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Objective: To evaluate, under replicable, blinded and standardised conditions, the
effect of acute exposure to hypobaric hypoxia (HH) (equivalent to 200 or 3000 or 5000 m
above sea level (asl)) on selected cognitive domains and physiological parameters in personnel
of helicopter emergency medical service (HEMS).

Methods:Weconducted a randomized clinical trial using a single-blind crossover design in
an environmental chamber (terraXcube) to induce HH in 48 HEMS personnel. Participants
performed cognitive tests (CT) before the ascent, after 5 min at altitude, and after simulated
cardiopulmonary resuscitation (SCR). CT evaluated: sustained attention using the psychomotor
vigilance test (PVT) that included measurement of reaction time (RT); risky decision making using
the balloon analogue risk task (BART), and attention and speed of processing using the digit symbol
substitution test (DSST).CTperformancewas subjectively ratedwith a visual analogue scale (VAS).
Physiological datawere recordedwith a physiologicalmonitoring system.Datawere analysed using
a linear mixed model and correlation analysis.

Results: Mean reaction time was significantly slower (p = 0.002) at HH (5000 m asl), but
there were no independent effects of HH on the other parameters of the PVT, BART or DSST.
Participants did not detect subjectively the slower RT at altitude since VAS performance results
showed a positive correlation withmean RT (p = 0.009). DSST results significantly improved (p =
0.001) after SCR.

Conclusion: Acute exposure of HEMS personnel to HH induced a slower RT but
no changes in any other investigated measures of cognition. The reduced RT was not
detected subjectively by the participants. Trial number 3489044136, ClinicalTrials.gov
trial registration.

Keywords: hypobaric hypoxia, attention, decision making, reaction time, helicopter

emergency medical service, cognition

INTRODUCTION

The partial pressure of oxygen in the inspired
air decreases exponentially with altitude exposure
due to a decrease in barometric pressure, resulting
in hypobaric hypoxia (HH). The brain is par-
ticularly sensitive to hypoxia and is the first organ
to be compromised when compensatory re-
sponses are insufficient (e.g., after acute HH
exposure). The neurological effects of HH in-
clude symptoms like headache and dizziness and
specific neurological altitude illnesses and can
involve higher cortical functions and lead to
cognitive disturbances (Falla et al., 2021; Wilson
et al., 2009). In contrast to other neurological
effects of HH, it can be challenging for affected
individuals to promptly recognise cognitive im-
pairments at altitude and are therefore particularly
dangerous. Reduced cognitive abilities may cause
accidents and have fatal consequences during
high-risk working operations at HH (Cable, 2003).
For many years, astronauts and aircraft pilots have
been trained to promptly recognise HH exposure
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as an emergency event, yet notoriously difficult for
them to detect because of its insidious nature.

Previous studies in astronauts (Basner et al.,
2015), aircraft pilots (Asmaro et al., 2013;
Bustamante-Sánchez et al., 2019; Legg et al.,
2012) and military helicopter pilots (Bouak
et al., 2018; Legg et al., 2016) have explored
the influence of HH on multiple cognitive do-
mains but the precise effects on cognition are
still unclear (Jung et al., 2020; McMorris et al.,
2017). Contradictory results have been reported
in different studies (De Bels et al., 2019; Li et al.,
2000; Loprinzi et al., 2019; McMorris et al.,
2011; McMorris & Hale, 2012; Pavlicek et al.,
2015; Taylor et al., 2016), especially at moderate
altitude. Some studies have reported reduced
psychomotor vigilance (i.e., slowing of reaction
time, RT) after exposure to reduced oxygen
availability (altitude between 4350 and 5260 m
above sea level (asl)) (Davranche et al., 2016;
Pun et al., 2018; Roach et al., 2014) while others
reported no effects (altitude between 1630 to
3962 m asl) (De Bels et al., 2019; Heinrich et al.,
2019; Latshang et al., 2013; Thomas et al.,
2007). Other studies have reported the in-
fluence of hypobaric (Heinrich et al., 2019) and
normobaric hypoxia (Pighin et al., 2014, 2020)
on decision making investigated with different
tasks (decision under risk and decision under
ambiguity) while others reported no effects
using a complex logical reasoning test (Legg
et al., 2012) and a test that evaluated propensity
to impulsivity (Thomas et al., 2007). Impairment
of working memory was described in aircraft
pilots after exposure to HH (10,000 m asl)
during hypoxia awareness training (Asmaro
et al., 2013; Malle et al., 2013), in military
helicopter pilots (Bouak et al., 2018; Legg et al.,
2016) and other study populations (Hu et al.,
2016; Wang et al., 2013), while others reported
no effects (Walsh et al., 2020).

Helicopter emergencymedical service (HEMS)
personnel are routinely exposed to rapid ascent to
altitudes between 3000 and 5000 m asl without
pressurized cabins in services operating in
mountainous areas (EASA, 2018; Pietsch et al.,
2018). Although cognitive abilities are of utmost
importance for flight safety and the management
of critically injured patients (e.g., performance of
in-flight cardiopulmonary resuscitation), there

have been no previous studied of the effects of
HH exposure on cognition of HEMS personnel.

