travelers,14, 15 subjects 
of our study were JARE members who worked at vari-
ous jobs such as scientific surveying, observation, and 
logistics. Moreover, the mean age of members in each 
JARE group, including inland parties, has increased 
year by year2: for example, the mean ages of inland ex-
pedition members in JARE40, JARE43, JARE46, and 
JARE59 were 33.7, 35.4, 43.0, and 45.4 (including the 
untargeted participant) years, respectively.16 Currently, 
there is no age limit for selecting JARE members; nev-
ertheless the effects of age may not be negligible in the 

near future.
Exposure to cold induces autonomic homeostatic 

responses for the maintenance of core body tempera-
ture, and cutaneous vasoconstriction and thermogenesis 
are the most important of these reactions.17 It is well 
known that cold stimuli result in elevation of blood 
pressure and increased heart rate.18 In the present study, 
the changes in blood pressure were significant but not 
compelling, perhaps because participants spent most of 
their time in snow vehicles or inside buildings where the 
air temperature was controlled. In fact, it was difficult to 
assess the effects of cold as each member was assigned 
a different task and had varying degrees of exposure. 
Nevertheless, subjects’ pulse rate tended to increase 
until the end of stay in Dome F, possibly because of 
hypoxia.19 The body temperature of participants tended 
to rise after arriving at Dome F and during the return 
trip from Dome F to S16, possibly because the outside 
air temperature tended to increase in the time interval 
from staying at Dome F to arrival at point S16. In ad-
dition, increased basal metabolism in the cold may be 
associated with elevated body temperature.17 Although 
no major accidents have occurred as a result of the cold 
environment and stimuli, minor injuries and frostbite 
have been observed occasionally. It is known that acute 
cold stress impairs cognitive performance,20 which may 
lead to accidents among members performing outdoor 
tasks in inland Antarctica.

Subjects’ body weight continued to decrease 
during inland activity. The mechanisms leading to 
body weight changes are various and influenced by the 
individual adaptive response to hypoxia and cold, the 
level of physical activity, and the nutritional intake.21 
According to the food uptake standard of the ministry 
of Health, Welfare and Labor of Japan, the estimated 
energy requirement is 3,050 (2,300) kcal/day for a 30- to 
49-year old male (female) with a high physical activity 
level and 2,800 (2,200) kcal/day for 50- to 69-year old 
counterparts.22 In addition, higher calorie intake is 

Table 2. Correlation coefficients between percutane-
ous arterial blood oxygen saturation (SpO2) value and 
acute mountain sickness (AMS) score and scores of 
AMS-related symptoms

ρ P value
Headache –0.054 0.159
GI symptoms –0.052 0.174
Fatigue –0.112 0.003
Dizziness –0.060 0.111
Sleep disturbance –0.038 0.314
AMI score –0.095 0.012
AMS, acute mountain sickness; GI, gastrointestinal; ρ, correla-
tion coefficients.

Table 3. Generalized estimating equations of factors associated with acute mountain sickness (AMS) score

B 95% CI P value
Lower Upper

Age (years) 0.010 0.005 0.016 < 0.001
Smoking habit 0.114 –0.099 0.328 0.294
SpO2 –0.011 –0.021 –0.001 0.035
Body temperature 0.026 –0.040 0.092 0.445
Systolic blood pressure –0.005 –0.011 0.000 0.070
Bodyweight 0.010 –0.001 0.019 0.051
B, standardizing coefficient; CI, confidence interval.
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required in cold environments because of promotion of 
energy metabolism.20 In such extremely cold environ-
ments, dietary intake should be determined on the basis 
of activity and weight monitoring. At Syowa Station, 
the wintering team of each year makes a working rule 
such as working hours and days off for health promo-
tion of 30 to 40 members similar to the work system in 
Japan,1, 2 and every meal is provided to the wintering 
members by licensed chefs. Meanwhile, few nutritional 
or occupational hygiene approaches have been taken for 
the health care of Antarctic inland survey members in 
spite of the harsh working conditions. In contrast, the 
National Aeronautics and Space Administration (NASA) 
established the NASA Occupational medicine division 
in 1963 to provide health and safety management for 
astronauts and all supporting personnel.23 Although the 
purpose, scale, and budget of NIPR, which conducts 
JARE, is quite different from NASA, they are alike in 
that they send out members with important missions to 
special environments. The health and safety of Antarctic 
inland expedition members must also be managed from 
the perspective of occupational medicine.

The limitations of our study include the difficulty 
of repeating the results in the same environment and 
situation because a JARE inland party is not always or-
ganized every year and the main purpose of the inland 
survey also differs each time. For this reason, analysis 
and assessment had to be performed with a small 
sample number of people and the effects of gender, pre-
training, and smoking habits on symptoms could not be 
fully evaluated. Second, as we mentioned before, envi-
ronmental factors affecting health were not the same for 
each subject because they had different tasks. Therefore, 
physical activity of each subject was not accurately 
evaluated. The amount of activity should be considered 
in more detail and, similarly, times of exposure to cold 
should be documented in detail. Third, we did not 
evaluate psychological stress among participants. Some 
health parameters, including symptoms, may be attrib-
utable to psychological stress arising from the isolated 
and extreme environment.24 Moreover, it is reported 
that trait anxiety at low altitude was an independent 
predictor of severe AMS development at high altitude.25 
A simple psychological test may be necessary for the 
mental and physical health management of members, 
although this is a delicate and private matter.

Research and expeditions in Antarctica are very 
important for future projections of climate change26; 
thus, it is expected that detailed Antarctic inland surveys 
will continue. For this purpose, it is a prerequisite that 
the expedition members can work safely and healthily 
in Antarctica. Therefore, we need to continue collecting 

health-related data in such an extreme environment and 
share the results of the analysis not only with JARE, 
but also with Antarctic expedition teams from other 
countries. In addition, this kind of study will be helpful 
for better understanding of physiological responses and 
health issues in extreme environments.
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