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Abstract

Importance Emergency medical services (EMS) providers transiently ascend to high altitude for primary mis-
sions and secondary transports in mountainous areas in helicopters that are unpressurised and do not have facili-
ties for oxygen supplementation. The decrease in cerebral oxygen saturation can lead to impairment in attention
and reaction time as well as in quality of care during acute exposure to altitude.

Objective The primary aim of the current study was to investigate the effect of oxygen supplementation on cogni-
tive performance in Helicopter EMS (HEMS) providers during acute exposure to altitude.

Design, setting, and participants This interventional, randomized, controlled, double-blind, cross-over clinical
trial was conducted in October 2021. Each trial used a simulated altitude scenario equivalent to 4000 m, in which
volunteers were exposed to hypobaric hypoxia with a constant rate of ascent of 4 m/s in an environmental chamber
under controlled, replicable, and safe conditions. Trials could be voluntarily terminated at any time. Inclusion crite-
ria were being members of emergency medical services and search and rescue services with an age between 18
and 60 years and an American Society of Anesthesiologists physical status class |.

Exposures Each participant conducted 2 trials, one in which they were exposed to altitude with oxygen supplemen-
tation (intervention trial) and the other in which they were exposed to altitude with ambient air supplementation
(control trial).

Main outcomes and measures Measurements included peripheral oxygen saturation (SpO,), cerebral oxygenation
(5c0O,), breathing and heart rates, Psychomotor Vigilance Test (PVT), Digit-Symbol Substitution Test (DSST), n-Back
test (2-BACK), the Grooved Pegboard test, and questionnaires on subjective performance, stress, workload, and posi-
tive and negative affect. Paired t-tests were used to compare conditions (intervention vs. control). Data were further
analyzed using generalized estimating equations (GEE).

Results A total of 36 volunteers (30 men; mean [SD] age, 36 [9] years; mean [SD] education, 17 [4] years) were
exposed to the intervention and control trials. The intervention trials, compared with the control trials, had higher
values of SpO, (mean [SD], 97.9 [1.6] % vs. 86 [2.3] %, t-test, p=0.004) and ScO, (mean [SD], 69.9 [5.8] % vs. 62.1 [5.2] %,
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paired t-test, p=0.004). The intervention trials compared with the control trials had a shorter reaction time (RT)

on the PVT after 5 min (mean [SD], 277.8 [16.7] ms vs. 282.5 [15.3] ms, paired t-test, p=0.006) and after 30 min (mean
[SD], 2769 [17.71 ms vs. 280.7 [15.0] ms, paired t-test, p=0.054) at altitude. While controlling for other variables, there
was a RT increase of 0.37 ms for each % of SpO, decrease. The intervention trials showed significantly higher values
for DSST number of correct responses (with a difference of mean [SD], 1.2 [3.2], paired t-test, p=0.035). Variables

in the intervention trials were otherwise similar to those in the control trials for DSST number of incorrect responses,
2-BACK, and the Grooved Pegboard test.

Conclusions and relevance This randomized clinical trial found that oxygen supplementation improves cognitive
performance among HEMS providers during acute exposure to 4000 m altitude. The use of oxygen supplementa-
tion may allow to maintain attention and timely reaction in HEMS providers. The impact of repeated altitude ascents
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on the same day, sleep-deprivation, and additional stressors should be investigated.

Trial registration NCT05073406, ClinicalTrials.gov trial registration.

Keywords Oxygen supplementation, Cognition, Altitude, Hypobaric hypoxia, Brain, Attention, Reaction time,
Working memory, Processing speed, Motor skills, Stress, Workload, Helicopter emergency medical services

Introduction

Background

At high altitude (HA) there is lower barometric pres-
sure and a lower partial pressure of oxygen in ambi-
ent air than at low altitude [1]. Emergency medical
services (EMS) providers transiently ascend to HA for
primary missions and secondary transports in moun-
tainous areas in helicopters that are unpressurised and
do not have facilities for oxygen supplementation [2].
They must provide medical treatment during poten-
tially complex technical operations. In two randomized,
controlled, single-blind, crossover trials, 48 provid-
ers active in Helicopter Emergency Medical Service
(HEMS) showed impairments of attention and reaction
time (RT), and of quality of care during simulated HA
scenario [3, 4]. The impairments were correlated with
the decreases in oxygen saturation. Other studies have
shown cognitive impairment at altitudes above 3000 m
with increases in procedural errors [5] and declines in
working memory, and executive function or abstract
reasoning [6, 7] in high-performance providers.