The aim of the current study was to evaluate
under replicable, blinded and standardised con-
ditions, the effect of acute exposure with a rapid
ascent (4 m/s) to different levels of HH (equivalent
to 200, 3000 and 5000m asl) on selected cognitive
domains and physiological parameters in HEMS
personnel. We hypothesised that altitude would
independently affect cognition, specifically in
three tests investigating speed of processing, at-
tention and risk-taking behaviour. Secondary aims
were to explore the relation between the effects of
HH on cognition and its subjective effects and the
effect of physical effort in the form of simulated
cardiopulmonary resuscitation (SCR).

METHODS

A randomized clinical trial (RCT) study using
a single-blind crossover design was performed
from the 25th October to the 11th of November
2019 in the terraXcube in Bolzano, Italy. The
terraXcube is a research infrastructure that can
simulate the most extreme climatic conditions
under controlled, replicable and safe conditions
(https://terraxcube.eurac.edu/) (Figure 1). The study
was approved by the institutional review board of
Bolzano (Protocol Number 0122265-BZ) and
registered in ClinicalTrials.gov (Protocol Record
3489044136). The study was conducted ac-
cording to the declaration of Helsinki and the
CONSORT guidelines.

Study participants

Study participants were recruited from pre-
hospital emergency service personnel (i.e., medical
doctors, nurses, paramedics, rescue technicians
and pilots) in Austria, Germany, Italy and
Switzerland. Inclusion criteria were an age be-
tween 18 and 60 years, and an American Society
of Anaesthesiologists (ASA) physical status class
I (healthy patient). Participants between 40 to 60
years old, or below 40 years old with cardio-
vascular risk factors according to the European
Society of Cardiology (ESC) guidelines (Perk
et al., 2012), were screened with a cardiovascu-
lar stress test and excluded in presence of
arrhythmias, increasing chest pain or marked
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ST-depressions during exercise. Exclusion
criteria were age above 60 years, an ASA class II
or more, a medical history of psychiatric dis-
orders and neurological diseases, or previous
high altitude pulmonary oedema (HAPE) or high
altitude cerebral oedema (HACE) or severe acute
mountain sickness (AMS) (defined as a Lake
Louise Score (LLS) > 9) (Roach et al., 2018)
which occurred at altitudes similar to the ones
used in our study.

Study protocol

Each participant took part in two experimental
sessions on two consecutive days (Figure 2). After
a baseline test at 200 m asl (i.e., altitude of the
terraXcube), the experimental sessions were
performed at three different levels of HH
(equivalent to 200 (control test) or 3000 or
5000 m asl). Participants and researchers were
blinded towards the altitude profiles; only the
principal investigator and the chamber techni-
cians knew the simulated altitude. The tem-
perature, humidity and carbon dioxide levels in
the terraXcube were continuously monitored
and kept constant at normal indoor values.

Participants were divided into 12 groups of
four participants each. The crossover design of
the study consisted of six study arms - one for

each of the two combined altitude profiles – as
shown in Figure 2. Each study arm was applied
to eight participants (i.e., two groups of four).
Ascent and descent times to the three different
altitudes were standardized to 20 min to guar-
antee the blind design. The control ascent to
200 m asl consisted of an oscillating ascent-
descent between 200 and ∼600 m asl for 20 min,
with the purpose of evoking the typical pressure
change on the eardrums during altitude changes.
The ascent to 3000 m asl consisted of an oscil-
lating ascent-descent between 200 and ∼600 m
before going up to 3000 m asl. The ascent to
5000 m asl was a constant ascent for 20 min. The
rate of ascent and descent in the chamber was
4 m/s, which corresponds to a realistic ascent
speed for HEMS (IVAO, 2020).

On days 1 and 2 each group was exposed to
two of the three simulated altitudes according to
a randomly assigned altitudes’ profile. On each
day the same schedule was followed, with
cognitive tests (CT) performed at the same time
of the day to prevent any circadian influence on
arousal (Figure 2). Participants performed the
CT three times on each of the 2 days: before the
ascent (baseline - CT1), after 5 min from the end
of the ascent (CT2) and after physical effort (i.e.,
5 min of SCR that include only chest com-
pression; CT3). After completing each CT

Figure 1. Schematic representation (on the left) of the study setting in the terraXcube in Bolzano, Italy
for each study arm (4 participants) inside of the hypobaric chamber (upper panel) and of the control
room (lower panel). Pictures (on the right) refer to the experimental setup inside the hypobaric
chamber (upper panel) and in the control room (lower panel).
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session, participants were asked to rate their
performance using a visual analogue scale (VAS)
by placing a mark on a 100 mm-line, horizontally
positioned with the extremes labelled “bad per-
formance” (on the left end) and “good perfor-
mance” (on the right end).

On a familiarisation day (day 0), a medical
interview with a general medical examination

was performed. This included a questionnaire
about previous altitude exposure in accordance
with the STrengthening Altitude Research
(STAR) data reporting guidelines for clinical
high altitude research (Brodmann et al., 2018).
Participants received a technical introduction
and safety briefing for the terraXcube, as well as
a familiarisation session with the CT and the

Figure 2. Study design. Six study arms: 1 (day 1–200 m, day 2–3000 m); 2 (day 1–3000 m, day
2–200 m); 3 (day 1–200 m, day 2–5000 m); 4 (day 1–5000 m, day 2–200 m); 5 (day 1–3000 m,
day 2–5000 m); 6 (day 1–5000 m, day 2–3000 m). CT: cognitive tests. SCR: simulated
cardiopulmonary resuscitation.
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experimental protocol. In addition, on the fa-
miliarisation day, assessment of sleep quality,
depression/anxiety and stress were also per-
formed using three paper questionnaires. Belts
for the physiological monitoring system (Equi-
vital EQ02, Hidalgo, Cambridge, UK) were fitted
and worn during the entire duration of the tests
inside the chamber. The cerebral oxygen satu-
ration (ScO2) sensor was worn during the first
two sessions of the CT (CT1 and CT2) but was
removed before SCR for operational reasons.
AMS was assessed using the LLS (Roach et al.,
2018) three times each day (before, during and
after altitude exposure) after each CT session.

Before each experimental session, participants
were asked to avoid coffee and tea consumption
and/or smoking over the last 2 hours. Participants
were questioned about the quality and quantity of
the previous night sleep (using the Richards-
Campbell Sleep Questionnaire), and whether
they had to work a night shift the last three nights.
The participants were not accompanied by staff
during the tests in the chamber. To guarantee
adherence to the experimental protocol, they
were, however, continuously monitored and
guided (via radio commands) from the control
room by staff, without otherwise interfering with
the experiment (Figure 1). A wash-out period of
24 hours rest between the testing on day 1 and the
testing on day 2 aimed to prevent any carry-over
effect of the altitude exposure.

Cognitive Tests and PaperQuestionnaires

The stress perception was evaluated using the
Perceived Stress Scale (PSS)-10 item (Cohen &
Williamson, 1988) and anxiety and depression
using the Hospital Anxiety and Depression
Scale (HADS) (Zigmond & Snaith, 1983). Sleep
quality was evaluated by the Pittsburgh Sleep
Quality Index (PSQI) questionnaire that assesses
sleep quality and quantity over a month-long
period (Buysse et al., 1989).

Three different CT were employed to eval-
uate: sustained attention, using the Psychomotor
Vigilance Test (PVT); risky decision making,
using the Balloon Analogue Risk Task (BART);
and attention and speed of processing using the
Digit Symbol Substitution Test (DSST). Six
different versions of the DSST were

administered across the multiple timepoints
(different session CT1, CT2 and CT3 on day 1
and 2) to avoid learning effect. The three tests
were assigned following sequence randomiza-
tion. All the tests were developed using Psy-
choPy (version 3.1.0, www.psychopy.org) and
were modularly designed. The software for the
three cognitive tests was installed on four Eurac
Research-issued laptops, used by each group.
Each participant performed the tests on the
designated laptop in the terraXcube at a separate
desk based on the study protocol timeline. To
ensure that all laptops performed identically at
various altitudes, a laptop benchmark software
(NovaBench https://novabench.com/) was run
several times on an altitude of 200, 3000 and
5000 m asl, during ascent and descent. In all test
cases, the benchmark software produced the
same score. Therefore, we concluded that
a change in altitude had no significant effect on
the performance of the laptops.

Psychomotor Vigilance Test. We used
a brief 3-min version of the PVT similar to
Basner et al. (2011, 2015). The PVT assesses
sustained and vigilant attention and is based on
simple RT to visual stimuli that occur at random
intervals varying from 2 to 5 s in steps of 200 ms
(Dinges & Powell, 1985). The PVT is suitable
for administration several times without im-
provement over time because it is unaffected by
learning (intra-subject variability) (Dinges et al.,
1997). The following parameters were measured
and analysed: reaction time (milliseconds (ms))
(excluding lapses and false starts), the number of
omission errors or “lapses” (defined as reaction
times ≥355 ms), false starts or errors of com-
mission (defined as a response without a stimulus
or a RT <100 ms), and performance score (de-
fined as one minus the number of lapses and false
starts divided by the number of valid stimuli,
including false starts range 0–100%) (Basner
et al., 2011).

Balloon Analogue Risk Task. The BART is
a computer-simulated assessment of risk-taking
behaviour under ambiguity (the probabilities of
possible negative consequences are unknown)
(Lejeuz et al., 2002). Participants performed an
adjusted version of the BART. Participants had
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to inflate a series of virtual balloons pressing the
enter button on a PC which increase the bal-
loon’s size and will randomly explode. If
a balloon popped, the value of that balloon is lost
to the participant. The goal is to achieve a virtual
monetary reward balancing the possible loss.
Participants had to find the best strategy to gain
a valuable reward while at the same time avoiding
excessive risky decisions. Therefore, they have to
weigh the relative risks and benefits of each
consecutive pump. The following parameters
were measured and analysed: mean earnings and
mean pumps for only the balloons not popped
(adjusted values).