Importance

Crashes are one of the greatest hazards faced in both
ambulance EMS [8] and HEMS missions [9, 10].
Reduced cognitive performance during HEMS missions
at altitude could lead to accidents and to decreased
quality of care. HEMS providers do not appear to be
aware of the reduced performance during HA exposure
[3, 4]. To our knowledge, no data have been reported
on the efficacy of oxygen supplementation to prevent
cognitive impairment in HEMS providers at altitude.

Goals of this investigation
The primary aim of the current study was to investi-
gate the effect of oxygen supplementation on cognitive

performance in HEMS providers during acute exposure
to HA. We studied selected cognitive domains, includ-
ing attention, working memory, psychomotor speed,
fine motor skills, and visuomotor tracking. Secondary
aims of the proposed study were to investigate sub-
jective assessment of cognitive performance, mental
stress, workload, and experienced positive and negative
affect.

Methods

This interventional, randomized, controlled, double-
blind, cross-over clinical trial was approved by the insti-
tutional review board of Bolzano (Protocol Number
0228969-BZ) and registered in ClinicalTrials.gov (Proto-
col Record NCT05073406). We conducted the study in
adherence to the Declaration of Helsinki. All participants
were informed about the possible risks of being exposed
to altitude and gave written informed consent prior to
enrollment. This study is reported following the Con-
solidated Standards Of Reporting Trials (CONSORT)
reporting guideline.

Study population

The participants were healthy, unpaid, providers of EMS
and search and rescue (SAR) services with occupational
licenses. Participants of both sexes, with age between 18
and 60 years old and classified according to the American
Society of Anesthesiologists (ASA) as class I were con-
sidered eligible [11]. Exclusion criteria were age below
18 years, age above 60 years, ASA class greater than I, a
medical history of psychiatric disorders and neurological
diseases, or severe altitude illness [12], and any acute dis-
ease. Participants were asked to avoid sleep deprivation
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and abstain from caffeine, alcohol consumption and
smoking prior to the trials.

Randomization

A randomization list was created with the use of com-
puter-generated pseudo-random numbers, balanced
for sequence (intervention then control or control then
intervention) and daytime (morning, afternoon). The
sequence of cognition tests was randomized and bal-
anced within each test session. Participants and research-
ers were blinded toward the oxygen supplementation.

Study protocol

Each participant performed 2 trials (intervention and
control) in a crossover design on the same day. Partici-
pants were divided into 9 groups of 4 participants each
and the crossover design consisted of 2 study arms as
shown in Fig. 1.

In the intervention trial, each participant was exposed
to altitude with continuous oxygen supplementation of
2 1/min via OxyMask (Southmedic Inc., Barrie, ON, Can-
ada). In the placebo control trial, each participant was
exposed to altitude with continuous ambient air supple-
mentation of 2 [/min via OxyMask.

Prior to the study, participants completed a medical
interview with a general medical visit (including self-
assessments for sleep quality, depression/anxiety, per-
ceived mental stress, and altitude exposure). Cognitive
tests were administered three times during each trial:
before the ascent (CT,), at 5 min (CT,) and 30 min (CT,)
after the end of the ascent. After completing each cog-
nitive test session, participants self-rated their cognitive
performance and stress perception, as well as the posi-
tive and negative affect, and then performed the Grooved
Pegboard test [13] twice, once with the dominant hand
and once time with the non-dominant hand. At the end
of each trial, participants rated their perceived workload.

Prior to the trial, participants rested for approximately
20-30 min to minimize anxiety and stress and performed
a familiarization session of the cognitive tests and the
Grooved Pegboard test. Trials could be voluntarily termi-
nated at any time.

Setting and instrumentation

All trials were performed in the environmental chamber
terraXcube, Eurac Research, Bolzano, Italy in October
2021 (Fig. 1). Experiments were conducted at a simulated
altitude scenario equivalent to 4000 m, with volunteers
exposed to hypobaric hypoxia at a constant rate of ascent
of 4 m/s. terraXcube temperature, humidity, and carbon
dioxide were continuously monitored and kept constant
at normal indoor values.
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Oxygen and air supplementation were delivered
through OxyMask, designed to concentrate and redi-
rect the flow of oxygen/air, preventing carbon dioxide
re-breathing.

Belts for the monitoring system (Equivital EQO2,
Hidalgo, UK) and sensors for oxygen saturation were fit-
ted and participants received a technical introduction
and safety briefing for terraXcube.

Cognitive tests were performed on dedicated laptops,
which were placed on a separate desk for each partici-
pant. Participants were continuously monitored and
guided (via radio commands) from the control room of
terraXcube by research staff.