Digit Symbol Substitution Test. The DSST
assesses several cognitive domains including:
attention, visual-motor speed and coordination.
DSST is a computerized adaptation of a para-
digm used in the Wechsler Adult Intelligence
Scale (WAIS-IV) (Wechsler, 2008). Every
subject refers to a fixed legend at the bottom of
the screen relating each of the digits 1 to 9 to
a specific nonsense symbol. One of the nine
symbols appears randomly on the center of the
screen and the participant must select the cor-
responding number as quickly as possible using
the keyboard numbers in a row. The test duration
is fixed at 90 s, and the legend key is randomly
reassigned with each administration. Due to
engagement of executive functions this test is
subject to learning/practice effects over time
(Beres & Baron, 1981). Therefore, due to the
repeated administration of this test in our study,
we used a randomized design coupled with the
use of six parallel forms of the same test. The
total mean number of correct and incorrect
paired responses were calculated.

Physiological Measurements

A two-lead electrocardiogram (ECG), heart
rate (HR), respiratory rate (RR) and peripheral
oxygen saturation (SpO2) were recorded con-
tinuously in real-time using the Equivital system
(EQ02, Hidalgo, UK). Regional ScO2 of the left
frontal lobe area of the brain was measured by
a near-infrared spectroscopy (NIRS) device
(O3TM Regional Oximeter, Masimo Corporation,
Irvine, CA, USA).

Statistical Analysis

As no previous data were available, and thus
no sample size estimation could be performed,
recommendations concerning sample size for
pilot studies have been used instead (Julious,
2005). As there were six altitude combinations,
a team had four members, and two repetitions
were regarded as necessary, a total of 48 par-
ticipants were enrolled in the study. Specifically,
with a sample size of 48 participants per group
(alpha = 5%, beta = 80%) an effect size of 0.41
could be detected. This is in line with a likely
effect size of 0.49 from a meta-analysis
(McMorris et al., 2017).

Data is given as mean with standard de-
viation, mean with 95% confidence interval or
as frequencies, as appropriate. Data from the
crossover trial were analysed with a linear
mixed model (LMM) using the baseline value
of the variable of interest as a covariate, day
and session of testing as a repeated effect with
an autoregressive covariance type and the
fixed effects of age (<39.5 vs. ≥39.5 years),
altitude, healthcare provider (HCP), gender,
pre-acclimatisation, sleep hours, day of test-
ing, session of testing and sequence of testing.
Session of testing was defined as timepoints of
the CT administration (CT1, CT2 and CT3).
Sequence of testing was defined as the ran-
domized order of the three CT (PVT, BART,
DSST) at each session. Pre-acclimatisation
was defined to be present, partially present,
or clinically absent, considering the number of
exposures above 3000 m asl and their duration
in the 3 months before the study, as well as
their proximity to the study dates. Single
group comparisons were conducted using t-
test or chi-square-test, as appropriate. Corre-
lation analysis was done between SpO2, ScO2,
VAS performance and cognitive tests. All p-
values are two-sided, corrected for multiple
variable comparisons using Li’s two-step re-
jection procedure (Li, 2007) and a value of
0.05 or less was considered statistically sig-
nificant. Statistical analyses were conducted
with the use of SPSS version 26 software (IBM
Corp., Armonk, NY, USA).
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RESULTS

Forty-eight participants were enrolled in the
study (see Table 1 for demographic and baseline
characteristics of study participants). Partic-
ipants were aged 39.8 ± 8.8 years. Eleven (23%)
were female; 25 (52%) of the participants were
professional healthcare providers. Mean length
of education was 16 ± 3.1 years. Baseline per-
ceived stress was moderate according to the
Perceived Stress Scale (PSS) values in 11 par-
ticipants (23%). Mean Hospital Anxiety and
Depression Scale-Anxiety (HADS-A) (3.8 ± 2.8)
and Depression (HADS-D) (1.7 ± 2.5) scores
were within the normal range, but six (12.5%)
participants showed an increased score (mild
anxiety) in HADS-A and 1 (2%) in HADS-D
(mild depression). Mean Pittsburgh sleep quality
index (PSQI) score was <5 (3 ± 1.5), but two
participants (7%) were poor sleepers. There were
no differences in the variables between
healthcare provider (HCP) categories, except

for length of education (17.3 ± 2.5 vs. 14.7 ±
3.2 years; p = 0.004) and gender (females 40%
vs. 4%; p = 0.003).

During the tests the barometric pressure was
973.6 ± 11.6, 705.2 ± 0.1, and 543.1 ± 0.1 mbar
(p < 0.001), the temperature was 22.9 ± 0.2, 22.6
± 0.4, and 22.7 ± 0.4°C (p = 0.237) and the
relative humidity 45.5 ± 6.9, 36.1 ± 4.6, and 31.0
± 2.8% (p < 0.001) at HH equivalent to 200,
3000, and 5000 m asl, respectively. Carbon
dioxide was constantly kept below the 1100 ppm
threshold. There were no dropouts or health
issues. All tests (96) were included in the final
data analysis.

Cognitive tests: Psychomotor Vigilance
Test (PVT), Balloon Analogue Risk Task
(BART), Digit Symbol Substitution
Test (DSST)

The LMM analysis (Table 2) showed an ef-
fect of altitude on mean RT which was slower

TABLE 1: Baseline characteristics of study participants

Parameters

healthcare
providers

Non-healthcare
providers

Total
HCP vs Non
HCP, p-value

(MDs, Nurses,
Paramedics)

(Technicians, Pilots,
Rescuers)

Total, n 25 23 48 -
Females, n (%) 10 (40%) 1 (4%) 11 (23%) 0.003
Age (years), mean ± SD 38.2 ± 8.5 41.6 ± 8.9 39.8 ± 8.8 0.173
Weight (kg), mean ± SD 69.4 ± 12.6 73.2 ± 12.1 71.2 ± 12.4 0.291
Height (cm), mean ± SD 174 ± 9 177 ± 7 176 ± 8 0.298
BMI (kg/m2), mean ± SD 23 ± 3 23 ± 3 23 ± 3 0.441
Education (years), mean ±SD 17.3 ±2.5 14.7 ±3.2 16 ± 3.1 0.004
PSS mean ± SD, cutoff
≥14,n (%)

9.9 ± 5.8, 6 (22) 8.9 ± 5.3, 5 (24) 9.5 ± 5.5,11
(23)

0.401

HADS-A mean ± SD,
cutoff ≥8, n (%)

4±2.8, 3 (13) 3.6 ± 2.8, 3 (12) 3.8±2.8,6
(12.5)

0.628

HADS-D mean ± SD,
cutoff ≥8, n (%)

1.6 ± 2.7, 1 (4) 1.3 ± 1.3, 0 (0) 1.7±2.5, 1 (2) 0.518

PSQI mean ± SD, cutoff
>5, n (%)

2.8 ± 0.9, 0 (0) 4.6 ± 1.9, 2 (18) 3 ± 1.5, 2 (7) 0.304

Pre-/partially/not pre-
acclimatised, n (%)

4(16)/6(24)/15(60) 5(22)/7(30)/11(48) 9(19)/13(27)/
26(54)

0.693

BMI: Body Mass Index; HADS: Hospital Anxiety and Depression Scale; HCP: healthcare provider; MD: medical doctor;
PSQI: Pittsburgh Sleep Quality Index; PSS: perceived stress scale.
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(difference from baseline 0.65 ± 8.03 ms at
200 m; 2.56 ± 7.90 ms at 3000 m; 4.45 ± 7.67 ms
at 5000 m asl, p = 0.002). There were no in-
dependent effects of altitude on other parameters of
the PVT (number of lapses, false start, performance
score). For all the other factors analysed as co-
variates (session of testing, sequence of testing,
gender, day of testing, HCP, age, pre-acclimatisation
and sleep hours) there were no effect.

The LMM analysis of BART results (Table 2)
showed no independent effects of altitude on
mean earnings and mean pumps. Of all the other
factors analysed as covariates only day of testing
(day 1 vs. day 2) showed a relationship with
mean earnings (9.45 ± 1.45 vs. 9.192 ± 1.46; p =
0.044).

For the DSST the LMM analysis (Table 2)
showed no independent effect of altitude on the
number of correct and incorrect responses. Of all
the other factors analysed as covariates there was
an effect of session of testing showing an in-
creased number of correct responses comparing
pre- and post-physical effort sessions independent
of altitude (see Table 2); the number of correct
responses at DSSTwas higher after physical effort
(48.94 ± 5.49 and 51.13 ± 9.83 pre- and post-
physical effort, respectively; p = 0.001).

Physiological parameters, Lake Louise
Score (LLS) and Visual Analogue Scale
(VAS) scores

Physiological values (SpO2, ScO2, HR, RR)
and LLS during the tests at HH equivalent to
200, 3000 and 5000 m asl can be seen in Table 3.
SpO2 and ScO2 decreased with acute HH ex-
posure and the decrements were related to al-
titude equivalent. All parameters measured by
the PVT were correlated with SpO2 (mean re-
action time (RT) r =�0.24, p = 0.004; number of
lapses r=0.17, p = 0.045; false start r=�0.20, p =
0.016; performance score r=0.23, p = 0.005) and
some with ScO2 (false start r= 0.34, p = 0.02 and
performance score r = 0.32, p = 0.02) values (see
Table 4). BART scores were not correlated with
SpO2 and ScO2 values (see Table 4). DSST
accuracy scores were not correlated with SpO2

and ScO2 values (see Table 4). HR and RR
increased with acute HH exposure, and the
changes were related to altitude equivalent (Table

3). LLS increased with acute HH exposure, and
the increase was related to altitude equivalent.
Using VAS, the participants rated their own CT
performance similarly at different altitudes and
within each session (Table 3). However, VAS was
positively correlated with mean RT (r = 0.22, p =
0.009) and lapses (r = 0.22, p = 0.009) and
negatively correlated with the performance score
(r = �0.20, p = 0.015) of the PVT (see Table 4).
The VAS performance was positively correlated
withmean earnings (r = 0.26, p= 0.001) andmean
pumps (r = 0.27, p = 0.001) in the BART test.
There was no correlation between the VAS per-
formance and the DSST results.