Measurements

Sustained attention was assessed with the Psychomo-
tor Vigilance Test (PVT), visual attention and psycho-
motor speed with the Digit Symbol Substitution Test
(DSST), and working memory with the 2-back Numeri-
cal (2-BACK) task. A brief 3-min version of the PVT
was used, based on simple RT to visual stimuli, that
occurred at random intervals varying from 2 to 5 s in
steps of 200 ms, as previously described [3, 14—17]. In the
PVT, RT (milliseconds [ms]) (excluding lapses and false
starts), number of omission errors or “lapses” (defined
as RTs >355 ms), false starts or errors of commission
(defined as a response with no stimulus or RT <100 ms),
and performance score (defined as 1 minus the number
of lapses and false starts divided by the number of valid
stimuli including false starts ranging from 0 to 100%)
were evaluated [15]. A computerised version of the DSST
with 9 specific nonsense symbols was used, as previously
described [3, 14, 18]. Test duration was fixed at 90 s, and
the legend key was randomly reassigned at each admin-
istration. In the DSST, mean total number of correct
and incorrect response pairs were evaluated. A 2-back
Numerical (2-BACK) task of the n-back Numerical test
was used [19]. Participants had to identify and indicate
if the item currently presented was the same as the item
presented 2 items earlier. In the 2-BACK, number of cor-
rect responses, number of missed responses, number of
incorrect responses, mean RT of both correct and incor-
rect responses were evaluated. The software containing
the three cognitive tests was installed on dedicated lap-
tops as previously described [3, 14]. Six different versions
of the DSST and the 2-BACK were administered across
the multiple time points (test 1 and test 2, and CT,, CT,
and CT,) to avoid learning effects. The three tests were
randomly assigned.

Fine motor skills, visuomotor tracking, and response
speed (including motor inhibition and cognitive flex-
ibility) were assessed with the Grooved Pegboard (Lafay-
ette Instrument, Lafayette, IN, USA) [13]. Participants
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Fig. 1 Experimental set-up. Panel a. Schematic representation of the study setting in the terraXcube in Bolzano, Italy, (on the left) 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). Panel b. Study design. BR, breath rate;
CT, cognitive tests; HR, heart rate; ScO,, cerebral oxygenation saturation; SpO,, peripheral oxygen saturation

inserted 25 pegs into the grooved slots in a standardized
order and as quickly as possible.

Perceived mental stress, anxiety and depression, and
sleep quality were evaluated prior to the initiation of
the study using the Perceived Stress Scale (PSS)-10
item [20], the Hospital Anxiety (HADS-A) and Depres-
sion (HADS-D) Scale [21], the Pittsburgh Sleep Quality

Index (PSQI) [22], and the Insomnia Severity Index
(ISI) [23]. Subjective performance and mental stress
perception following each cognitive test session were
evaluated using a visual analogue scale (VAS) [24]. Par-
ticipants placed a mark on a 100-mm VAS horizontally
positioned with the extremes labelled very good-very
bad and low stress-high stress. Positive and negative
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affect were evaluated by the Positive and Negative
Affect Schedule (PANAS) scale [25]. Participants rated
their perceived workload using the National Aeronaut-
ics and Space Administration Task Load Index (NASA-
TLX) questionnaire [26].

Physiological parameters measured continuously and
noninvasively included heart rate (HR), derived from
the 2-lead electrocardiogram, breathing rate (BR), SpO,
by a forehead sensor (EQ02, Hidalgo, UK), and ScO, by
near-infrared spectroscopy (NIRS), also by a forehead
sensor (O3 Regional Oximetry, Masimo). The NIRS
sensors were placed at a standardized frontotemporal
location, high on the forehead to avoid any influences
from the frontal or sagittal sinuses. The SpO, sensor
on the forehead was applied on the opposite side to the
NIRS.

Statistical analysis

To achieve a power of 80% with p<0.05, we estimated
that we would need a sample size of 36 participants for
an effect size of 0.67 between the oxygen supplementa-
tion tests and the control tests. For RT the clinically sig-
nificant mean difference was 10+ 15 ms [27].