DISCUSSION

The main finding of this randomized, con-
trolled, single-blind, crossover trial is that a single,
acute exposure to hypobaric hypoxia (5000m asl),
with a rapid ascent (4 m/s) to altitude, induced
a slower reaction time (i.e., reduced psychomotor
vigilance) in a group of healthy HEMS personnel.
Decision making and speed of processing, how-
ever, were not significantly affected by the altitude
exposure. Participants (who were blinded to the
altitude) overestimated their self-rated cognitive
performance using a visual analogue scale even
though their reaction times were slower. The
findings indicate their slower reaction times were
not detectable subjectively. Our results expand the
knowledge on the effect of acute exposure to al-
titude on selected cognitive domains and could
have implications in occupational health during
prehospital helicopter emergency medical
operations.

In prior studies, a slower reaction time has
been consistently reported after acute exposure
to non-simulated HH using different cognitive
tests (e.g., Simon task, PVT-10, Simple Reaction
Test), different time of cognitive test adminis-
tration after altitude exposure (from 3 hours to
75 days), as well as different altitude reached
(from 4350 to 6194 m asl) (Cavaletti & Tredici,
1993; Davranche et al., 2016; Kramer et al.,
1993; Pun et al., 2018; Roach et al., 2014). In
contrast, no difference have been reported in
simple RT in other studies after both simulated
(from 3842 to 4400 m asl) (De Bels et al., 2019;
Li et al., 2000; Thomas et al., 2007) and non-
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TABLE 3: Changes in Physiological Parameters, LLS and VAS Performance Scores at the Different Alti-
tudes and Timepoints during Cognitive Testing

Variable Altitude, m

Timepoint

Effect, p-valueCT1 CT2 CT3

SpO2, % 200 98.47 ± 0.92 �0.17 ± 0.7 �0.34 ± 0.85 alt, <0.001
3000 98.72 ± 0.99 �5.14 ± 2 �5.84 ± 1.69 sess, 0.128
5000 98.23 ± 1.87 �19.06 ± 4.79 �19.41 ± 3.21 seq, 0.166

gen, 0.447
day, 0.683
HCP, 0.689 age, 0.021
pre, 0.924
sleep, 0.671

ScO2, % 200 70.08 ± 6.53 �0.22 ± 3.36 — alt, <0.001
3000 70.75 ± 4.51 �4.23 ± 2.6 — sess, <0.001
5000 70.17 ± 5.09 �12.95 ± 4.21 — seq, 0.940

gen, 0.396
day, 0.767
HCP, 0.916 age, 0.429
pre, 0.689
sleep, 0.263

HR, bpma 200 72.58 ± 10.96 �2.48 ± 4.35 1.34 ± 6.24 alt, <0.001
3000 72.36 ± 11.78 �1.83 ± 4.3 5.03 ± 8.39 sess, <0.001
5000 72.83 ± 12.01 9.09 ± 5.68 18.83 ± 10.72 seq, 0.088

gen, 0.698
day, 0.178
HCP, 0.957 age, 0.303
pre, 0.554
sleep, 0.010

RR, bpmb 200 16.02 ± 4.07 �1.44 ± 3.35 2.42 ± 3.57 alt, 0.012
3000 15.00 ± 2.72 �1.67 ± 2.21 1.95 ± 3.03 sess, <0.001
5000 15.81 ± 3.39 �3.48 ± 3.55 2.28 ± 3.83 seq, 0.345

gen, 0.084
day, 0.641
HCP, 0.277 age, 0.552
pre, 0.582
sleep, 0.137

LLS 200 0.34 ± 0.87 — 0.28 ± 0.73 alt, <0.001
3000 0.31 ± 0.69 — 0.41 ± 0.95 sess, <0.001
5000 0.38 ± 0.66 — 1.97 ± 1.67 seq, 0.031

gen, 0.632
day, 0.750
HCP, 0.063 age, 0.746
pre, 0.879
sleep, 0.824

(Continued)
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simulated HH exposure (from 1630 to 3800 m asl)
(Falla et al., 2021; Heinrich et al., 2019;
Latshang et al., 2013) performed within a dif-
ferent time window after altitude exposure (from
1 hour to 4 days) and different cognitive tests
(e.g., PVT or simple reaction test). Only two of
the above-mentioned studies measured RT
within 1 hour of the commencement of altitude
exposure. De Bels et al. (2019) measured the
PVT percentage of errors before ascent and after
1 hour at altitude (3842 m asl), and Li et al.
(2000) used the simple reaction test after 1 hour
of exposure to an HH equivalent of 300 m
(control), 2800 m, 3600 m and 4400 m asl.
Neither of these studies reported an effect of
altitude. These findings, which clearly differ
from the findings of the present study, could be
related to the different altitude reached (<5000m
asl) and to the different test employed (Li et al.,
2000) or parameter analysed (De Bels et al.,
2019). The controlled environment of the ter-
raXcube and the present study’s blinded design
allowed us to analyse the effect of multiple
factors (including rest and physical effort) and to
show the independent effect of acute altitude
exposure on RT. RT lengthening at altitude
might be explained by the reduced motor speed
or impairment of the required sustained atten-
tion. The use of tests such as the 9 Hole Peg Test

(9-HPT) could help to elucidate the role of
potential motor delay (Oxford Grice et al., 2003)
and test such as the Paced Auditory Serial
Addition Test (PASAT) could be used to eval-
uate attention and speed of information pro-
cessing avoiding confounding motor delays
(Gronwall & Sampson, 1974).