We used SPSS for Windows software version 29.0
(SPSS, Chicago, IL, United States) to build the database
and for statistical analysis. We used PRISM 10 (Graph-
Pad Software) for visualizations. Continuous variables
were expressed as mean and standard deviation (SD),
whereas percentages were used for counted data. Paired
t-tests were used to compare conditions (intervention
vs. control). Data were further analyzed using general-
ized estimating equations (GEE) with condition and ses-
sion (at 5 min and 30 min) as a within effect and using
a first-order autoregressive (AR) [28] working correlation
matrix. Predictors were condition (intervention, control),
daytime (morning, afternoon), session, the interaction
between daytime and session, gender, age above 33 years,
education above 13 years, ISI score above 7, and the over-
all baseline (mean of morning and afternoon baseline
measurements) as covariates. Instead of the condition
effect, SpO, at each timepoint was included in the model
as a covariate. For graphical presentation, a heatmap was
calculated showing the different means per session and
variable for the conditions (intervention vs. control) [28].
For each variable z-scores were calculated and oriented
so that higher values corresponded to better values.
Colors were then assigned to all mean values according
to percentiles.

We considered a two-sided p-value below 0.05 to be
significant. We used a two-step rejection procedure to
account for multiple hypothesis testing and to adjust
p-values for a single predictor [29].
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Fig. 2 Participant Flowchart

Table 1 Demographic data and baseline questionnaires (36
participants)

Parameters Values

Males, no. (%) 30 (83%)

Age, mean+SD,y 36.4+8.5
Education, mean+SD, y 16.7+3.6

PSS mean +SD, cut off > 14, No. (%) 104+54,11 (31)
ISI'mean + SD, cut-off > 7, No. (%) 3.7+£35,5(14)
HADS-A mean + SD, cut-off > 8, No. (%) 29+2.1,0(0)
HADS-D mean £SD, cut-off = 8, No. (%) 1.8+1.6,0(0)
PSQI mean + SD, cut-off > 5, No. (%) 3.8+1.8,6(36)
VAS stress (range 0-100) 30.1+£19.2
VAS performance (range 0-100) 424+152
PANAS-P (range 10-50) 319+6
PANAS-N (range 10-50) 119418
Grooved Pegboard test, dominant hand (s) 583+6.8

HADS, Hospital Anxiety Depression Scale; ISI, Insomnia Severity Index; PANAS,
Positive (P) and Negative (N) Affect Schedule; PSQI, Pittsburgh Sleep Quality
Index; PSS, Perceived Stress Scale; VAS, Visual Analogue Scale of subjective
performance and stress rating

Results
Thirty-six volunteers were assessed for eligibility and
enrolled to participate in the study (Fig. 2). All of them
(30 men; mean [SD] age, 36 [8] years; mean [SD] educa-
tion, 17 [4] years; 36 right-hand dominant) participated
in both the intervention and control trials and were
included in the data analysis. Characteristics of partici-
pants are reported in Table 1. Mean [SD] PSS score was
10.4 [5.4]. Mean [SD] ISI score was 3.7 [3.5]. Mean [SD]
score of HADS-A was 2.9 [2.1] and HADS-D was 1.8
[1.6]. Mean [SD] PSQI score was 3.8 [1.8].

The heatmap shows the relatively different effects
of oxygen supplementation in the intervention trials
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Fig. 3 Heatmap representing the different means per session and variable for intervention (with O,) and control (without O,) conditions. For every
variable z-scores were calculated and oriented such that higher values (green vs. red) correspond to better values. Colors were then assigned to all
mean values according to percentiles. 2-BACK, 2-back Numerical task; BR, breath rate; DSST, Digit Symbol Substitution Test; HR, heart rate; mean,
mean of values after 5 and 30 min; NASA-TLX, NASA Task Load Index; PANAS, Positive (P) and Negative (N) Affect Schedule; PEGBOARD, Grooved
Pegboard test; PVT, Psychomotor Vigilance Test; RT, reaction time; ScO,, cerebral oxygenation saturation; SpO,, peripheral oxygen saturation; VAS,

Visual Analogue Scale

compared with the control trials on the parameters eval-
uated, with the green squares showing an improvement
and the red squares showing a worsening (Fig. 3).

The intervention trials compared with the control tri-
als had higher values of mean SpO, (mean [SD], 97.9
[1.6] % vs. 86.0 [2.3] %, paired t-test, p=0.004) and mean
ScO, (mean [SD], 69.9 [5.8] % vs. 62.1 [5.2] %, paired
t-test, p=0.004) and comparable values for mean BR
(mean [SD], 16.1 [2.9] bpm vs. 15.3 [3.0] bpm, paired
t-test, p=0.288). The intervention trials compared with
the control trials had lower values of mean HR (mean
[SD], 71.6 [10.7] bpm vs. 76.5 [10.1] bpm, paired t-test,
p=0.003) (Table 2 and Fig. 4 panel a,b,c).

Primary outcomes

The intervention trials compared with the control trials
had shorter RT on the PVT (mean [SD], 277.8 [16.7] ms
vs. 282.5 [15.3] ms, paired t-test, p=0.006) at 5 min and
(mean [SD], 276.9 [17.7] ms vs. 280.7 [15.0] ms) paired
t-test, p=0.054) at 30 min as well as at the mean (mean

of 5 and 30 min) (mean [SD], 277.3 [16.7] ms vs. 281.6
[14.5] ms, paired t-test, p=0.005) (Table 2 and Fig. 4
panel d). The intervention trials compared with the con-
trol trials had similar performance scores and number
of lapses on the PVT. The intervention trials compared
with the control trials had a higher mean (mean of 5 and
30 min) number of correct responses (>mean [SD], 50.8
[6.5] vs. 49.6 [5.8], paired t- test, p=0.035) and a similar
number of incorrect responses on the DSST (Table 2 and
Fig. 4 panel g). The intervention trials compared with the
control trials had similar number of correct, missed, and
incorrect responses, as well as the mean RT of both cor-
rect and incorrect responses on the 2-BACK (Table 2).
The intervention trials compared with the control trials
had shorter but not statistically significant different RTs
in both the first part (mean [SD], 0.5 [0.1] ms vs. 0.6 [0.1]
ms, paired t-test not corrected, p =0.059) and the second
part (mean [SD], 0.5 [0.1] ms vs. 0.6 [0.1] ms, paired t-
test not corrected, p=0.058) at 30 min. The intervention
trials compared with the control trials had similar time to
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Table 2 Paired t-test of comparison between intervention and control trials

Parameter Session n Intervention Control Corrected
p-value
Mean SD Mean SD paired t-test
SpO, Baseline 36 98.2 1.2 98.2 12 0.992
6) After 5 min 36 980 16 864 22 0.004
After 30 min 36 97.8 1.5 85.6 26 0.004
Mean 36 97.9 1.6 86.0 23 0.004
5¢0, Baseline 36 70.0 5.1 70.1 5.1 0.962
6) After 5 min 35 696 59 624 55 0.004
After 30 min 34 69.8 56 614 49 0.004
Mean 35 69.9 58 62.1 52 0.004
BR Baseline 36 17.3 30 17.3 3.0 0.950
(bpm)® After 5 min 36 163 3.1 157 33 0815
After 30 min 36 159 29 15.0 29 0.116
Mean 36 16.1 29 153 3.0 0.288
HR Baseline 36 72.7 10.8 722 93 0.700
(bpm)° After 5 min 36 727 108 776 103 0.003
After 30 min 36 70.6 108 754 10.0 0.003
Mean 36 716 10.7 76.5 10.1 0.003
PVT mean RT Baseline 36 2794 17.6 282.0 17.6 0.230
(ms) After 5 min 36 2778 16.7 2825 153 0.006
After 30 min 36 2769 17.7 280.7 15.0 0.054
Mean 36 2773 16.7 281.6 145 0.005
PVT performance score Baseline 36 09 0.1 09 0.1 0.886
After 5 min 36 09 0.1 09 0.1 0.897
After 30 min 36 09 0.1 09 0.1 0.845
Mean 36 0.9 0.1 0.9 0.1 0.867
PVT n of lapses baseline 36 28 33 3.0 28 0.601
After 5 min 36 22 3.1 26 4.7 0.556
After 30 min 36 26 35 31 36 0430
Mean 36 24 3.1 29 39 0413
DSST n of correct responses Baseline 36 498 76 488 6.8 0.234
After 5 min 36 504 6.1 493 6.6 0.096
After 30 min 36 513 73 499 58 0.125
Mean 36 508 6.5 496 58 0.035
DSST n of incorrect responses Baseline 36 0.5 0.7 08 13 0.094
after 5 min 36 0.7 1.1 09 15 0401
After 30 min 36 038 09 1.1 1.7 0.289
Mean 36 0.7 0.8 1.0 1.2 0.152
2-BACK n of correct responses Baseline 36 211 30 212 25 0.885
After 5 min 32 21.7 3.1 21.7 22 0.924
After 30 min 34 220 26 217 25 0.858
Mean 35 218 26 217 2.1 0.894
2-BACK n of correct responses Baseline 35 105 26 101 25 0.535
(Tstpart) After 5 min 34 112 23 105 26 0344
After 30 min 33 1.1 2.3 10.7 24 0518
Mean 36 1.1 1.6 10.7 17 0.330
2-BACK n of correct responses Baseline 35 103 29 106 23 0.810
(2nd pary After 5 min 34 1.1 23 113 25 0.851
After 30 min 33 109 2.1 108 28 0.875
Mean 36 1.1 1.5 11.0 18 0.861
2-BACK n of missed responses Baseline 36 29 30 28 25 0.585
After 5 min 36 4.2 6.7 29 4.2 0420
After 30 min 36 33 57 24 25 0451