BART evaluates decision under ambiguity
rather than under risk. Such a situation is similar
to real life where most decisions are taken under
ambiguity. Our results showed no effect induced
by rapid ascent and acute HH exposure of 3000
and 5000 m asl. The number of pumps was not
different at altitude. In contrast, previous studies
using the BART test showed a higher number of
pumps at altitude, thus indicating an increased
risk-taking behaviour (Heinrich et al., 2019;
Pighin et al., 2020). Heinrich et al. (2019) ob-
served increased risk behaviour after 1 day of
exposure to HH (3800 m asl), followed by
a reduction in the next 2 days. Pighin et al.
(2020) observed it after 20 min of exposure to
hypoxia (FiO2 = 14.1%, corresponding to an
altitude of 3000 m asl). It is possible that the
different age of the participants (23.3 ± 6.8 and
28 ± 4.2 vs 39.8 ± 8.8 years in our study) and the
specific study groups (in our study we focused
on HEMS providers, while the previous two
studies targeted climbers or university students)

TABLE 3: (Continued)

Variable Altitude, m

Timepoint

Effect, p-valueCT1 CT2 CT3

VAS, mm 200 29 ± 20 27 ± 18 27 ± 17 alt, 0.062
3000 26 ± 16 25 ± 19 28 ± 21 sess, 0.205
5000 30 ± 19 34 ± 18 37 ± 19 seq, 0.993

gen, 0.289
day, 0.010
HCP, 0.162 age, 0.856
pre, 0.592
sleep, 0.822

p-values are given for each covariate effect on each variable. p-values have been corrected for multiple variable
comparisons. age: age <39.5 years; alt: altitude; bpma: beats per minute; bpmb: breaths per minute; CT1: cognitive
tests before altitude exposure; CT2: cognitive tests after 5 minute at altitude; CT3: cognitive tests after simulated
cardiopulmonary resuscitation; day: day of testing; gen: gender; HCP: healthcare provider; HR: heart rate; LLS: Lake
Louise Score; mm: millimetre; pre: pre-acclimatisation; RR: respiratory rate; ScO2: cerebral oxygen saturation; seq:
sequence of testing; sleep: sleep hours; SpO2: peripheral oxygen saturation; seq: sequence of testing; sess: session of
testing; VAS: Visual Analogue Scale.
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might explain the differences in findings. Age-
related changes in decision making have been
suggested to be related to alterations in cognitive
abilities and emotional processing. Studies fo-
cusing on the effect of age on emotion-processing
showed that processing of negative information,
negative feedback and loss/punishment are re-
duced in older adults (Liebherr et al., 2017).

Our negative results on the DSST at rest agree
with those of Walsh et al. (2020). However, the
latter performed cognitive tests after several days at
altitude (from 2800 to 4240 m asl in 7 days) and
found no effect of altitude on cognitive perfor-
mance at rest. Other studies with exposure to al-
titude from3269 to 4400m asl between a few hours
to one night showed impaired performance on the
DSST (Falla et al., 2021; Hu et al., 2016; Wang
et al., 2013). Differences in the study population
and the study design might explain the discrep-
ancies between previous findings and those of the
present study.

An improvement of cognitive functions has
been described during exercise under simulated
hypoxic conditions (1300 m and 2600 m asl, re-
spectively) (Ando et al., 2013; Komiyama et al.,
2015). Our study showed that the number of
correct responses at DSST increased after physical
effort at all altitudes. A recent narrative review
suggested that the effects of exercise combined
with hypoxia on cognitive function may be related
to different factors such as exercise duration (>20
min, intensity, hypoxia level and cognitive task
type) (Ando et al., 2020). Exercise to volitional
exhaustion can cause worsening of cognitive
functions under hypoxia (3000 m asl) (Piotrowicz
et al., 2020). Limmer and Platen (2018) reported
impairment of attentional performance during
extreme and HH exposure without any influence
of prolonged exercise. Walsh et al. (2020) showed
a negative effect of combined exercise and hy-
pobaric hypoxia (4240 m asl) on DSST results but
not on other tests that assessed processing speed,
working memory, selective and visuospatial at-
tention, and inhibitory control (e.g., Stroop, task-
switching task, visual search task).

Our data have practical implications for oc-
cupational safety not only for pilots, but also for
other professional and non-professional healthcare
providers of HEMS personnel. Helicopters are
unpressurised and usually not equipped with

a fixed oxygen installation despite the fact that
they temporarily ascend to an altitude between
3000 and 5000 m asl during search and rescue
(SAR) missions and during secondary transports
in mountainous and remote areas. HEMS crews
are routinely exposed to HH of altitudes between
3000 and 5000 m asl, not only with rapid ascents
(of around 4 m/s), but also after landing, during
take-off, and hoist operations (Pietsch et al., 2018).