Mean 36 37 52 26 29 0335
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Table 2 (continued)

Parameter Session n Intervention Control Corrected
p-value
Mean SD Mean SD paired t-test
2-BACK n of incorrect responses Baseline 36 13 18 13 1.1 0.833
After 5 min 36 1.1 1.3 13 14 0.719
After 30 min 36 15 20 1.1 13 0.669
Mean 36 13 14 12 1.0 0.821
2-BACK correct RT mean Baseline 36 0.6 0.2 0.6 0.2 0.976
(ms) After 5 min 32 06 02 06 02 0972
After 30 min 34 0.6 02 0.6 0.2 0.966
Mean 35 0.6 02 06 0.2 0.984
2-BACK correct mean RT Baseline 35 0.7 0.2 0.6 0.2 0.380
(15t part After 5 min 34 06 02 06 02 0.980
() After 30 min 33 0.5 0.1 0.6 0.3 0.236
Mean 36 0.5 0.1 0.6 0.1 0.376
2-BACK correct mean RT Baseline 35 0.7 0.2 0.6 0.2 0.841
(2nd part After 5 min 34 06 02 06 02 0928
() After 30 min 33 0.5 0.1 0.6 0.2 0.232
Mean 36 0.5 0.1 0.6 0.1 0.464
2-BACK incorrect RT mean Baseline 17 0.8 04 0.8 0.5 0.778
(ms) After 5 min 15 08 03 08 04 0.709
After 30 min 13 0.7 04 0.6 0.2 0.556
Mean 25 0.7 03 0.7 03 0.790
PEGBOARD Baseline 36 576 75 59.0 85 0317
dominant hand After 5 min 36 57.1 6.1 58.3 96 0342
o After 30 min 36 55.1 69 56.5 80 0.216
Mean 36 56.1 6.0 574 8.2 0.201
VAS stress Baseline 36 264 187 338 250 0.059
(range 0-100) After 5 min 36 312 23,1 364 24 0.193
After 30 min 36 30.0 229 36.9 243 0.062
Mean 36 306 211 36.7 219 0.069
VAS performance Baseline 36 40.8 216 439 153 0.405
(range 0-100) After 5 min 36 3438 170 447 197 0.021
After 30 min 36 40.0 19.5 46.0 203 0.221
Mean 36 374 17.0 453 186 0.060
PANAS-P Baseline 36 329 69 308 73 0.110
(range 10-50) After 5 min 36 319 80 207 90 0.141
After 30 min 36 31.0 70 284 8.1 0.028
Mean 36 314 7.3 29.1 82 0.063
PANAS-N Baseline 36 122 29 1.6 20 0.394
(range 10-50) After 5 min 36 12 13 17 20 0238
After 30 min 36 1.1 2.1 114 20 0.504
Mean 36 1.2 1.6 15 18 0323
NASA-TLX Baseline 36 57.7 14.8 585 144 0.554
After 5 min 36 57.7 148 585 144 0.554
After 30 min 36 57.7 14.8 585 144 0.554
Mean 36 57.7 14.8 585 144 0.554

Continuous variables are expressed as mean and standard deviation

p-values are given for each covariate effect on each variable. p-values have been corrected for multiple variable comparisons. p-values < 0.05 are in bold

2-BACK, 2-back Numerical task; bpm?, beat per minute; bpmb, breaths per minute; BR, breath rate; DSST, Digit Symbol Substitution Test; HR, heart rate; Mean, mean
of values after 5 and 30 min; n, number; NASA-TLX, NASA Task Load Index; O,, oxygen; PANAS, Positive (P) and Negative (N) Affect Schedule; PEGBOARD, Grooved

Pegboard test; PVT, Psychomotor Vigilance Test; RT, reaction time; ScO,, cerebral oxygenation saturation; SD, standard deviation; SpO,, peripheral oxygen saturation;
VAS, Visual Analogue Scale of subjective performance and stress
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insert the pegs in the pegboard at the Grooved Pegboard
test with the dominant hand (Table 2).

Secondary outcomes

The intervention trials compared with the control trials
had lower but not statistically significant different mean
VAS stress scores (mean [SD], 30.6 [21.1] mm vs. 36.7
[21.9] mm, paired t-test, p=0.069), and mean VAS per-
formance scores (mean [SD], (37.4 [17] mm vs. 45.3 [18.6]
mm, paired t-test, p=0.060) (Table 2 and Fig. 4 panel h).
The intervention trials compared with the control trials
had higher but not statistically significant different mean
PANAS-P scores (mean [SD], 31.4 [7.3] vs. 29.1 [8.2]),
paired t-test, p=0.063 (Table 2 and Fig. 4 panel i). The
intervention trials compared with the control trials had
similar mean PANAS-N scores. The intervention tri-
als compared with the control trials had similar mean
NASA-TLX scores.

Other analyses for the primary outcomes
GEE analysis confirmed an independent effect of condi-
tion (intervention vs. control trials) on RT on the PVT
(GEE, p=0.017). GEE analysis also showed an independ-
ent influence of ISI on RT on the PVT (GEE, p=0.026)
(Table 3). Without condition effect, SpO, showed a
significant effect on RT on the PVT (GEE beta —0.37,
p<0.001). Thus, for each % decrease in SpO,, there was
an increase in RT of 0.37 ms (Fig. 4 panel f). Volun-
teers who were faster at baseline (RT <281 ms) showed
a greater slowing of RT compared to those who were
slower at baseline (RT >281 ms) (mean difference in RT
[SD] —0.9 [8.9] ms, one sample t-test, p=0.011 vs. — 2.6
[7.7] ms, one sample t-test, p=0.171) (Fig. 4 panel e).
GEE analysis showed no independent influence of con-
dition (intervention vs. control trials) on performance
score (GEE, p=0.904) and the number of lapses on the
PVT (GEE, p=0.694), and on the parameters analyzed
on the DSST, 2-BACK and the Grooved Pegboard test
(Table 3).

Discussion

This randomized clinical trial found that oxygen sup-
plementation improves cognitive performance in
HEMS providers during acute exposure to an altitude

(See figure on next page.)
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equivalent to 4000 m. The exposure in the control
trial induced reduced sustained attention and timely
reactions (i.e., slowing of RT). The increase in RT was
inversely correlated to the decrease in oxygen satura-
tion. Oxygen supplementation blunted the decrease
in sustained attention and slowing of RT seen in the
control trials. This suggests that the use of oxygen sup-
plementation may be an effective countermeasure to
improve occupational safety and health in providers of
HEMS services operating at high altitude.

Cognitive impairment at HA is well known in avia-
tion both in military and commercial contexts [30].
The rate and the length of hypoxia exposure in aviation
compared to helicopter operations is substantially dif-
ferent. Previous studies demonstrated cognitive impair-
ment at altitudes above 3000 m [5, 6, 31-34]. Nesthus
et al. [5] reported more procedural errors during simu-
lated flights in 20 private pilots at 3048 m and 3810 m.
Bouak et al. [6] reported a decline in cognitive perfor-
mance (i.e., short-term and working memory, execu-
tive function) at 4267 m and a lower positive mood
(assessed with PANAS) in 16 military helicopter pilots.
Pilmanis et al. [31] showed a minimal negative effect of
simulated hypobaric hypoxia at 3658 m on cognitive
performance (working memory and abstract reasoning)
in 91 participants from military personnel. Peacock
et al. [32] showed executive functioning impairment in
10 pilots at the simulated altitude of 3810 m with no
effect on flight performance. Steinman et al. [33-35]
showed that in helicopter crews exposed to a simulated
altitude of 4572 m there was reduced alertness and
awareness of the environment, decreased flight perfor-
mance and increased RT [33-35] while there was no
significant effect on flight performance at 3048 m [35].
We previously showed that acute exposure to an alti-
tude of 5000 m of HEMS providers resulted in a slow-
ing of RT that was not subjectively perceived, while
psychomotor speed and decision making were not
affected [3]. We found a decrease in sustained attention
and lengthening of reaction times at 4000 m in EMS
and SAR providers but no significant impairment of
working memory, fine motor skills, visuomotor track-
ing and psychomotor speed. Increased reaction times
were inversely correlated with the decrease in oxygen

Fig. 4 Cognitive tests, physiological responses, performance perception and positive affect between intervention and control trials. Individual
data is shown for intervention (blue) and control (red) for SpO, (a), ScO, (b), HR (c), PVT mean RT (d), DSST number of correct responses (g, VAS
performance (h), and PANAS-P (i). Measurements of the same participant are connected by lines. Violin plots with 95% confidence intervals

for the mean are shown in (e) for the within-person difference in reaction time in PVT separately for participants who had a baseline reaction time
below or above 281 ms. A scatter plot with the respective regression line between SpO, and the RT residual of the GEE model, when correcting

for daytime, sequence, sex, age, ISI, HR, BR, and baseline RT, is shown in (f)
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saturation, confirming previous findings that cognitive
impairments at simulated altitude below 4000 m are
insignificant 3, 7, 31].