Slowing of RT in our PVT (of around 5 ms at
5000 m asl) after acute exposure to altitude is
similar to what has been found by Behrens et al.
(2019) in another group of healthcare providers
(i.e., nurses) in which the same PVT was used.
Behrens et al. (2019) reported a similar slowing
of mean RT (of around 6 ms) after sleep dep-
rivation due to working a night shift, when
compared to a day shift. As reduced psycho-
motor vigilance occurred in HEMS personnel
after only a single rapid ascent at rest, in the ab-
sence of sleep deprivation and additional stressors
(Nowacki et al., 2019), the additive effects of
multiple factors, as well as multiple exposure,
should be investigated. Currently, the European
Aviation Safety Agency (EASA, 2018) states that
the need for oxygen is lower in HEMS mountain
rescue operations at altitude, because of the shorter
time periods spent compared to general aviation.
However, our data show that even in a short period
selective cognitive function (i.e., attention) can be
affected in HEMS personnel. Moreover, the
HEMS participants in our study were not able to
subjectively detect the worsening of their cogni-
tive performance (slower RT). The comparison of
a subjective evaluation (blinded to altitude
reached) with an objective one showed that the
objective performance score (PVT) correlated
negatively with the subjective VAS performance.
Pre-acclimatisation was not a protecting factor.
It was interesting to note that simulated car-
diopulmonary manoeuvres (up to 5 min of
continued chest compressions) seem to have
a protective effect, probably stimulating the
respiratory drive that is inhibited after a rapid
ascent to altitude.

Future studies should focus on explaining the
reason for RT lengthening at altitude, monitor-
ing motor speed and sustained and vigilant at-
tention effects even at different altitudes between
3000 and 5000 m asl and verifying the present
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findings in field studies. Countermeasures such as
the use of oxygen should be investigated, as well
as the potentially additive effects of repeated
altitude ascent on the same day, sleep deprivation
and additional stressors.

Strengths and Limitations

This is the first single-blind RCT investigating
the effect of acute exposure to altitude on cognitive
functions in HEMS providers under controlled
laboratory conditions. The study replicated a typ-
ical altitude ascent and operation for helicopter
crews in an international group of HEMS per-
sonnel in a controlled simulated hypobaric hyp-
oxic environment. A strength of the study was its
blindedness, so it was highly likely to produce
results unbiased by prior knowledge of altitude
exposure. The short test battery used in the present
study included tests used by other studies in-
vestigating the effects of these levels of altitude in
high performing subjects (Basner et al., 2015;
Pighin et al., 2020) and is supported by parallel
physiological monitoring. Computer-based PVT
to assess sustained attention lacks normative data
accounting for different age and gender groups.
This hampers the application of the current data in
the evaluation of impaired attention for occupa-
tional purposes. HEMS personnel, in their rescues,
experience both processive stressors (e.g., time
pressure) and systemic stressors (e.g., HH, fatigue,
extreme temperature, wind) and it is known that
stressful condition elicit riskier behaviour
(Nowacki et al., 2019). Simulated environments,
such as in the present study, make it possible to
control many of these stressors, but the current
study design did not aim to evaluate their ad-
ditive effects on altitude. An evaluation is
planned in the future at the terraXcube and in-
field studies that would afford examination of
any combined systemic and environmental
stressor on cognition.

CONCLUSIONS

Acute exposure to HH equivalent to 5000 m
asl induced a slower reaction time amongst
HEMS personnel. The slower RT was not de-
tectable subjectively. Decision making and speed
of processing were not significantly affected by

the altitude exposure. Cognitive function
seemed to differ with and without physical effort
such as simulated resuscitation manoeuvres also at
altitude.

ACKNOWLEDGMENTS

We thankGiadaNicoletto (Faculty ofMedicine,
University of Padova, Italy) for support in exper-
imental setting preparation and data collection, and
the colleagues from the terraXcube facility (Eurac
Research, Italy) for support in experimental setting
preparation. We thank the colleagues of the In-
ternational Commission for Alpine Rescue (ICAR,
Kloten, Switzerland) for invaluable scientific dis-
cussion. We thank Croce Bianca (Bolzano, Italy)
for the resuscitation manikins. We thank Jenny
Kim (Southwestern Medical Center, University of
Texas, Dallas, TX) for editing the manuscript. The
authors thank the Department of Innovation, Re-
search, University and Museums of the Autono-
mous Province of Bozen/Bolzano, Italy for
covering the Open Access publication costs.
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alent to 5000 m above sea level, slowed reaction
times in HEMS personnel, but did not affect other
investigated cognitive domains. Participants did
not subjectively notice their slower reaction times.

· These findings expand the knowledge on the effect
of acute exposure to hypobaric hypoxia on cog-
nitive domains, confirm an independent effect of
altitude and have practical implications in the
clinical setting of prehospital emergency medicine.
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