There is an individual susceptibility and variability in
responding to hypoxia (e.g., extent of the hypoxic ventila-
tory response, increased parasympathetic or sympathetic
activity). Previous studies in aviation reported hypoxia
symptoms in some individuals even at low altitudes [36,
37]. We found individual differences also in HEMS pro-
viders. There was a range of reaction times and the par-
ticipants with faster reaction times at baseline (273.9 ms)
had relatively greater lengthening of RTs in hypoxia
without supplemental oxygen compared to the slower
(289.4 ms) ones, but we did not find any influence of age
or gender.

We found that oxygen supplementation improved the
reduced sustained attention and timely reactions (i.e.,
slowing of RT) in HEMS providers during acute expo-
sure to altitude. There was a positive correlation between
cognitive performance and oxygenation level. Oxygen
was administered at 2 1/min reaching a peripheral oxy-
gen saturation of around 95-100% without administering
an excess of oxygen and avoiding any carbon dioxide re-
breathing through the use of an open design mask [38].

Our results are important for an evidence-based devel-
opment of occupational safety regulation of provid-
ers operating in HEMS. Helicopters (e.g., H145, Airbus
Helicopter SAS, Marignane, France; AW139, Leonardo,
Cascina Costa di Samarate (VA), Italy; Bell 429, Bell, Fort
Worth, TX, USA) operating in EMS transiently ascend to
high altitude for primary missions and secondary trans-
port in areas such as Europe, Colorado and Alaska in the
USA [39], as well as in countries that have high mountain
ranges in Asia and South America [40—42]. Helicopters
do not need to fly at HA in the cruise phase unlike air-
planes. Based on this assumption, the European Aviation
Safety Agency stated that the need for oxygen is lower
in HEMS mountain rescue operations because of the
shorter time periods spent at altitude compared to gen-
eral aviation [43]. Our results suggest a potential benefit
in the use of oxygen supplementation for missions and
transport at altitudes >4000 m also in HEMS operations.
Reduced attention and increased reaction time can be
observed during a single ascent of a HEMS mission [3,
44]. Aviation safety agencies and HEMS should consider
oxygen supplementation based on the altitude, the time
of exposure, the procedures [4, 45], as well as the impact
of additional stressors. Multiple exposures to HA in daily
practice can have an impact on cognition as reported
by Robinson et al. [46] who reported flight performance
deterioration during exposure to simulated 10,000 ft
preceded by exposure to 25,000 ft. Some flight phases,
such as take-off and landing, have been associated with
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increased number of HEMS accidents [10]. Sleep depri-
vation can be an important additional stressor. We found
and independent effect of ISI on RT. A similar slowing
of RT was reported in another population of health-care
providers (i.e., nurses) due to sleep deprivation after
night shift compared to day shift [47]. A lengthening of
RT and an increase in self-reported tiredness was found
for HEMS crew over a 5-week shift cycle [48].

Our results also showed that supplemental oxygen
reduced the subjective mental stress level (as measured
by the VAS) and increased the propensity for positive
emotions (PANAS-P) thereby possibly affecting the man-
agement of other challenging situations.

Limitations

This was a simulation study. The results may not apply to
real-world situations. The experimental protocol involved
two consecutive ascents on a single day. In practice
HEMS personnel may participate in multiple missions
daily for multiple days, possibly causing larger decreases
in cognitive performance. The clinical trial was run under
controlled, replicable, and safe conditions that did not
allow evaluation of the efficacy of oxygen supplementa-
tion in participants who experienced additional proces-
sive and systemic stressors. The computerized PVT lacks
normative data taking into account different age and sex,
as well as performance. The experimental protocol con-
trolled the effect of sleep deprivation but it did not inves-
tigate the effect of multiple altitude ascents on the same
day and other additional stressors.

Conclusions

This randomized clinical trial found that oxygen sup-
plementation improves cognitive performance in HEMS
providers during acute exposure to altitude. The use of
oxygen supplementation may allow to maintain sus-
tained attention and timely reactions in HEMS provid-
ers. The impact of repeated altitude ascents on the same
day, weather conditions, time of the day, and additional
stressors should be investigated.
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